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ABSTRACT

Aims. We investigated the origin of observed astrophysical neutrinos.
Methods. We propose a multi-component model for the observed diffuse neutrino flux. The model includes residual atmospheric
backgrounds, a Galactic contribution (e.g., from cosmic ray interactions with gas), an extragalactic contribution from pp interactions
(e.g., from starburst galaxies), and a hard extragalactic contribution from photo-hadronic interactions at the highest energies (e.g.,
from tidal disruption events or active galactic nuclei).
Results. We demonstrate that this model can address the key problems of astrophysical neutrino data, such as the different ob-
served spectral indices in the high-energy starting and through-going muon samples, a possible anisotropy due to Galactic events,
the non-observation of point sources, and the constraint from the extragalactic diffuse gamma-ray background. Furthermore, the re-
cently observed muon track with a reconstructed muon energy of 4.5 PeV might be interpreted as evidence for the extragalactic
photo-hadronic contribution. We perform the analysis based on the observed events instead of the unfolded fluxes by computing the
probability distributions for the event type and reconstructed neutrino energy. As a consequence, we give the probability of each of
these astrophysical components on an event-to-event basis.
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1. Introduction

In the last few years the IceCube experiment has opened a
new era in neutrino astronomy, providing the first evidence
for high-energy astrophysical neutrinos (Aartsen et al. 2013).
The analysis used by IceCube to claim the discovery relies on
events with the interaction vertex contained in the inner detec-
tion volume, also known as high-energy starting events (HESE;
Aartsen et al. 2013, 2014b, 2015a). For this analysis, a veto
based on the outer detector layer has been implemented to reduce
the impact of atmospheric down-going neutrinos and muons; for
instance, it mainly rejects muon neutrinos accompanied by an
atmospheric muon. The HESE analysis includes both muon
tracks and showers (cascades) from both the southern and north-
ern hemispheres, with slightly different sensitive energy ranges.
An alternative used before the HESE discovery, and revived re-
cently, is the detection of through-going muons (TGMs) orig-
inating from interactions of νµ from the northern hemisphere
(which are free of atmospheric muon backgrounds) outside the
detector (Aartsen et al. 2015b, 2016a). Similar analysis tech-
niques are used in ANTARES (Ageron et al. 2011) and the com-
ing KM3NeT experiment (Adrian-Martinez et al. 2016).

The origin of the observed astrophysical neutrinos remains
a mystery. While the directional event distribution is isotropic
at a first glance, pointing towards an extragalactic origin of
most of the astrophysical neutrinos, a more detailed analysis
reveals a∼ 2σ excess close to the Galactic plane when only
HESE events with deposited energy above 100 TeV are consid-
ered (Aartsen et al. 2017e; see also Razzaque 2013; Ahlers &
Murase 2014b; Neronov & Semikoz 2016; Palladino & Vissani
2016; Palladino et al. 2016b for recent discussions). Concerning
the spectrum, the TGM dataset suggests a hard spectrum close

to E−2
ν , where the HESE sample is described by a much softer

spectrum close to E−3
ν (Aartsen et al. 2017e). Consequently, the

single power law hypothesis of the astrophysical flux has been
questioned (Wang et al. 2014; Palladino et al. 2016b; Chen et al.
2015; Marinelli et al. 2016; Chianese et al. 2017; Borah et al.
2017).

Stacking searches using gamma-ray catalogs of popular can-
didate classes, such as gamma-ray bursts (GRBs; Aartsen et al.
2017b) and active galactic nuclei (AGN) blazars (Aartsen et al.
2017d), have revealed that the observed flux cannot be domi-
nated by these object classes. For example, the contribution from
blazars has been found to be less than about ∼20% of the ob-
served diffuse flux (Aartsen et al. 2017d; see also Palladino &
Vissani 2017; Wang & Li 2016).

More generically, no point sources have been resolved to
date, which indicates that most of the observed extragalactic
neutrinos ought to come from abundant sources with low lu-
minosities (Kowalski 2015; Ahlers & Halzen 2014a; Murase &
Waxman 2016). If a large portion of the energy range is to be de-
scribed, these neutrinos have to follow a power law with a spec-
tral index between about E−2

ν and E−2.5
ν , as expected from Fermi

shock acceleration for the primary cosmic rays. Such a neutrino
spectrum following the primary spectrum is expected for Ap or
pp interactions.

Starburst galaxies (SBGs) are ideal source candidates for
this (Loeb & Waxman 2006; Tamborra et al. 2014; Chang et al.
2015; we discuss other alternatives later); however, there are two
other challenges: (a) the neutrino spectrum must not be much
softer than E−2 to avoid the constraint from the observed dif-
fuse extragalactic gamma-ray background (Murase et al. 2013;
Bechtol et al. 2017) and (b) cosmic-rays accelerated in SBGs
are unlikely to produce neutrinos with energies much larger than
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PeV energies. However a muon track with a reconstructed en-
ergy of 4.5 PeV and a likely neutrino energy & 10 PeV has been
recently detected by IceCube (Aartsen et al. 2016a), which re-
quires a 100 PeV primary.

Such high-energy events could come from rarer sources pro-
ducing neutrinos by Aγ or pγ interactions, which typically have
hard spectra which can easily peak at PeV energies and beyond
(see, e.g., Winter 2013). One example, which has recently been
drawing a lot of attention, are neutrinos from jetted tidal disrup-
tion events (TDEs; Wang et al. 2011; Wang & Liu 2016; Dai &
Fang 2017; Senno et al. 2017; Lunardini & Winter 2017; Biehl
et al. 2017a; Guépin et al. 2018), which we will use as proto-
types. Compared to other sources with similar spectral proper-
ties, such as AGN blazars, we show that the TDE hypothesis
can be tested by multiplet searches in the near future. In addi-
tion, a self-consistent description with ultra-high-energy cosmic
rays (UHECRs) can be performed (Biehl et al. 2017a), i.e., these
neutrinos may come from the sources of the cosmic rays at the
highest energies. We note that in this case the primaries include
nuclei heavier than protons, as indicated by recent results of the
Pierre Auger collaboration (Aab et al. 2017).

Since it is clear that a single astrophysical flux compo-
nent cannot address all open the questions, we propose a
multi-component model to draw a self-consistent picture of the
observed astrophysical neutrino flux to satisfy all of these con-
straints. A relevant question is the number of components re-
ally needed, which we address quantitatively. Compared to many
earlier works, we start off with the information on the observed
events and reconstruct the probability distribution for the recon-
structed neutrino energy and interaction type (see Vincent et al.
2016; D’Amico 2018 for other examples).

The structure of the paper is as follows. In Sect. 2 we
present the most recent IceCube datasets, namely the six-year
HESE dataset and the eight-year TGM dataset, and we describe
our procedure for obtaining the probability distribution function
of the reconstructed neutrino energy (for technical details, see
Appendix A). We then present in Sect. 3 our multi-component
model, analyzing separately the contributions of atmospheric
neutrinos, Galactic neutrinos, extragalactic pp neutrinos (such
as neutrinos from SBGs), and extragalactic pγ neutrinos (such
as neutrinos from TDEs or AGNs) from a theoretical point of
view. We show the results of the fit in Sect. 4, where we also dis-
cuss how many components are really needed, and what we can
learn in the future. An event-based assignment to the different
components (probabilities) can be found in Appendix B. Finally,
we summarize in Sect. 5.

2. Methods

In this section, we describe the datasets used and our energy re-
construction technique.

2.1. IceCube datasets

Here we introduce the two latest datasets provided by the Ice-
Cube collaboration after six years and eight years of data taking
(Aartsen et al. 2017e), which we use for our analysis: the high-
energy starting events (HESE) dataset and the TGM dataset.

