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IceCube is a cubic kilometer neutrino telescope located at the geographic South Pole. Although
primarily designed for the detection of cosmic neutrinos, the detector is well suited for mea-
surements of the atmospheric muon neutrino energy spectrum. We present the measurement of
this spectrum obtained in its 79 and its full 86-string configuration. The analysis was carried
out using dedicated machine learning algorithms for the selection of neutrino candidates. The
spectrum was obtained by applying regularized unfolding as implemented in the unfolding
software TRUEE. An additional component due to a diffuse flux of high energy astrophysical
neutrinos has been observed in addition to the flux of conventional atmospheric neutrinos.
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1. Introduction

IceCube is a neutrino observatory with an instrumented volume of one cubic kilometer [1]. The
detector consists of 5160 digital optical modules (DOMs). The DOMs are attached to 86 strings.
The strings are deployed at depths between 1450m and 2450m in glacial ice at the geographical
south pole. The purpose of the DOMs is to measure Cherenkov light emitted by charged particles
propagating through the detector. In this analysis muon neutrinos are searched for with through-
going muons produced in charged current neutrino interactions.

The unfolded spectra cover an E,-range of more than four orders of magnitude from 250 GeV
up to 3.2PeV. Up to TeV energies the muon neutrino spectrum is expected to be dominated by
atmospheric neutrinos produced in decays of pions and kaons in cosmic ray air showers. This
component is called conventional. At higher energies additional neutrinos from the decay of short-
lived charmed mesons start to contribute significantly to the spectrum. This component is called
prompt. Both are purely atmospheric. In 2013 IceCube was the first experiment to prove the
existence of a third component, the astrophysical component [2]. Those neutrinos are expected to
come from active galactic nuclei or gamma ray bursts, but the exact sources are not known yet.

2. Data sample and Analysis

The first year of data analyzed was taken in IceCube’s 79-string configuration (IC79) between
May 2010 and May 2011. The second year was the first year of IceCube’s 86-string configuration
(IC86) and data was taken between May 2011 and May 2012. To separate cosmic ray-induced
muons from neutrino-induced muons, the earth is used for shielding against atmospheric muons
in this analysis. Hence, the datasets only cover the northern hemisphere. For each year separate
processes using machine learning algorithms were applied to obtain highly pure neutrino datasets.
The core of the separation is a Random Forest [3]. To ensure a good performance for the Random
Forest, it is preceded by a maximum relevance minimum redundancy variable selection [4, 5]. The
approach is based on the process described in [6]. The separation leads to 66 885 muon neutrino
candidates with an estimated purity of (99.5+0.3)% for the first year and 92 519 muon neutrino
candidates with an estimated purity of (99.6 +0.2)% for the second year.

The neutrino energy cannot be measured directly. Thus, the spectrum has to be reconstructed
from measurable variables correlated to the neutrino energy. One possibility to solve this inverse
problem is unfolding. For this analysis both datasets were unfolded separately with a regularized
unfolding method implemented in the software TRUEE [7].

3. Energy Spectra for the Northern Hemisphere

The zenith range of the datasets spans from 86° (4° above the horizon) to 180° (north pole).
The unfolded spectra in comparison to theoretical predictions are depicted in Fig. 1. While the
spectrum of the year before IC79 (IC59) [6] showed no hints of an astrophysical component, both
the IC79 and the IC86 spectrum start to exceed an atmospheric only prediction around E\, ~ 50 TeV.
The excess of the IC79 spectrum is significantly higher and not compatible with an atmospheric
only prediction within its errors.
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Figure 1: The unfolded spectra for IC79 and IC86 are shown in gray and black. The unfolded spectrum
for the year before IC79 (IC59) is shown in brown [6]. For comparison, theoretical predictions for the
conventional component QGSJET-II [8] (green) as a lower bound and SYBILL-2.1 [8] (yellow) as a upper
bound are shown. Most of the common predictions, like those .Honda et al. [9], are in between those bounds.
For the prompt component the prediction by Enberg et al. [10], with the bounds also given in the paper, is
shown. In addition the sum of the conventional and the prompt flux is shown for both conventional models.
All theoretical predictions are calculated for the primary spectrum by Gaisser [11].

