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The IceCube Neutrino Observatory measured a flux of high-energy astrophysical neutrinos in
several detection channels. The energy spectrum is fitted as unbroken power-law, but different
best-fit parameters were obtained in the various analyses covering different energy ranges
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muon-neutrinos from the Northern Hemisphere. It was extended to almost ten years of data and
an improved treatment of systematic uncertainties on the atmospheric fluxes was implemented.
The updated best-fit parameters for the astrophysical flux assuming a power-law energy spectrum
are Qusro = 1.44 and Y4, = 2.28. We will present the results of the spectral fit and discuss how
the measured flux compares to other IceCube results.
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Figure 1 Total muon-neutrino (v, + V) effective area of the event selection. Different zenith ranges
are shown as a function of the incident neutrino energy.

1. Introduction

In 2013 the IceCube Neutrino Observatory announced the discovery of a high-energy astro-
physical neutrino flux [1]. This was accomplished by using an outer veto to reduce the atmospheric
background and enable the study of highest-energy starting events. Shortly after, the discovery
was confirmed in the complementary channel of through-going and starting muons coming from
the Northern Hemisphere where the atmospheric muon background is suppressed [2, 3]. Since
then, increasingly larger samples of through-going muon-neutrinos have been used to measure the
high-energy astrophysical flux.

Here, we report on the latest analysis of northern sky muon-neutrinos encompassing almost
ten years of data-taking. The event selection is unchanged compared to previous iterations of the
analysis [3]: It restricts itself to the observation of the Northern Celestial Hemisphere and identifies
high-quality tracks based on a boosted decision tree. Because a median angular resolution of better
than ~ 1°(E, > 1TeV) is achieved for these events, (mis-reconstructed) atmospheric muons can
be rejected efficiently resulting in a 99.7% purity of the sample.

2. The IceCube Neutrino Observatory and the Data Sample

The IceCube Neutrino Observatory is a cubic-kilometer Cherenkov detector embedded in the
Antarctic ice at the South Pole [4]. It detects neutrinos by observing Cherenkov radiation emitted
by charged secondary particles that are created in neutrino interactions. A total of 5160 optical
sensors instrument 86 vertical cables, often called strings, located beneath the surface which are
arranged in an active volume of about one cubic kilometer.

IceCube was completed in December 2010, but data-taking was on-going in previous years
with partial detector configurations. The analysis presented here uses data from May 2009 to
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Data-taking Season  Zenith-range / deg Livetime /sec Number of events Pass-2
IC59 90— 180 30079123 21411 No
IC79 - 1C86-2018 85—-180 259620998 630341 Yes

Table 1 Summary of the data used in this analysis. Each row corresponds to a detector configu-
ration. See text for a description of the Pass-2 re-calibration campaign that was conducted for all
data after May 2010.

December 2018, taken with the 59-string configuration —short-handed IC59— in the first year, the
79-string configuration —labeled IC79— in the second year, and the 86-string configuration of the
completed detector afterwards labeled as IC86.

An improved description of the observed charge distribution for single photo-electrons has
resulted in a ~ 4% shift of the charge-scale for historical data. To correct for this, a large re-
calibration campaign, called Pass-2, was conducted and the experimental data from the years 2010
to 2016 have been re-analyzed. Within this effort, the same filtering, event selection and reconstruc-
tions have been applied consistently to all events, except for IC59. As a consequence, the energy
and directional reconstruction of some events changed compared to the previous publication. For
the data taken after May 2016, the correct calibration has been applied as default. Figure 1 shows
the updated effective area of the event selection as a function of neutrino energy. The total number
of events can be obtained by integrating the product of effective area, livetime and average of the
neutrino and anti-neutrino flux (¢y, + ¢y, )/2 over neutrino energy and solid angle.

The full dataset now consists of about 650,000 neutrino events, including approximately 150,000
new events compared to the last iteration of this analysis [5]. Notably, one new event with a recon-
structed muon energy of £y reco = 1.2PeV was observed on November 6th 2017. This event was
also reported as a real-time alert [6].

3. Analysis Method

3.1 Neutrino Flux Models

We consider three contributions to the total neutrino flux: conventional atmospheric neutrinos
from the decay of pions and kaons in cosmic-ray induced air showers, prompt atmospheric neutri-
nos from the decay of charmed hadrons in the same showers, and an isotropic flux of astrophysical
neutrinos.