2.1.1. High-energy starting events

The HESE are the events with neutrino interaction vertex con-
tained in the detector volume; this analysis has been used by
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Such high-energy events could come from rarer sources
producing neutrinos by Aγ or pγ interactions, which typ-
ically have hard spectra which can easily peak at PeV
energies and beyond (see, e.g., Winter 2013). One ex-
ample, which has recently been drawing a lot of atten-
tion, are neutrinos from jetted tidal disruption events
(TDEs) (Wang et al. 2011; Wang & Liu 2016; Dai & Fang
2017; Senno et al. 2017; Lunardini & Winter 2017; Biehl
et al. 2017a; Guépin et al. 2017), which we will use as
prototypes. Compared to other sources with similar spec-
tral properties, such as AGN blazars, we show that the
TDE hypothesis can be tested by multiplet searches in
the near future. In addition, a self-consistent description
with ultra-high-energy cosmic rays (UHECRs) can be per-
formed (Biehl et al. 2017a), i.e., these neutrinos may come
from the sources of the cosmic rays at the highest ener-
gies. We note that in this case the primaries include nuclei
heavier than protons, as indicated by recent results of the
Pierre Auger collaboration (Aab et al. 2017).

Since it is clear that a single astrophysical flux com-
ponent cannot address all open the questions, we propose
a multi-component model to draw a self-consistent pic-
ture of the observed astrophysical neutrino flux to satisfy
all of these constraints. A relevant question is the num-
ber of components really needed, which we address quan-
titatively. Compared to many earlier works, we start off
with the information on the observed events and recon-
struct the probability distribution for the reconstructed
neutrino energy and interaction type (see Vincent et al.
2016; D’Amico 2017 for other examples).

The structure of the paper is as follows. In Section 2 we
present the most recent IceCube datasets, namely the six-
year HESE dataset and the eight-year TGM dataset, and
we describe our procedure for obtaining the probability
distribution function of the reconstructed neutrino energy
(for technical details, see Appendix A). We then present
in Section 3 our multi-component model, analyzing sepa-
rately the contributions of atmospheric neutrinos, Galac-
tic neutrinos, extragalactic pp neutrinos (such as neutrinos
from SBGs), and extragalactic pγ neutrinos (such as neu-
trinos from TDEs or AGNs) from a theoretical point of
view. We show the results of the fit in Section 4, where we
also discuss how many components are really needed, and
what we can learn in the future. An event-based assign-
ment to the different components (probabilities) can be
found in Appendix B. Finally, we summarize in Section 5.

2. Methods

In this section, we describe the datasets used and our en-
ergy reconstruction technique.

2.1. IceCube datasets

Here we introduce the two latest datasets provided by the
IceCube collaboration after six years and eight years of
data taking (Aartsen et al. 2017f), which we use for our
analysis: the high-energy starting events (HESE) dataset
and the TGM dataset.
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Fig. 1. HESE events with deposited energy above 100 TeV in
Galactic coordinates (circles: showers, triangles: tracks). The
purple contours represent intervals of declinations separated
by 30◦, whereas the brown lines denote the Galactic latitudes
b = 15◦ and b = −15◦. Taking into account that the average
angular resolution of shower-like events is ∼ 15◦, we note an
accumulation of events close to the Galactic plane, i.e., within
the brown curves.

High-energy starting events

The HESE are the events with neutrino interaction vertex
contained in the detector volume; this analysis has been
used by IceCube to claim the evidence of an extraterres-
trial flux of high-energy neutrinos (Aartsen et al. 2013).
The most recent dataset includes 2078 days (5.7 years)
of operation with 82 HESE detected: 22 muon tracks, 58
showers, and 2 events produced by a coincident pair of
background muons from unrelated cosmic ray air showers
that have been excluded from the analysis (Aartsen et al.
2017f). These events are characterized by a deposited en-
ergy higher than 30 TeV, and the most energetic HESE
deposited an energy of 2 PeV into the detector.

The flux attributed to astrophysical neutrinos has
been, to a first approximation, described by a power law
spectrum and an isotropic distribution. The per-flavor flux
is given by

dφHESE`

dE
= F` ×

10−18

GeV cm2 s sr

(
E

100 TeV

)−α
, (1)

with F` = 2.5 ± 0.8 and α = 2.92+0.33
−0.29 (Aartsen et al.

2017f).1 The HESE dataset is dominated by events coming
from the southern hemisphere because above several hun-
dred TeV the absorption probability of neutrinos crossing
Earth becomes greater than 50% (Aartsen et al. 2017d). In
addition, we recall that the veto method of atmospheric
neutrinos only works for down-going neutrinos, i.e., for
neutrinos from the southern hemisphere.

The HESE are isotropically distributed when the full
dataset is considered. On the other hand, when the analy-
sis is limited to events above ∼100 TeV, an anisotropy ap-
pears, with an accumulation of events close to the Galac-
tic plane which is visible by the bare eye (see Fig. 1).
The present statistical significance of this accumulation
of events is about 2σ.2 This slight excess of events close
1 In IceCube analyses, the equipartition of the flavors is usu-
ally assumed, which is roughly expected from high-energy neu-
trinos produced by pion decays after flavor mixing.
2 For one event (isotropic), the probability of ending up in the
Galactic region is equal to sin b ' 0.26. Using this information,
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Fig. 1. HESE events with deposited energy above 100 TeV in Galac-
tic coordinates (circles: showers, triangles: tracks). The purple contours
represent intervals of declinations separated by 30◦, whereas the brown
lines denote the Galactic latitudes b = 15◦ and b =−15◦. Taking into
account that the average angular resolution of shower-like events is
∼15◦, we note an accumulation of events close to the Galactic plane,
i.e., within the brown curves.

IceCube to claim the evidence of an extraterrestrial flux of
high-energy neutrinos (Aartsen et al. 2013). The most recent
dataset includes 2078 days (5.7 yr) of operation with 82 HESE
detected: 22 muon tracks, 58 showers, and 2 events produced
by a coincident pair of background muons from unrelated cos-
mic ray air showers that have been excluded from the analysis
(Aartsen et al. 2017e). These events are characterized by a de-
posited energy higher than 30 TeV, and the most energetic HESE
deposited an energy of 2 PeV into the detector.

The flux attributed to astrophysical neutrinos has been, to a
first approximation, described by a power law spectrum and an
isotropic distribution. The per-flavor flux is given by

dφHESE
`

dE
= F` ×

10−18

GeV cm2 s sr

( E
100 TeV

)−α
, (1)

with F` = 2.5± 0.8 and α= 2.92+0.33
−0.29 (Aartsen et al. 2017e)1. The

HESE dataset is dominated by events coming from the south-
ern hemisphere because above several hundred TeV the absorp-
tion probability of neutrinos crossing Earth becomes greater than
50% (Aartsen et al. 2017c). In addition, we recall that the veto
method of atmospheric neutrinos only works for down-going
neutrinos, i.e., for neutrinos from the southern hemisphere.

The HESE are isotropically distributed when the full dataset
is considered. On the other hand, when the analysis is limited to
events above ∼100 TeV, an anisotropy appears, with an accumu-
lation of events close to the Galactic plane which is visible by the
bare eye (see Fig. 1). The present statistical significance of this
accumulation of events is about 2σ2. This slight excess of events
close to the Galactic plane was already present in older IceCube
datasets and has already been discussed in Neronov & Semikoz
(2016), Palladino & Vissani (2016), Palladino et al. (2016b) and
Pagliaroli & Villante (2017). In this work, we also take into

1 In IceCube analyses, the equipartition of the flavors is usually as-
sumed, which is roughly expected from high-energy neutrinos produced
by pion decays after flavor mixing.
2 For one event (isotropic), the probability of ending up in the Galac-
tic region is equal to sin b' 0.26. Using this information, we derive the
probability that a certain number of events are contained in this region,
similarly to the calculation performed in Palladino & Vissani (2017).
We obtain that the probability that four or more events are found in
the Galactic region is 72%, whereas the probability that eight or more
events are found there is only 7% (which translates into a 93% confi-
dence level or 1.8σ for the eight events found there).
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account the possible existence of a Galactic component of high-
energy neutrinos.

2.1.2. Through-going muons

The IceCube collaboration has collected a sample of charged
current events produced by up-going muon neutrinos from 2009
to 2017 (Aartsen et al. 2017e). The through-going muons come
from muon neutrinos interacting outside the detector. Thus, in
order to avoid the atmospheric muon background, the field of
view must be restricted to the northern hemisphere such that at-
mospheric muons are absorbed on Earth.

