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IceCube: Diffuse Astrophysical Muon-Neutrino Spectrum J. Stettner

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.

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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Figure 17. Two-dimensional profile likelihood scans of the astro-
physical parameters �

astro

and �
astro

for the two disjoint right as-
cension regions, one containing the Northern Hemisphere part of
the galactic plane (red) and the other not (black). The contour lines
at 68% and 90% CL assume Wilks theorem.
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Figure 18. Signal over square root of background for the recon-
structed muon energy vs. zenith angle corresponding to 6 years
of IceCube data after applying the event selection for the 86-string
configuration (IC2012-2014). Here, background is defined as the
sum of the conventional atmospheric (Honda et al. 2007) and as-
trophysical (10�8 ⇥ E�2) ⌫µ + ⌫̄µ flux. The prompt atmospheric
(Enberg et al. 2008) ⌫µ + ⌫̄µ flux is defined as signal. The num-
bers in each bin correspond to the expected number of background
events in 6 years.

ever a small, sub-dominant contribution cannot be excluded.

6. SEARCH FOR A SIGNATURE OF PROMPT
ATMOSPHERIC NEUTRINOS

The expected prompt neutrino flux provides a background
for the measurement of the astrophysical flux. However, a
flux of prompt neutrinos is interesting by itself and can be
constrained by the present analysis.

The prompt flux predicted in Enberg et al. (2008) is sub-
dominant to the conventional flux at low energies and the as-

Figure 19. Best-fit prompt normalization �
prompt

in units of the
model in Enberg et al. (2008) for each scan point �

astro

, �
astro

.
Additionally, the two-dimensional contours for �

astro

, �
astro

are
shown.

Figure 20. 90% CL contour assuming Wilks’ theorem based on a
three dimensional profile likelihood scans of the astrophysical pa-
rameters �

astro

, �
astro

and the prompt normalization �
prompt

in
units of the model in Enberg et al. (2008).

trophysical flux at high energies. Nevertheless, the correla-
tion of the energy spectrum and arrival directions of neutri-
nos at the detector lead to a clear signature. Figure 18 shows
the pulls for simulated data corresponding to six years of live
time and based on the IC2012-2014 event selection. Here,
signal is defined as the prompt expectation and background
is the sum of the conventional and astrophysical flux. The
main effect of a prompt neutrino flux on the two observables
will be visible for muon energy proxy values between 1 TeV
and 100 TeV in the fairly up-going directions. However, a
large part of this signature is absorbed within the uncertain-
ties represented by the implemented nuisance parameters (cf.
Sec. 3.2).

The overall best-fit prompt normalization is zero. Fig-

18 M. G. AARTSEN ET AL.

ure 19 shows the best-fit prompt normalization as a function
of the astrophysical normalization and spectral index. Ad-
ditionally, the two-dimensional confidence contours for the
astrophysical parameters are shown. In the region where
our experimental data is compatible with our single power
law model, the best-fit prompt normalization does not de-
viate from zero. Only for strong deviations from the best-
fit astrophysical spectrum is a non-zero prompt normaliza-
tion fitted, but this is strongly disfavored with respect to
the best-fit. Such behavior is expected. If the astrophysi-
cal flux decreases, the measured high-energy events need to
be explained by another component. Assuming an unbroken
power law model for the astrophysical flux, the sensitivity for
the prompt neutrino flux, taking into account the systematic
uncertainties, is estimated to be 1.5 ⇥ ERS. Note that the
sensitivity (median expected upper limit in the absence of a
prompt neutrino flux) on a prompt neutrino flux depends on
the chosen input values for the astrophysical flux.

In the absence of an indication of a non-zero prompt con-
tribution an upper limit is calculated. Based on the pro-
file likelihood for the prompt normalization, the upper limit
at 90% confidence level is 0.50 ⇥ ERS. The more strin-
gent limit compared to the sensitivity is caused by an under-
fluctuation of the conventional atmospheric and astrophysical
background by about one standard deviation.