The conventional and prompt atmospheric fluxes are computed using the Matrix-Cascade-
Equation solver package MCEq [7]. Calculations are performed with the MSIS-00 [8] atmo-
spheric model and the SIBYLL2.3c model of hadronic interactions [9]. The Gaisser-Hillas model
(H4a) [10] is used as baseline for the primary cosmic-ray flux, but variations are implemented as a
nuisance parameter in the fit to account for systematic uncertainties.

As baseline spectral model for the astrophysical flux, a single power-law is assumed:

dq) EV _Yaxtm
A0y, x [ —2 , 3.1
dE _ Castro X (100T6V> (-1

where @ is the normalization of the astrophysical component and 7,4, the spectral slope.
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3.2 Statistical Methodology

The analysis is based on comparing the expected astrophysical signal as well as atmospheric
background expectation as obtained from Monte Carlo simulations to the experimental data. The
data and Monte Carlo are binned in two observables: estimated muon energy and cosine of the
reconstructed muon zenith angle. Observed counts are compared to the expectation in each bin of
the resulting histogram using the Poisson likelihood .Z;. The bin-wise expectation L; is defined as:

,Ul'(e, é) = ‘uiconv. (é) + ‘uipmmpt (q)prompta é) + 'ul{lstr() (q)astroa Yastros édet.)a (32)

where 6 denotes the signal flux parameters @egr0, Yastro, and & = {Epre;Eger. } denotes the nui-
sance parameters. The latter incorporate systematic uncertainties into the likelihood function. The
total likelihood is obtained as .¥ = H;’ET %; where npi,g is the number of bins. Best-fit signal
and nuisance parameters are obtained by maximizing the total likelihood function. Additionally,
parameter confidence regions are calculated from the profile likelihood over all other parameters
applying Wilks’ theorem [11].

3.3 Background and Detector Uncertainties

We consider systematic uncertainties on the atmospheric background predictions (&, ) and
detector effects (Ez,,.), both are included as continuous parameters in the analysis. A detailed de-
scription of the detector uncertainties and their technical implementation can be found in [3]. The
treatment of atmospheric flux uncertainties has been improved by including the variation of pri-
mary cosmic-ray models and parameterizing the hadronic interaction uncertainties by following
the approach in Barr et al. [12]. In this approach different parts of the phase space for hadron
production in proton-air collisions are separated and the production rate of these hadrons is scaled
independently: The eight parameters H=(pions), W=, Y= and Z*(kaons) are varied in this analy-
sis, see Barr et al. [12] for a detailed description. With this implementation, uncertainties on the
atmospheric neutrino flux predictions induced by hadronic interaction models are covered. As a
result, more freedom is given to the fit as can be seen for instance in figure 2 where the changes in
the zenith and energy distributions introduced by the W~ -parameter are shown.

4. Results

4.1 Updated Astrophysical Flux Fit Results

The updated best-fit astrophysical component, assuming a single power-law in energy, is given
as:

dq)v+\_/ o (1 44:|:0425) L _2.28i8:88 10—18 GeV—lcm—zs_lsr_l (4 1)
dE ) TooTev ' '

The central range of neutrino energies that contribute 90% to the total observed likelihood
ratio between the best-fit and the atmospheric-only hypothesis in the experimental data is 40 TeV —
3.5PeV. The result is consistent with the one previously reported based on eight years of data [5],
but a softening of the best-fit spectral index is observed. This change is mostly caused by the
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Figure 2 Impact of varied nuisance parameters on the total flux expectation: As an example, varia-
tions of the W™ -parameter as defined in Barr et al. [12] are shown, all other fit-parameters are set
to their baseline value.

more accurate treatment of the primary cosmic-ray flux in MCEq compared to the approximate
re-weighting that was applied in previous iterations of the analysis [13].

Figure 3 shows the comparison of the best-fit expectation with the experimental data from
2010 to 2018 (Pass-2) as a function of reconstructed observables. The data from 2009 (IC59) is
fitted simultaneously, but not shown here. A small deficit of about 1 — 2% is observed for straight
up-going events (cos(6) < —0.8) between the data and the best-fit expectation. This effect is driven
by events with energies smaller than 5TeV and is currently under investigation. It does however not
strongly affect the astrophysical measurement, as confirmed by repeating the fit excluding events
with cos(6) < —0.7.