The high-energy sample (with muon reconstructed energy
above ∼200 TeV) contains 36 such events; a purely atmospheric
origin of them is excluded at more than 5σ. The most energetic
event corresponds to a reconstructed muon energy of 4.5 PeV.

The corresponding cosmic muon neutrino and antineutrino
flux was obtained with a power law fit to the data:

dφTGM
µ

dE
= Fµ ×

10−18

GeV cm2 s sr

( E
100 TeV

)−α
· (2)

The parameters are Fµ = 1.01+0.26
−0.23 and α= 2.19± 0.10. This anal-

ysis is sensitive mostly to muon neutrinos and antineutrinos plus
a small contribution from the τ-leptons that decay into muons.

The spectral discrepancy between the HESE and TGM
datasets has a significance of about 3σ and is investigated in this
work.

2.2. Neutrino energy reconstruction

Here we summarize our energy reconstruction mechanism; for
details, see Appendix A.

As the general ansatz we start with the list of events, sorted
by topology (shower-like or track-like) and dataset (HESE or
TGM); see Tables B.1–B.3. For each of these events, apart from
the topology, the sky position (and its uncertainty) is known, as is
the energy deposited in the detector in the form of secondary par-
ticles and, eventually, light. As initial information on the energy
of each event, from here on we always use the deposited energy
for shower like events and the reconstructed muon energy for
TGM events. The list of events contains a residual background
from atmospheric neutrinos and muons passing the veto.

The final task is to determine for each event i the recon-
structed neutrino energy distribution Ci(Eν) including the prob-
ability that a shower was created from a νe, ντ or neutral current
interaction, or that a track was created from a νµ or ντ induced
muon. Our Monte Carlo procedure to obtain this probability dis-
tribution is described in detail in Appendix A. We note that (in
terminology) we go from incident (true) neutrino energy Eν to
the deposited energy Edep in the detector, which leads to a distri-
bution for the reconstructed neutrino energy Eν, which we label
in the same way as the incident energy for the sake of readability.

This reconstructed energy distribution can be used to con-
struct binned error bars on the flux in terms of the reconstructed
neutrino energy for arbitrary datasets if one deconvolves the to-
tal event rate in each bin with the effective area. This leads to
results that are similar to the IceCube procedure at the highest
energies (see data points in Fig. 3); however, the residual at-
mospheric background will show up explicitly at low energies.
As another difference, we separate tracks and showers since the
track sample is more affected by atmospheric backgrounds than
the shower sample, which will be relevant for the construction
of our multi-component model.

3. Multi-component model

In this section we introduce our model, which includes (i) the at-
mospheric background (conventional and prompt neutrinos, at-
mospheric muons) since we include it in the reconstructed data
points; (ii) Galactic neutrinos generated in pp collision in the
Galactic disk plus Galactic neutrinos from point sources; (iii)
extragalactic neutrinos from pp (or Ap) interactions, such as
neutrinos from SBGs; and (iv) neutrinos from pγ (or Aγ) inter-
actions, such as neutrinos produced in TDEs, AGNs, or GRBs.
We summarize these different components in Table 1.

3.1. Residual atmospheric backgrounds

Atmospheric neutrinos and atmospheric muons passing the veto
system produce a residual background for the high-energy neu-
trino detection. The conventional atmospheric (neutrino and
muon) background follows the atmospheric muon spectrum ∝
E−3.7 (determined by the initial cosmic-ray spectrum modified
by interactions of pions and kaons), whereas prompt neutrinos
at higher energies are characterized by an E−2.7 spectrum (fol-
lowing the initial cosmic-ray spectrum because the secondaries
decay faster than they interact). The flavor composition of atmo-
spheric neutrinos is to a good approximation (νe : νµ : ντ)' (0 :
1 : 0) in the first case, where pion decays dominate and kaon
decays give a smaller but not negligible contribution. In pion de-
cays, muon neutrinos and muons are produced. The secondary
muons have no time to decay before reaching the surface of the
earth; therefore, the conventional background is essentially given
by νµ and ν̄µ. For the prompt neutrinos, the flavor composition is
given by (νe : νµ : ντ)' (1 : 1 : 0) since charmed meson decays
dominate here.

Atmospheric muons contribute to the background from the
southern hemisphere (down-going events). We note that we do
not consider the actual atmospheric fluxes, but a residual back-
ground passing the veto systems with a normalization describing
observations.

The HESE track sample is much more affected by the at-
mospheric backgrounds than the HESE shower sample because
atmospheric muons dominate this background (in the southern
hemisphere) and the atmospheric electron neutrino flux, lead-
ing to showers, is suppressed compared to the muon neutrino
flux (in the northern hemisphere). In order to avoid a bias on
the shower sample, we assume different backgrounds for the φµ
and φe fluxes in our model, reflecting the different systematics of
these topologies:

dφe,µ
atmo

dEν
=

10−18

GeV cm2 s sr

[
Fe,µ

atm

( Eν

100 TeV

)−3.7

+ Fprompt

( Eν

100 TeV

)−2.7 ]
· (3)

Here Fe
atm and Fµ

atm are two free parameters (systematics) of the
model, whereas we fix Fprompt = 0.66 to the present upper limit
of the prompt neutrino flux per flavor (Aartsen et al. 2017e). This
choice is motivated by a conservative background estimate, con-
sistent with the total background expected for shower-like events
in IceCube (Aartsen et al. 2017e). We show later that the prompt
contribution does not affect our results because it is about an or-
der of magnitude smaller than the astrophysical contributions.

We recall that the background expected by IceCube is in ten-
sion with the observations, as they expect 33.9+9.3

−6.4 background
tracks (see Table 3 in Palladino et al. 2017), whereas only 22
tracks have been observed (Aartsen et al. 2017e). We note that
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Table 1. Summary of the main characteristics of the different components that are present in our multi-component model.

Name Production mechanism Normalization α Angular Energy range Examples/Comments

Atmospheric Pion/kaon decay, atm. muons Fµ
atmo, Fe

atmo 3.7 Isotropic . 0.2–0.5 PeV
Charmed meson decays (prompt) (fixed) 2.7 Isotropic (never) Norm. from Aartsen

et al. (2017e) (upper
limit)

Galactic Ap or pp interactions Fgal ∼2.6 Galactic . PeV Cosmic ray interac-
tions with gas, point
sources

Xpp (extragal.) Ap or pp interactions FX−pp ∼2 Isotropic 0.2–2 PeV Starburst galaxies,
radio galaxies, AGN
winds, halo/galaxy
mergers

Xpγ (extragal.) Aγ or pγ interactions FX−pγ �2 Isotropic >2 PeV Tidal Disruption
Events (TDEs), AGN
blazars, LL-GRBs

Notes. The column “Normalization” refers to the (free) normalization parameter used in the fit (unless it is fixed), the column “α” to the approxi-
mate spectral index of the incident neutrino flux ∝ E−αν , the column “Energy range” to the approximate energy range where the spectrum is found
to dominate (which depends on the sky direction and event topology), and the column “Angular” to the assumed rough angular distribution. In the
last column, our baseline model for the spectral shape is marked in bold.

in addition the astrophysical signal contributes to the track-like
events (about 20% of the astrophysical neutrinos should pro-
duce tracks, assuming pion decay as production mechanism;
Palladino et al. 2015). This implies that about 40 tracks are ex-
pected instead of the 22 observed, which represents a discrep-
ancy of about (40 − 22)/

√
22σ ' 3.8σ; this tension between

expectation and observation was already present in the older
datasets (see, e.g., Table 4 in Aartsen et al. 2014b for the three-
year dataset).

In our analysis, the two systematics parameters Fµ
atmo and

Fe
atmo are to be marginalized over, which means that no particular

input is assumed for them. We verify that, at the end, we are able
to reproduce the total background event expected by IceCube,
namely 40.8+13.5

−8.3 events, reasonably well (Aartsen et al. 2017e).
While this procedure does not affect our result at the highest en-
ergies or for the astrophysical components qualitatively, the ob-
tained values for the systematics parameters can be interpreted
with respect to a possible mis-identification of events and with
respect to the possible origin of the discussed track discrepancy.