For this reason we scan the resulting limit on the prompt
flux as a function of the astrophysical signal parameters.

Figure 20 shows the joint three-dimensional 90% confi-
dence region for the prompt flux and the astrophysical param-
eters. It was obtained using Wilks’ theorem, and is bound by
the surface for which �2� log L is 6.25 higher than the best-
fit value. The maximum prompt flux in the three-dimensional
confidence region is 1.06⇥ERS. We take this as a conserva-
tive upper limit on the prompt flux. Further tests have shown
that reasonable changes to the astrophysical hypothesis, such
as the introduction of a high-energy cut-off, have only small
effects on this limit.

Several more recent calculations of the prompt flux have
been published: GMS (H3p) (Garzelli et al. 2015), BERSS
(H3p) (Bhattacharya et al. 2015) and GRSST (H3p) (Gauld
et al. 2016). Figure 21 shows multiple predictions for the
prompt flux as well as the upper limit calculated here us-
ing the prediction from Enberg et al. (2008) and taking into
account a more realistic cosmic-ray model (Gaisser 2012).
Since nuisance parameters describing the uncertainties of the
cosmic-ray model, e.g. the cosmic-ray spectral index, are
implemented the upper limit curve slightly deviates from the
ERS prediction including the knee. The energy range has
been calculated such that the limit increases by 10% if only
neutrinos with energies in that range are taken into account.
For the sensitive region which is between 9 TeV to 69 TeV
the effect of the prompt predictions is only a change in nor-
malization and it is therefore appropriate to convert the limit
obtained with the ERS prediction to the other predictions.
Also the cosmic ray composition only changes the normal-
ization in this energy range. The values are summarized in
Tab. 5.

Figure 21. Prompt atmospheric muon neutrino flux predictions
shown as dashed lines (Enberg et al. 2008; Bhattacharya et al. 2015;
Gauld et al. 2016; Garzelli et al. 2015) in comparison to the con-
straint on the prompt flux given by this analysis. The shaded area
shows the uncertainty band corresponding to the prediction in Gauld
et al. (2016). Besides the ERS (H3p) predicition this is the closest
band to the prompt flux constraint. For a better readability the un-
certainty bands of the other models are not shown. The black solid
line shows the neutrino energy region where the prompt neutrino
flux based on the model in Enberg et al. (2008) is constrained. The
black dotted line indicates the model behavior including the best-
fit nuisance parameters beyond the sensitive energy range. All flux
predictions are based on the cosmic ray model from Gaisser (2012).

Table 5. Limits for fluxes of prompt neutrinos
for different predictions. The limits for GMS
(H3p) (Garzelli et al. 2015), BERSS (H3p) (Bhat-
tacharya et al. 2015) and GRSST (H3p) (Gauld
et al. 2016) are determined by rescaling the ERS
(H3p) limit with the corresponding flux ratio at
30 TeV which is well within the sensitive energy
range. All flux predictions are based on the cos-
mic ray model from Gaisser (2012).

Model Flux limit

ERS (H3p) 1.06
GMS (H3p) ⇡ 2.9

BERSS (H3p) ⇡ 3.0

GRSST (H3p) ⇡ 3.1

7. SUMMARY AND CONCLUSIONS
In this paper we have presented the result of analyz-

ing 6 years of up-going muon data measured with the Ice-
Cube neutrino telescope. We measure an astrophysical
flux of �⌫+⌫ =

�
0.90+0.30

�0.27

�
10�18 GeV�1 cm�2 sr�1 s�1 ·

(E⌫/100 TeV)�(2.13±0.13) with statistical significance of 5.6
standard deviations with respect to only being of atmospheric
origin. With this result we have further established the ob-
servation of an astrophysical neutrino signal (Aartsen et al.
2013a, 2014b, 2015c) in a second, largely independent de-
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IceCube: Diffuse Astrophysical Muon-Neutrino Spectrum J. Stettner

Figure 1 Total muon-neutrino (n
µ

+ n̄

µ

) 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

n

� 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

1

(Figure	
  from	
  Atmospheric	
  Neutrinos,	
  TG	
  to	
  appear	
  
in	
  “ParHcle	
  Physics	
  with	
  Neutrino	
  Telescopes",	
  C.	
  