5. Discussion

The two-dimensional contour of the profile likelihood as a function of the signal parameters
is shown in figure 4. It shows the expected correlation between the astrophysical flux normal-
ization and its spectral index. All other fit-parameters, including the normalization of the prompt
atmospheric flux, show very little correlation with the astrophysical signal parameters.

5.1 Prompt Atmospheric Neutrinos

The sub-dominant component of prompt atmospheric neutrinos is currently being investigated
in more detail. The best-fit normalization is zero, and the effort to provide an updated flux upper
limit is ongoing. On the other hand, even if a non-zero flux of prompt neutrinos is assumed as
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Figure 3 Data from 2010 to 2018 together with the best-fit expectation from Monte Carlo simu-
lations. Left: Distribution of the cosine of the reconstructed zenith. Right: Distribution of the
reconstructed muon energy. The brown and blue bands mark the central 68% and 90% spread of
the expectation if all fit-parameters are varied within their posterior distribution ranges, taking their
correlations into account.
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Figure 4 Scan of the profile likelihood for the two signal parameters: astrophysical normalization
and spectral index. Note that for each scan point, all other parameters are optimized.
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a benchmark case, the impact on the astrophysical parameters is small and an astrophysical flux
would remain necessary to describe the data: Fixing the prompt normalization in the fit to the base-
line prediction from MCEq (Sec. 3.1) hardens the astrophysical spectral index by AYs, = —0.05
and the astrophysical normalization decreases to 1.17-1078GeV~'em™2s~!sr~!. An important
point to note is that the extrapolation of the unbroken power-law as model for the astrophysical
component to lower energies restricts the potential contribution from a prompt component in the
medium energy region (E, ~ 10TeV), more complex models for the astrophysical component are

currently being studied.

5.2 Primary Cosmic-Ray Flux

The primary cosmic-ray flux is an important ingredient for the calculation of the atmospheric
neutrino fluxes. Its exact shape and composition are uncertain, especially in the transition energy
region where both the atmospheric and the astrophysical flux contribute significantly to the total
flux. To estimate the impact of this uncertainties on the measured astrophysical flux, various models
have been used to calculate the atmospheric neutrino fluxes and the fit has been repeated for each of
them, see table 2 for results. The astrophysical flux normalization and spectral index do not change
strongly between the different CR-models, most differences are absorbed by nuisance parameters,
especially Ay which varies the spectral index of the primary CR spectrum. However, the likelihood
difference to the baseline model H4a (last column) shows that overall the data is best described if
the GST-4gen model is used.

CR-Model Change of Y50  Change of @  AYecr ALLH
Gaisser-Hillas, H4a[10] - - 0.06 -
Gaisser-Stanev-Tilav, GST-4gen [14] -0.007 -0.115 0.01 4.4
GSF-beta [15] -0.007 -0.234 0.03 1.8
Mascaretti et al. (KASCADE w. cutoff) [16] 0.015 -0.235 -0.04 2.1
Mascaretti et al. (ARGO-YBJ w. cutoff) [16] -0.011 0.116 0.02 -1.9

Table 2 Impact of different primary cosmic-ray flux models (CR-models) used for the calculation
of atmospheric fluxes on the astrophysical fit-parameters compared to the baseline model H4a.

6. Conclusions and Outlook

We have presented an update of the analysis of muon neutrinos from the Northern Hemisphere,
now based on almost 10 years of IceCube operation. The treatment of systematic uncertainties,
especially with respect to uncertainties on the atmospheric fluxes, has been improved and most of
the experimental data has been re-calibrated and re-processed to obtain a consistent dataset (Pass-
2). A softening of the single power-law is observed with respect to the values reported in [5],
the updated best-fit parameters are Q5o = 1.44£033 and Yur = 2.284008. However, these are
consistent with the previously reported values. Figure 5 shows a comparison with other IceCube
measurements of the diffuse astrophysical neutrino flux, namely those resulting from high-energy
starting events [17] and cascade-like events [18].

We want to stress that this update focused on the single power-law as baseline model, but more
complex models for the astrophysical component are currently being tested.
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Figure 5 Comparison of the best-fits and profile likelihood contours (68% and 95% CL) of different
IceCube analyses measuring the astrophysical flux, assuming a single power-law energy spectrum.

The y-axis shows the per-flavor normalization anchored at 100 TeV.
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