3.2. Galactic component

The presence of a Galactic component that could especially af-
fect the events coming from the southern hemisphere has been
already proposed in Neronov & Semikoz (2016), Palladino &
Vissani (2016), Palladino et al. (2016b), Denton et al. (2017)
and Marinelli et al. (2016) based on the IceCube observations.
A guaranteed (diffuse) flux comes from the interactions of cos-
mic rays with gas; however, this contribution is typically small
in models where the local cosmic ray density is assumed to
be representative for the whole Milky Way (Ahlers & Murase
2014b; Joshi et al. 2014). If, however, a possible inhomoge-
neous cosmic ray distribution in our galaxy is taken into ac-
count, higher contributions can be obtained. In Pagliaroli et al.
(2016) this flux has been calculated taking into account dif-
ferent cosmic ray distributions; the most optimistic case cor-
responds to the so-called KRAγ model (Gaggero et al. 2015),
in which the spectral index of cosmic rays is a function of
the distance from Galactic center, i.e., harder when close to

the Galactic center and softer when far away. In this sce-
nario the expected number of HESE in IceCube is about six
contribution fro after 5.7 yr of exposure. The additional contri-
bution from Galactic point sources is considered in Pagliaroli
& Villante (2017). The expected number of events from point
sources is about three with the present exposure. Therefore, the
total expected number of Galactic events must not exceed nine
HESE in about 6 yr of detection. These theoretical expectations
are perfectly compatible with the most recent experimental lim-
its on the Galactic flux provided by ANTARES (Albert et al.
2017) and the IceCube (Aartsen et al. 2017a).

Following these considerations, we propose a Galactic flux
that is in agreement with the present knowledge. Considering
that the observed flux of Galactic cosmic rays observed at Earth
is E−2.7, we expect that high-energy neutrinos produced by pp
interactions between Galactic cosmic rays and gas will follow
the power law spectrum of the primary particles being somewhat
harder from the interactions ∝ E−2.6 (Kelner et al. 2006). We as-
sume this shape in our multi-component model. We note that in a
more aggressive scenario, such as the KRAγ model, the neutrino
spectrum could be harder. A harder galactic neutrino component
has been analyzed in Palladino et al. (2016b). This choice would
reduce the discrepancy between what is observed from the south
and from the north, increasing by a small percentage the normal-
ization of our “residual atmospheric background”. Since we are
looking for a Galactic component that can emphasize the north–
south spectral asymmetry, we assume a softer spectrum in our
model. We note that we check the compatibility with the present
constraints (from both theory and experiment) at the end of the
calculations.

We use an energy cutoff in the neutrino spectrum at the cor-
responding knee of the cosmic rays at about 3 PeV for protons
and, correspondingly, 150 TeV for neutrinos3, considering that
the average energy of neutrinos from pp interaction is 5% of the
primary proton energy (Kelner et al. 2006). This cutoff is com-
patible with recent multi-component models for cosmic rays at

3 We assume an exponential energy cutoff for the proton spectrum,
which approximately implies the square root of the exponential cutoff
for the neutrino spectrum (Kelner et al. 2006).
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around the knee (Gaisser et al. 2013; see Fig. 1 in Joshi et al.
2014 for the neutrino flux), assuming that the proton component
dominates the neutrino production; it is also compatible with
theoretical arguments on the maximum acceleration energy of
Galactic cosmic rays (Ellison et al. 1997).

Consequently, the diffuse Galactic flux of high-energy neu-
trinos is assumed to follow

dφgal

dEν
=

Fgal × 10−18

GeV cm2 s sr

( Eν

100 TeV

)−2.6

× exp

−√
Eν

150 TeV

 , (4)

where the only free parameter is the normalization Fgal. In order
to satisfy the present theoretical limits, we evaluate the expected
number of events as

N`
gal = 4π T

∫ ∞

0

dφgal

dEν
× A`

eff × dEν, (5)

using the average HESE effective area (Aartsen et al. 2013).
This is a good choice since different intervals of terrestrial dec-
lination are covered in the inner Galaxy region, namely from
−90◦ ≤ δ ≤ 30◦ (see also Fig. 1)4. We obtain from Eq. (5) that
Ngal ' 8.4 × Fgal × T/(5.7 yr), which implies that Fgal . 1.1 in
order not to overshoot the nine Galactic events expected in 6 yr
considering the most optimistic model, as described above. We
verify whether our final result is in agreement with this constraint
in the following.

Finally, we note that we have multiplied Eq. (5) with the full
solid angle 4π, which does not mean that the Galactic flux is
present in the whole sky. However, this choice allows for an easy
comparison with the IceCube measurement, for which the aver-
age flux is usually given per steradian. In our model we take into
account that the Galactic flux is present in the region of Galac-
tic latitude |ϕ| ≤ 5◦ and of longitude |λ| ≤ 45◦ (inner galaxy),
whereas it is not present outside. Therefore, we can write the
normalization in an alternative manner for the Galactic compo-
nents, as

dφ̃gal

dEν
=

{ dφgal

dEν

4π
Ω

for |ϕ| ≤ 5◦ and |λ| ≤ 45◦

0 for |ϕ| > 5◦ or |λ| > 45◦
,

where Ω = 4 sin |ϕmax| · |λmax|, with |ϕmax| = 5◦ and |λmax| = 45◦.

3.3. Extragalactic pp neutrinos (Xpp)

Neutrinos are created via pp (or Ap) interactions in astrophysical
environments rich in gas, which serve as target for the interac-
tions. In this case the accelerated primaries with a non-thermal
spectrum collide with thermal protons, producing about equal
amounts of π+, π0, and π− leading to a neutrino spectrum adopt-
ing the spectral shape of the non-thermal primaries, which is typ-
ically a power law with a spectral index of about two.

4 We have checked that the result is only marginally affected when
using the southern sky effective area instead of the all-sky area; the ex-
pected number of events is 10% higher considering an E−2.6 spectrum
with the energy cutoff at 150 TeV. This is naturally expected; for a soft
spectrum like this neutrinos around 100 TeV provide the largest con-
tribution to the events. At this energy, the effective areas are almost
independent of declination, whereas they are very different at higher
energies where the absorption of neutrinos in Earth becomes relevant,
penalizing neutrinos coming from the northern hemisphere.

Our prototype candidate class are SBGs, although this is not
the only possible source class. A SBG is a galaxy that has an ex-
tremely high star formation rate, on the order of 10–100 M� yr−1,
while normal galaxies have a rate of 1–5 M� yr−1 (Kewley et al.
2001). A SBG is full of young stars, which implies that super-
nova events are frequent, with a rate on the order of 0.03–0.3 per
year; moreover, it must contain a large amount of gas available
to be injected into the star-forming processes. The simultaneous
presence of cosmic rays, accelerated in shock waves created by
the exploding core-collapse SNe, and targets, i.e., large amounts
of gas, makes SBGs promising sources of cosmic neutrinos pro-
duced by pp interactions. SBGs are mainly observed in the in-
frared band because the bulk of their emission (UV radiation
emitted by young stars) is absorbed and re-emitted in this band.

Starburst galaxies have been proposed in several papers as
sources of IceCube neutrinos (Loeb & Waxman 2006; Tamborra
et al. 2014; Chang et al. 2015), although they cannot explain the
entire IceCube signal (Bechtol et al. 2017; Murase & Waxman
2016). There have been many other alternatives discussed in the
literature, which potentially also fit this category, such as radio
galaxies (Tavecchio et al. 2018), AGN winds (Liu et al. 2018),
and halo/galaxy mergers (Yuan et al. 2018).