Pérez	
  de	
  los	
  Heros,	
  editro,	
  World	
  ScienHfic.	
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1.	
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  et	
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  Rev.	
  D79	
  (2009)	
  043009	
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6.	
  Atmospheric	
  muons	
  in	
  IceCube	
  

Figure 3. Lateral separation distributions of muons with energy above 460 GeV and zenith angle ✓  60� for di↵erent primary energy
bins. The corresponding mean energies are given in the figures. Also shown are Hagedorn fits of the form of Equation (3) (black lines)
and CORSIKA predictions, using di↵erent hadronic models and a H3a primary spectrum assumption.

form behaves like an exponential for dT/d0 ! 0 and de-135

scribes a power law for dT/d0 ! 1, with the transition136

around d0. Also shown are fits assuming a pure expo-137

nential and a simple power law. The Hagedorn function138

describes the experimental distribution well (�2/ndof =139

20.16/16), with the transition from soft to hard interac-140

tions at around d0 = (157.3 ± 43.0) m. In contrast, the141

pure exponential and power law fits are in poor agree-142

ment with the data, especially towards large separations143

(�2/ndof = 97.92/16 and �2/ndof = 53.60/16 respec-144

tively). Within uncertainties, the measured distribution, as145

well as the resulting fit parameters, are in agreement with146

previous results [15].147

Using an energy estimator based on the truncated mean148

of the energy losses along the reconstructed bundle track149

[16], the primary energy of the cosmic ray air shower150

is derived for each event. The resulting mean cosmic151

hE0i ↵ � d0
4.08 PeV 236.3 ± 145.3 9.7 ± 1.1 157.3 ± 43.0
0.99 PeV 1.55 ± 1.23 10.2 ± 1.9 186.6 ± 77.4
2.53 PeV 0.12 ± 0.10 8.1 ± 1.7 167.5 ± 81.6
5.49 PeV 0.03 ± 0.03 8.1 ± 1.9 170.9 ± 93.5
16.05 PeV 0.01 ± 0.01 6.9 ± 1.8 133.8 ± 97.4

Table 1. Hagedorn fit parameters ↵ (in 10�6 m�3sr�1s�1), �, and
d0 (in m), as defined in Equation (3). Corresponding to the fits

shown in Figure 2 (4.08 PeV) and Figure 3.

ray energy of events shown in Figure 2 is approximately152

hE0i = 4.08 PeV. The lateral separation distributions for153

four primary energy bins are shown in Figure 3, with the154

corresponding Hagedorn fits of the form of Equation (3)155

shown as black lines. The resulting best fit parameters are156

given in Table 1. Also shown are predictions from dif-157

ferent hadronic interaction models, Sibyll 2.1 [11], Sibyll158

2.3 [13], QGSJet II-4 [17], and EPOS-LHC [18], obtained159

from CORSIKA simulations at surface level, using an H3a160

primary flux assumption. While QGSJet II-4 and EPOS-161

LHC predict larger LS muon fluxes with flatter lateral sep-162

aration distributions, Sibyll models are in good agreement163

with experimental data, especially towards higher primary164

energies.165

4 Angular distributions166

As reported in Ref. [8], a discrepancy in the angular dis-167

tribution of high-energy muons in the ice between exper-168

imental data and CORSIKA simulations using Sibyll 2.1169

is observed. While negligible at trigger level the disagree-170

ment becomes significant at final analysis level where it171

can be parameterized as fHE(✓) = 1.0 + 0.18 · cos(✓), as172

described in Ref. [8]. Dedicated studies of the ice prop-173

erties, the e�ciency and angular acceptance of the optical174

modules, various cosmic ray flux assumptions, and other175

e↵ects do not provide an explanation for the observed an-176

gular mismatch. Figure 4 shows the ratio of predictions177

obtained from Sibyll 2.3 and various other models. The178

flux predictions are generated using MCEq [7] and shown179
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5. Physics Analyses