Because the methods and the energy binning for the IC79 and IC86 spectrum are the same, it is
reasonable to calculate the weighted average for both spectra to obtain a combined IC79 and IC86
spectrum. This averaged spectrum in comparison to recent IceCube measurements and theoretical
prediction for the atmospheric flux is depicted in Fig. 2. The comparison shows that the observed
excess is compatible with the recent measurements of the astrophysical component.

4. Zenith Dependent Unfolding

The unfolded spectrum is a measurement of the sum of the conventional, prompt and as-
trophysical component. It is not possible to disentangle the astrophysical from the atmospheric
component without knowing the shape and the normalization of the conventional and prompt flux.

Pions and kaons producing conventional muon neutrinos have a shorter interaction than decay
length. Therefore, they interact in the atmosphere resulting in a loss of energy and steepening of the
muon neutrino energy spectrum. The length of the path through the atmosphere and therefore the
amount of energy lost before the decay depends on the zenith angle. The prompt muon neutrinos
on the other hand originate from decays of short-lived mesons decaying directly after production.
Therefore, the prompt neutrino flux has no additional zenith dependency. All components have a
common zenith dependence due to the increase of the neutrino cross sections for high energies.



Unfolded Muon Neutrino Energy Spectrum M. Borner!

10 : ;
— PRD'15 Diffuse Flux
101 Atmo: SIBYLL-2.1 + ERS| |
Atmo: QGSJET-Il + ERS
—_ 5 Uncertainties Atmo.
§s 107} -+ 1C79 + 1C86 averaged
O
: -6
o 10°}
u
T
9 107}
=
7 10°} IceQube
preliminary
10°} :
\
10-10 \ A ) .
10° 10° 10* 10° 10°
E, [GeV]

Figure 2: The combined IC79 and IC86 spectrum is shown in red. The spectra were combined with a
weighted average. The theoretical predictions for the atmospheric flux are shown as in Fig. 1. The best
fit from an IceCube analysis of high-energy neutrinos that interacted inside the detector volume during the
same two data taking years [12] is shown in black. The best fit contains 0.97f8:(1)(3) times the conventional

prediction by Honda et al. [9] and O‘OOfézgg times the prompt prediction by Enberg et al. [10]. Both fluxes are

calculated for the primary spectrum by Gaisser [11]. The additional astrophysical component is described
; +0.35y 10—18. ~2.46+0.12 LTl om—2
with an unbroken power law (2.067732)-107'°- (E/100TeV) GeV™'s 'srlem -

This results in an increasing opaqueness of the earth core and a survival probability < 1% for
neutrinos at Ey, /= 1 PeV when propagating through the earth core [13].

For the IC86 dataset the statistics are large enough to unfold the dataset in three different
zenith bands. The resulting spectra are shown in Fig. 3. Despite IC86 being the largest neutrino
dataset unfolded so far, the decreasing statistics in each band especially at the high energies is a big

challenge for the zenith dependent unfolding.
The upper energy reach is limited at E ~ 125TeV for the band looking through the earth

and E, ~ 250TeV for the other two bands. The unfolded spectra are compatible with theoretical
predictions within their errors. For more insight in the composition more zenith bands with smaller

errors are needed.

5. Conclusion

The unfolding of the muon neutrino energy spectrum for IC79 and IC86 extend the upper en-
ergy limit by a factor of ~ 2.5 to 3.2PeV in comparison to previous measurements by IceCube
with data from the 59-string configuration [6]. The resulting spectra measure an excess over the
atmospheric prediction at the highest energies, showing the transition from a spectrum dominated
by the conventional flux to a harder spectrum. The measured excess is compatible with recent
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Figure 3: Unfolded energy spectra for different zenith bands for IC86 data. The shown theoretical curves
are the sum of conventional flux by Honda et al. [9] and prompt flux by Enberg et al. [10] calculated with

the primary spectrum by Gaisser [11].

measurements of the astrophysical neutrino flux in IceCube [12, 14]. Although the unfolding can-
not quantify a significance for the existence of an astrophysical component, these measurements
strengthen the evidence for an additional, non-atmospheric flux from the northern hemisphere.
The unfolding measures the sum of the atmospheric and the astrophysical flux. To disentangle
the astrophysical component, the shape and normalization of the conventional and the prompt flux
has to be known precisely. To get deeper insight in the atmospheric flux composition, an unfolding
in three zenith bands was performed. The resulting spectra are compatible with the atmospheric
prediction by Honda et al. [9] and Enberg et al. [10]. For a better determination of the atmospheric

components an unfolding in more zenith bands is needed.
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