In our model, we assume an E−2 spectrum with an energy
cutoff for neutrinos at 1 PeV (Loeb & Waxman 2006):

dφX−pp

dEν
=

FX−pp × 10−18

GeV cm2 s sr

( Eν

100 TeV

)−2

× exp

−√
Eν

1 PeV

 . (6)

This choice of the spectral shape for SBGs is motivated by the
calorimetric limit, implying that the secondary spectrum follows
the primary spectrum because the interactions are the dominant
process and the particle spectrum inside the SBG is not modi-
fied by energy-dependent escape processes in that energy range.
The cutoff energy is motivated by the knee of the cosmic ray
spectrum, which may be somewhat higher than in our galaxy
because of larger magnetic fields; we note, however, that the
accelerators themselves have to produce particles with high
enough energies. Alternative scenarios such as acceleration in
superwinds of SBGs have been discussed (e.g., Chang et al.
2015; Romero et al. 2018; Anchordoqui 2018). Our pro-
posed spectrum is also compatible with the extragalactic dif-
fuse gamma-ray background measured by Fermi Bechtol et al.
(2017; see Murase & Waxman 2016), applied to the non-blazar
contribution5.

3.4. Extragalactic pγ neutrinos (Xpγ)

Neutrinos are produced by pγ (or Aγ) interactions in astrophys-
ical environments with high radiation densities. The accelerated
primary protons (with a non-thermal spectrum) collide with pho-
tons to produce pions. In such interactions, the spectrum of the
neutrinos depends on both the spectra of the primaries and the
target photons.

5 Since γ-rays from π0 decays are produced together with the neutri-
nos from π± decays and these secondaries follow the primary spectrum
for pp interactions, the observed extragalactic diffuse gamma-ray back-
ground (EGRB) constrains the maximally allowed neutrino flux. Since
most of the EGRB is expected to come from AGN blazars, the constraint
on the non-blazar contribution is even somewhat stronger (Bechtol et al.
2017). Our obtained SBG contribution will satisfy these limits, see Ref.
Murase & Waxman (2016).
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We chose TDEs as our baseline source since we have a
model available (Biehl et al. 2017a), which can describe not
only the PeV neutrinos, but also the UHECRs in a self-consistent
way. Other candidate classes include active galactic nuclei (see,
e.g., Stecker et al. 1991; Nellen et al. 1993; Stecker 2013;
Murase et al. 2014; Rodrigues et al. 2018) and low-luminosity
gamma-ray bursts (see, e.g., Waxman & Bahcall 1997; Dermer
& Atoyan 2003; Murase et al. 2006, 2008; Hummer et al. 2012;
Zhang et al. 2018), which however require more study to draw
a fully self-consistent picture. There are ways to discriminate
between TDEs and other source classes, for example by neu-
trino point source searches, which we discuss below. We note
again that the UHECR connection requires nuclei in the sources,
which means that our TDE example is actually based on Aγ
interactions.

Tidal disruption is the process by which a star is torn apart by
the strong gravitational force of a nearby massive or supermas-
sive black hole. About half of the star’s debris remains bound to
the black hole, and is ultimately accreted. TDEs as the sources
of extragalactic neutrinos have been recently very actively dis-
cussed in the literature (Wang et al. 2011; Wang & Liu 2016;
Dai & Fang 2017; Senno et al. 2017; Lunardini & Winter 2017;
Guépin et al. 2018; Biehl et al. 2017a). In our model we assume
that the shape of the neutrino spectrum follows the best-fit spec-
trum of Biehl et al. (2017a), which we refer to as (dφBF

TDE)/(dEν),
with a free normalization:

dφX−pγ

dEν
(Eν) = FX−pγ

dφBF
TDE

dEν
(Eν). (7)

It should be noted that the parameter FX−pγ can be directly re-
lated to the normalization G defined in Biehl et al. (2017a):

FX−pγ =
G

540
=

ξA

540
×

R̃(0)
0.1 Gpc−3 yr−1

· (8)

Here ξA is the baryonic loading (defined as the energy injected
as nuclei over the total X-ray energy in the Swift energy range
0.4–13.5 keV) and R̃(0) is the local apparent rate of jetted
TDEs. The reference value chosen for R̃(0) is the rate of white
dwarf–intermediate mass black hole disruptions inferred from
observations, R̃(0) ∼ 0.01–0.1 Gpc−3 yr−1. Thus, the result of our
combined fit can be immediately interpreted in terms of the TDE
baryonic loading × local apparent rate.

4. Results

In this section we present our results, including the best-fit model
and the result of our energy reconstruction technique. We also
demonstrate how to determine the origin of individual events at
the probabilistic level.

4.1. Best-fit model

We perform a maximum likelihood analysis using a Poissonian
χ2 with the different components introduced in Sect. 3 and the
free parameters Fµ

atmo, Fe
atmo, Fgal, FX−pp, and FX−pγ. The data

points for the different tested datasets are reconstructed in en-
ergy as described in Appendix A, and the theoretical rates are
computed with the effective areas similar to Eq. (A.5).

Let us first use the shower (HESE) events and the track
(HESE + TGM) events separately. We obtain the best-fit param-
eters listed in Table 2 for the spectral fit in this case. This set
of parameters is in agreement with the present constraints: the

obtained Galactic flux does not violate any present limit, as can
be seen from Fig. 3 of Albert et al. (2017), where different exper-
imental and theoretical limits are illustrated. It is also interesting
to note that the obtained Galactic flux is consistent with the the-
oretical prediction of 40 yr ago reported in Stecker (1979).

For the extragalactic flux from pp interaction, we obtained a
normalization that is roughly the same as that reported in Fig. 1
of Murase & Waxman (2016). Therefore, the associated flux of
γ-rays, considering both contributions provided by the direct γ-
ray flux and the electromagnetic cascade, is compatible with the
non-blazar contribution of the diffuse gamma-ray background,
i.e., 20% of the measured extragalactic diffuse γ-ray emission.
Moreover, we also checked that the γ-ray flux associated with
our pp neutrinos is compatible with the value reported in Fig. 5
of Tamborra et al. (2014), where the γ-ray flux was obtained
starting from the infrared radiation of the SBGs.

In addition, Fµ
atmo and Fe

atmo reproduce the total atmospheric
background expected by IceCube. However, they do not repro-
duce the expected number of tracks and showers separately. A
misidentification of tracks as showers at the level of 30–40%
could reconcile the observations and the expectations. We note
again that this problem related to the background is also present
in the IceCube analysis itself, since in Aartsen et al. (2017e)
about 40 tracks are expected (from signal, conventional atmo-
spheric neutrino background, and atmospheric muons) instead
of the 22 tracks detected.

Most importantly, we find in Table 2 an almost equal normal-
ization for the Galactic and Xpp contributions, independent of the
sample (tracks or showers used). We note that this result only re-
flects the spectral distribution of the observed events. Their an-
gular distribution and the relevance of the Galactic component in
the inner Galaxy will be discussed later (see Sect. 4.2 and Fig. 5).

The evidence for Xpγ > 0 depends on the sample used:
whereas the best fit is zero for showers, it is similar to the
TDE best fit in Biehl et al. (2017a) for tracks, which contains
the 4.5 PeV reconstructed energy TGM. We use the value ob-
tained from the tracks in the following, as we need to describe
both showers and tracks. The combined fit (showers + tracks)
yields instead Xpγ ' 0.37, which is non-vanishing but a factor
of two smaller than that suggested by the track sample only. The
χ2/d.o.f. are reported in Table 2 as well; a value of around one
means that the model describes data very well, while at the same
time it is not “over-fitting” data.

Our main result is shown in Fig. 2, where we show show-
ers (upper panel) and tracks (lower panel) separately, including
the contributions from the individual components. We use the
track best fit here since it is in good agreement with the shower
fit at low energy, and we expect that it is more representative
for our model at high energy since the statistics is much greater
above several hundred TeV than for the shower sample. We note
that the reconstructed data points are consistent with the IceCube
results, and that our figure contains the residual atmospheric
background both in data and fluxes explicitly (see discussion be-
low). From the figure it is clear that our model describes both
tracks and showers extremely well. At low energies, there are
no obvious contradictions with the residual atmospheric back-
grounds. At high energies, the possible evidence for Xpγ > 0
emerges from the TGM dataset (pink), especially the 4.5 PeV
track, which is likely to be generated by an incoming neutrino
above 10 PeV. A possible alternative would be to extend Xpp
to higher energies, but this would raise the question of whether
SBG can accelerate primaries to energies significantly beyond
100 PeV.
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Fig. 2. Best-fit model (curves) and unfolded
IceCube energy spectrum (points with error
bars) for showers (upper panel) and tracks
(lower panel) using our method described in
Appendix A, where the best fit for tracks in
Table 2 has been used. Black dots (and error
bars) refer to HESE data and pink/light dots
(and error bars) to TGM, which contains the
4.5 PeV reconstructed energy track. The energy
scale refers to reconstructed neutrino energy
(data) and incident energy (model). The differ-
ent contributions (and the total) for the multi-
component model are shown, as indicated in the
plot legends. Compared to the IceCube analysis,
the residual atmospheric background is shown
explicitly both in data and model.