While the study of low-energy atmospheric muons is
instructive for detector verification and the evaluation of
systematic uncertainties, the main physics potential lies
in the measurement of events at higher energies. Here it
is necessary to distinguish two main categories:

• High-Multiplicity Bundles, in which muons con-
form to typical energy distributions as shown in
Fig. 9. The total energy

P
Eµ contained in the

bundle is approximately proportional to the num-
ber of muons Nµ, and related to primary mass A
and energy Eprim as

X
Eµ / Nµ / E↵prim · A1�↵, (5)

with ↵ ⇡ 0.79. The dependence of the muon mul-
tiplicity on the mass of the cosmic ray primary is
the main principle underlying composition analy-
ses using deep detector and surface array in coin-
cidence [6]. Low-energy muons lose their energy
smoothly, and fluctuations in the energy deposition
are usually negligible.

• High-Energy Muons with energies significantly
exceeding the main bundle distribution. Their pro-
duction is dominated by exceptionally quick de-
cays of pions and kaons at an early stage in the de-
velopment of the air shower. Figure 10 shows that
showers with more than one muon with an energy
above several tens of TeV are very rare. Any muon
with an energy of 30 TeV or more will therefore
very likely be the leading one in the shower, al-
though this does not exclude the presence of other
muons at lower energies. The primary nucleus can
in this case be approximated as a superposition of
individual nucleons, each carrying an energy of
Enucleon = Eprim/A. High-energy lepton spectra are
therefore a function of the primary nucleon flux.

Hadronic models, cosmic ray spectrum and com-
position all have a significant influence on TeV
muons [83]. In addition, at muon energies ap-
proaching 1 PeV prompt decays of short-lived
hadrons play a significant role. The result is a com-
plex picture with substantial uncertainties, as nei-
ther the exact behavior of the nucleon spectrum at
the knee nor the production of heavy quarks in air
showers is fully understood. A schematic illustra-
tion of the muon flux above 100 TeV is given in
Fig. 11.
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Figure 10: Surface energy distribution for all and most
energetic (“leading”) muons in simulated events with a
total of more than 1,000 registered photo-electrons in
IceCube.

Charged leptons and neutrinos are usually pro-
duced in the same hadron decay. The energy spec-
trum of single muons is therefore the quantity most
relevant for the constraint of atmospheric neutrino
fluxes. Since the stochasticity of energy losses in
matter increases with the muon energy, the signal
registered in the detector can vary substantially, as
in the case of neutrino-induced muons.

Eµ

Flux

100 TeV 1PeV

“conventional” (pion and kaon)

                            prompt flux

expected steepening at CR Knee

E-3.7

angular 
dependence 
(1/cos�)

prompt with steepening

E-4.0

E-2.7

Figure 11: Sketch illustrating the contribution to the sin-
gle muon spectrum at energies beyond 100 TeV. The
“conventional” component from light mesons is sensi-
tive to atmospheric density and varies as a function of
the zenith angle [54], that from prompt decays of short-
lived hadrons is isotropic. Re-interactions cause the
non-prompt spectrum to be steeper. The exact spectral
shape depends on the all-nucleon cosmic ray flux, with
a significant steepening expected due to the cuto↵ at the
“knee”.
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Figure 6: The points are measurements [13, 14, 15, 16] of the CR all particle flux by the
TIBET III detector (circles, the three sets of data are spectra estimated using di↵erent
hadronic interaction models), Kascade Grande (diamonds), HiRes (squares) and Auger
(triangles). The lines are the estimates of the all particle flux (thin, solid line) the proton
flux (dot–dashed line) and the all nucleon flux (thick, solid line) of Gaisser, Stanev and
Tilav [10]. The dashed line indicates a possible extra contribution to the all nucleon flux
discussed in this work.
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