Fig. 3. Comparison between our multi-
component model and the latest IceCube anal-
ysis including 6 yr of HESE (black points) and
8 yr of TGM (yellow band) from Aartsen et
al. (2017e; neutrino flux per flavor). We find
good agreement above a few hundred TeV both
with HESE and TGM, whereas the two points
at low energies are in tension with the model.
Compared to Fig. 2, here the atmospheric back-
grounds have been subtracted in both the data
points and the model.

We note again that we show shower and track events
separately since they are affected by different backgrounds.
Particularly the HESE track sample is more affected by the
atmospheric background, since atmospheric neutrinos and at-
mospheric muons both contribute to the background. For this
reason the HESE shower dataset is more representative of the

astrophysical signal at low energies, whereas the TGM dataset
is more representative of the astrophysical signal at high ener-
gies due to the larger effective area related to TGM compared to
HESE.

One of the questions we need to address is how many compo-
nents we actually need. We can do that at the statistical level by
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Table 2. Obtained flux normalizations at the best fit for showers (HESE), tracks (HESE+TGM), and combined fit (both showers and tracks).

Fµ
atmo Fe

atmo Fgal FX−pp FX−pγ
χ2

d.o.f.

Showers (HESE) 2.07 0.97 0.91 ∼ 0 1.50
Tracks (HESE+TGM) 5.73 0.94 0.96 0.81 0.94
Combined 5.74 2.07 0.96 0.93 0.37 1.11

removing the components one by one and re-performing the fit.
The atmospheric backgrounds are inevitable as they are needed
to describe the spectrum below 100 TeV; this is also statisti-
cally evident. Removing the Galactic component, the quality of
the spectral fit is only marginally affected. However, we have
to take into account that the Galactic component also plays a
role in explaining the angular distribution of HESE events above
100 TeV, and the spectral difference between HESE and TGMs.
The presence of a Galactic component, mainly observed from
the southern hemisphere6, helps to reduce the difference between
the observations from the south and north. Our Galactic com-
ponent contributes 25% to the total signal and 30–35% of the
astrophysical events coming from the south.

The Xpp component provides the largest contribution to the
astrophysical signal, which is about 50%. The flat E−2 spec-
trum is necessary to explain the middle range of energy between
100 TeV and 1 PeV. Removing this component, the quality of
the combined fit goes from χ2

min = 14.4 to 27.0, implying a
3.5σ evidence for the Xpp contribution (even in the presence of
Xpγ and after re-marginalization). Moreover an extragalactic pp
spectrum, generated in sources such as SBGs, can explain the
lack of correlation between neutrinos and known sources of γ-
rays since SBGs are rarely observed in γ rays because the pho-
tons are reprocessed inside the sources. SBGs are also compat-
ible with the point source bounds, as they are faint enough to
avoid multiplets from the same source (Kowalski 2015; Ahlers
& Halzen 2014a; Murase & Waxman 2016).

The evidence for the Xpγ contribution is much weaker from
the purely statistical perspective alone7. If we used the fit from
the track sample, the pγ component would be responsible for
about five or six events, which are the most energetic ones. Fu-
ture measurements and particularly IceCube-Gen2, with a 6–8
times greater exposure (Aartsen et al. 2014d) can clarify the sit-
uation, confirming or excluding the presence of a pγ component
at PeV energies. If interpreted as jetted TDE contribution, we
find about 80% of the flux normalization in Biehl et al. (2017a),
which can be interpreted, for example in terms of a lower bary-
onic loading ' 430 (see Eq. (8)).

Since TDEs are potentially very luminous neutrino sources,
we would eventually expect several events from the same source.
We compute the probability of observing at least two or three
events from at least one TDE explicitly in Fig. 4 as a func-
tion of the baryonic loading, assuming that the typical TDE flux
corresponds to that given in Lunardini & Winter (2017, Fig. 2,
upper left panel)8. From this figure, it is evident that the prob-

6 70% of the Galaxy is observed from the southern sky, whereas only
30% of it is observed from the northern hemisphere (see Fig. 2 in
Palladino & Vissani 2016).
7 Here χ2

min = 4.7 goes to 5.7 using the TGM dataset, whereas it re-
mains almost the same using both HESE and TGM, since there is a
slight tension between HESE (which disfavors the pγ component) and
TGM (which favors the pγ component).
8 Using the IceCube HESE effective areas (corresponding to the av-
erage TDE at random position), we find that the expected number of
events coming from a single TDE N ' 0.24 × ξA/540. Using our multi-
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Fig. 4. Probability to observe multiplets of at least two events
(red line) or three events (blue line) from the same TDE as a
function of the baryonic loading, considering the present Ice-
Cube exposure (5.7 years).

ing or excluding the presence of a pγ component at PeV
energies. If interpreted as jetted TDE contribution, we
find about 80% of the flux normalization in Biehl et al.
(2017a), which can be interpreted, for example in terms
of a lower baryonic loading ' 430 (see Eq. (8)).

Since TDEs are potentially very luminous neutrino
sources, we would eventually expect several events from
the same source. We compute the probability of observ-
ing at least two or three events from at least one TDE
explicitly in Fig. 4 as a function of the baryonic loading,
assuming that the typical TDE flux corresponds to that
given in Lunardini & Winter (2017) (Fig. 2, upper left
panel).8 From this figure, it is evident that the probabil-
ity of observing two events from one TDE is less than 50%
in the current sample, and the probability for a triplet is
at the percent level. We note that the limit for individual
TDEs, such as Swift J1644+57 Burrows et al. (2011), can
be stronger as the effective area depends on declination.
However, in the future this method will be a powerful tool
used to identify the origin of the Xpγ contribution and to
discriminate TDEs from other classes of sources such as
LL-GRBs and AGNs. Other methods include the test of a
possible flavor transition at the highest energies, which is
expected for TDEs (Lunardini & Winter 2017) and GRBs
(e.g., Baerwald et al. 2012) due to magnetic field effects
on the secondary pions, mesons, and kaons, but not for
AGNs.

In Fig. 3, we compare our model to the data points of
the IceCube analysis in which the background has been al-
ready subtracted Aartsen et al. (2017f). We notice a good
agreement between our model and the IceCube data points
in the energy range between 300 TeV and several PeV,

8 Using the IceCube HESE effective areas (corresponding to
the average TDE at random position), we find that the ex-
pected number of events coming from a single TDE N '
0.24 × ξA/540. Using our multi-component model and the
present IceCube exposure, i.e., 5.7 years for HESE, we find
that about six events can be attributed to TDEs. This means
that about 25 TDEs contribute to the flux. From this informa-
tion, Fig. 4 can be explicitly computed following Palladino &
Vissani (2017) using a Monte Carlo method.

and between our reconstructed points (see pink points in
Fig. 2) and the IceCube fit of the through-going muons
(yellow band in Fig. 3). On the other hand, at low en-
ergies, a certain discrepancy is present. The observation
of the excess at 150 TeV by IceCube could be related
to an underestimation of the background, since in their
data points the background is already subtracted. The
gap around 600 TeV is only present in the HESE shower
dataset in our analysis, whereas it is not present in our
reconstructed track sample or in the IceCube TGM analy-
sis. Therefore, it could be simply produced by a statistical
fluctuation or it could be a hint of the change of the flavor
composition at very high energy, although there are not
enough data to confirm the last hypothesis.

A special remark concerns the upper limit close to 7
PeV, which is in the Glashow resonance region (Glashow
1960). It is plausible that the reconstruction of this data
point is strongly affected by the production mechanism.
In the IceCube analysis, usually φνe = φν̄e is assumed
(see, e.g., Fig. 7 in Aartsen et al. 2013). This assumption
applies to pp interactions, whereas the flux of electron an-
tineutrinos can be suppressed for the pγ production of
neutrinos (Barger et al. 2014; Palladino & Vissani 2015;
Palladino et al. 2016a; Biehl et al. 2017b), especially in
the damped muon regime where the electron antineutrino
flux at detection is strongly suppressed. A comparison to
the track sample (lower panel in Fig. 2) is therefore safer
here. We also checked that the number of Glashow reso-
nant events in the most optimistic case (pp interactions)
is roughly 0.5 after 5.7 years of exposure using the best-fit
parameters of the model and the approximation for the
effective area from Palladino et al. (2017), which means
that at present, our model is compatible with the non-
observation of Glashow events. A similar estimate can be
performed for double pulse events for Eν & 0.5 PeV (Aart-
sen et al. 2016b), i.e., the detection of two separate inter-
action vertices for ντ . Using the effective area in Palladino
et al. (2016a) and assuming that only ντ is created at the
source (unrealistic, but the most conservative scenario),
we expect about 0.5 double pulse events after 5.7 years of
exposure for our model. Again, our model is compatible
with the non-observation of double pulses at present.

4.2. Event-by-event analysis

Using our multi-component model, we can compute the
possible origin of each observed HESE or TGM based on
their reconstructed energy and on their direction. This
procedure can be sketched as follows (for details, see be-
low):

– Determine the distribution of the reconstructed energy
of each event as described in Appendix A;

– Determine the probability of belonging to each compo-
nent of the multi-component model (best fit) according
to the spectrum, performing a Monte Carlo extraction
of the reconstructed energy;

– Determine the probability of belonging to the Galac-
tic contribution according to direction and directional
resolution.

In order to include the direction of each event in our
calculation, we need a function related to the compati-
bility of a certain direction with the Galactic plane since
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Fig. 4. Probability to observe multiplets of at least two events (red line)
or three events (blue line) from the same TDE as a function of the bary-
onic loading, considering the present IceCube exposure (5.7 yr).

ability of observing two events from one TDE is less than 50%
in the current sample, and the probability for a triplet is at the
percent level. We note that the limit for individual TDEs, such
as Swift J1644+57 Burrows et al. (2011), can be stronger as
the effective area depends on declination. However, in the fu-
ture this method will be a powerful tool used to identify the ori-
gin of the Xpγ contribution and to discriminate TDEs from other
classes of sources such as LL-GRBs and AGNs. Other methods
include the test of a possible flavor transition at the highest ener-
gies, which is expected for TDEs (Lunardini & Winter 2017) and
GRBs (e.g., Baerwald et al. 2012) due to magnetic field effects
on the secondary pions, mesons, and kaons, but not for AGNs.

In Fig. 3, we compare our model to the data points of the
IceCube analysis in which the background has been already
subtracted (Aartsen et al. 2017e). We notice a good agreement
between our model and the IceCube data points in the energy
range between 300 TeV and several PeV, and between our re-
constructed points (see pink points in Fig. 2) and the IceCube fit
of the through-going muons (yellow band in Fig. 3). On the other
hand, at low energies, a certain discrepancy is present. The ob-
servation of the excess at 150 TeV by IceCube could be related to
an underestimation of the background, since in their data points
the background is already subtracted. The gap around 600 TeV is
only present in the HESE shower dataset in our analysis, whereas
it is not present in our reconstructed track sample or in the Ice-
Cube TGM analysis. Therefore, it could be simply produced by
a statistical fluctuation or it could be a hint of the change of the

component model and the present IceCube exposure, i.e., 5.7 yr for
HESE, we find that about six events can be attributed to TDEs. This
means that about 25 TDEs contribute to the flux. From this informa-
tion, Fig. 4 can be explicitly computed following Palladino & Vissani
(2017) using a Monte Carlo method.
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flavor composition at very high energy, although there are not
enough data to confirm the last hypothesis.

A special remark concerns the upper limit close to 7 PeV,
which is in the Glashow resonance region (Glashow 1960). It is
plausible that the reconstruction of this data point is strongly af-
fected by the production mechanism. In the IceCube analysis, usu-
ally φνe = φν̄e is assumed (see, e.g., Fig. 7 in Aartsen et al. 2013).
This assumption applies to pp interactions, whereas the flux of
electron antineutrinos can be suppressed for the pγ production of
neutrinos (Barger et al. 2014; Palladino & Vissani 2015; Palladino
et al. 2016a; Biehl et al. 2017b), especially in the damped muon
regime where the electron antineutrino flux at detection is strongly
suppressed. A comparison to the track sample (lower panel in Fig.
2) is therefore safer here. We also checked that the number of
Glashow resonant events in the most optimistic case (pp inter-
actions) is roughly 0.5 after 5.7 yr of exposure using the best-fit
parameters of the model and the approximation for the effective
area from Palladino et al. (2017), which means that at present, our
model is compatible with the non-observation of Glashow events.
A similar estimate can be performed for double pulse events for
Eν & 0.5 PeV (Aartsen et al. 2016b), i.e., the detection of two
separate interaction vertices for ντ. Using the effective area in Pal-
ladino et al. (2016a) and assuming that only ντ is created at the
source (unrealistic, but the most conservative scenario), we ex-
pect about 0.5 double pulse events after 5.7 yr of exposure for our
model. Again, our model is compatible with the non-observation
of double pulses at present.

4.2. Event-by-event analysis

Using our multi-component model, we can compute the possi-
ble origin of each observed HESE or TGM based on their re-
constructed energy and on their direction. This procedure can be
sketched as follows (for details, see below):

- Determine the distribution of the reconstructed energy of
each event as described in Appendix A;

- Determine the probability of belonging to each component
of the multi-component model (best fit) according to the
spectrum, performing a Monte Carlo extraction of the recon-
structed energy;

- Determine the probability of belonging to the Galactic con-
tribution according to direction and directional resolution.

In order to include the direction of each event in our calculation,
we need a function related to the compatibility of a certain direc-
tion with the Galactic plane since the Galactic flux is present in
the inner Galaxy, but is absent outside, including the directional
resolution of the events. We note that the Galactic flux actually
dominates in the inner Galaxy region up to energies of about
2 PeV, as illustrated in Fig. 6, whereas it is absent outside this
region. Since we have assumed that the Galactic flux is present
in the region |ϕ| ≤ 5◦ and |λ| ≤ 45◦, we define the directional
probability density function such that it is one in that region and
drops exponentially outside with the directional resolution,

Ch
gal(h) = Θ(mb − h)

+2 Θ(h − mh)
∫ 90◦

h
G(x,mh, σh) dx, (9)

where G is a Gaussian function similar to Eq. (A.1) (but nor-
malized in the range −∞ to +∞) with mean value mh and stan-
dard deviation σh, and Θ is the Heaviside step function. We use
two functions for Galactic latitude and longitude, i.e., h corre-
sponds to ϕ or λ; the product of the previous two functions gives
the compatibility Cgal ≡ Cϕ

gal(ϕ) × Cλ
gal(λ) of each event with
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Fig. 5. Fluxes in the inner Galaxy, i.e., the region in Galac-
tic coordinates |ϕ| ≤ 5◦ and |λ| ≤ 45◦. The spectra are ob-
tained using the best-fit parameters of the multi-component
model. The Galactic flux is enhanced in this region compared
to the averaged fluxes in Fig. 2, whereas it vanishes outside the
Galaxy.

the Galactic flux is present in the inner Galaxy, but is
absent outside, including the directional resolution of the
events. We note that the Galactic flux actually dominates
in the inner Galaxy region up to energies of about 2 PeV,
as illustrated in Fig. 5, whereas it is absent outside this
region. Since we have assumed that the Galactic flux is
present in the region |ϕ| ≤ 5◦ and |λ| ≤ 45◦, we define the
directional probability density function such that it is one
in that region and drops exponentially outside with the
directional resolution,

Chgal(h) = Θ(mb − h) +

+ 2 Θ(h−mh)

90◦∫
h

G(x,mh, σh) dx , (9)

where G is a Gaussian function similar to Eq. (A.1) (but
normalized in the range −∞ to +∞) with mean value
mh and standard deviation σh, and Θ is the Heaviside
step function. We use two functions for Galactic latitude
and longitude, i.e., h corresponds to ϕ or λ; the prod-
uct of the previous two functions gives the compatibility
Cgal ≡ Cϕgal(ϕ)×Cλgal(λ) of each event with a Galactic ori-
gin, based on its direction. We note that we have mϕ = 5◦

and mλ = 45◦ by construction, whereas the standard de-
viations are different for showers and tracks, for which we
use average values σϕ = σλ ' 15◦ and σϕ = σλ ' 1◦,
respectively (see, e.g., Aartsen et al. 2013). The physi-
cal meaning of this function is that an event inside the
inner Galaxy is fully compatible with a Galactic origin
(Cgal = 1), whereas the probability drops exponentially
to Cgal = 0 going away from the inner Galaxy. To have
the overall probability we have to include the information
coming from the energy spectrum.
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Fig. 6. Three different examples for the Monte Carlo assign-
ment of the six-year HESE events to the different compo-
nents in our multi-component model on an event-by-event ba-
sis (Galactic coordinates). Each color represents a component:
red for atmospheric origin, orange for Galactic origin, green
for Xpp, and blue for Xpγ . Circles represent showers and trian-
gles represent tracks. The orange lines represent the region in
which the Galactic component of high-energy neutrinos could
be present (light orange) and the region in which a shower-like
event is still compatible with Galactic origin (dark orange)
within its angular resolution of about 15◦ (on average).

Therefore, the overall probability of belonging to a cer-
tain component is given by

P`(Eν) = Cgal
Ωφ`

Ω(φatmo + φX-pp + φX−pγ) + 4πφgal
+

+ (1− Cgal)
φ`

φatmo + φX-pp + φX−pγ
, (10)

based on the spectrum at the reconstructed energy Eν .
Since the reconstructed energy is not unique, we perform
a Monte Carlo simulation (integration) to determine the
average probability.

Using this procedure and integrating over Eν in
Eq. (10), we can derive the probabilities that an event be-
longs to the different component. Since the list of events
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Fig. 5. Fluxes in the inner Galaxy, i.e., the region in Galactic coordinates
|ϕ| ≤ 5◦ and |λ| ≤ 45◦. The spectra are obtained using the best-fit pa-
rameters of the multi-component model. The Galactic flux is enhanced
in this region compared to the averaged fluxes in Fig. 2, whereas it van-
ishes outside the Galaxy.

a Galactic origin, based on its direction. We note that we have
mϕ = 5◦ and mλ = 45◦ by construction, whereas the standard
deviations are different for showers and tracks, for which we
use average values σϕ = σλ ' 15◦ and σϕ = σλ ' 1◦, re-
spectively (see, e.g., Aartsen et al. 2013). The physical meaning
of this function is that an event inside the inner Galaxy is fully
compatible with a Galactic origin (Cgal = 1), whereas the proba-
bility drops exponentially to Cgal = 0 going away from the inner
Galaxy. To have the overall probability we have to include the
information coming from the energy spectrum.

Therefore, the overall probability of belonging to a certain
component is given by

P`(Eν) = Cgal
Ωφ`

Ω(φatmo + φX−pp + φX−pγ) + 4πφgal

+(1 −Cgal)
φ`

φatmo + φX−pp + φX−pγ
, (10)

based on the spectrum at the reconstructed energy Eν. Since the
reconstructed energy is not unique, we perform a Monte Carlo
simulation (integration) to determine the average probability.

Using this procedure and integrating over Eν in Eq. (10), we
can derive the probabilities that an event belongs to the different
component. Since the list of events includes the atmospheric back-
grounds, it should be clear now why we have carried the residual
atmospheric background through the whole procedure. We give
the individual probabilities that each event belongs to atmospheric
background, Galactic contribution, Xpp, and Xpγ in Appendix B.
We find for the HESE showers very high probabilities of belong-
ing to the atmospheric background in most cases, whereas in eight
cases the probability of belonging to the Galactic component is
higher than 50%. In 25 cases, the probability of belonging to Xpp
is higher than 30% (up to around 50%), whereas only two events
exhibit some evidence of belonging to Xpγ (probabilities of 34
and 40%). For the HESE tracks, most events seem to belong to
the atmospheric background with five exceptions with a signifi-
cant probability (larger than 30%) of belonging to Xpp. The TGM
sample, on the other hand, seems to be dominated by Xpp, whereas
one event may be of Galactic origin and 12 events have a proba-
bility higher than 30% of belonging to Xpγ; the 4.5 PeV muon
track belongs to that component with an 83% probability. The
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Fig. 5. Fluxes in the inner Galaxy, i.e., the region in Galac-
tic coordinates |ϕ| ≤ 5◦ and |λ| ≤ 45◦. The spectra are ob-
tained using the best-fit parameters of the multi-component
model. The Galactic flux is enhanced in this region compared
to the averaged fluxes in Fig. 2, whereas it vanishes outside the
Galaxy.

the Galactic flux is present in the inner Galaxy, but is
absent outside, including the directional resolution of the
events. We note that the Galactic flux actually dominates
in the inner Galaxy region up to energies of about 2 PeV,
as illustrated in Fig. 5, whereas it is absent outside this
region. Since we have assumed that the Galactic flux is
present in the region |ϕ| ≤ 5◦ and |λ| ≤ 45◦, we define the
directional probability density function such that it is one
in that region and drops exponentially outside with the
directional resolution,

Chgal(h) = Θ(mb − h) +

+ 2 Θ(h−mh)

90◦∫
h

G(x,mh, σh) dx , (9)

where G is a Gaussian function similar to Eq. (A.1) (but
normalized in the range −∞ to +∞) with mean value
mh and standard deviation σh, and Θ is the Heaviside
step function. We use two functions for Galactic latitude
and longitude, i.e., h corresponds to ϕ or λ; the prod-
uct of the previous two functions gives the compatibility
Cgal ≡ Cϕgal(ϕ)×Cλgal(λ) of each event with a Galactic ori-
gin, based on its direction. We note that we have mϕ = 5◦

and mλ = 45◦ by construction, whereas the standard de-
viations are different for showers and tracks, for which we
use average values σϕ = σλ ' 15◦ and σϕ = σλ ' 1◦,
respectively (see, e.g., Aartsen et al. 2013). The physi-
cal meaning of this function is that an event inside the
inner Galaxy is fully compatible with a Galactic origin
(Cgal = 1), whereas the probability drops exponentially
to Cgal = 0 going away from the inner Galaxy. To have
the overall probability we have to include the information
coming from the energy spectrum.
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Fig. 6. Three different examples for the Monte Carlo assign-
ment of the six-year HESE events to the different compo-
nents in our multi-component model on an event-by-event ba-
sis (Galactic coordinates). Each color represents a component:
red for atmospheric origin, orange for Galactic origin, green
for Xpp, and blue for Xpγ . Circles represent showers and trian-
gles represent tracks. The orange lines represent the region in
which the Galactic component of high-energy neutrinos could
be present (light orange) and the region in which a shower-like
event is still compatible with Galactic origin (dark orange)
within its angular resolution of about 15◦ (on average).

Therefore, the overall probability of belonging to a cer-
tain component is given by

P`(Eν) = Cgal
Ωφ`

Ω(φatmo + φX-pp + φX−pγ) + 4πφgal
+

+ (1− Cgal)
φ`

φatmo + φX-pp + φX−pγ
, (10)

based on the spectrum at the reconstructed energy Eν .
Since the reconstructed energy is not unique, we perform
a Monte Carlo simulation (integration) to determine the
average probability.

Using this procedure and integrating over Eν in
Eq. (10), we can derive the probabilities that an event be-
longs to the different component. Since the list of events
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Fig. 6. Three different examples for the Monte Carlo assignment of
the six-year HESE events to the different components in our multi-
component model on an event-by-event basis (Galactic coordinates).
Each color represents a component: red for atmospheric origin, orange
for Galactic origin, green for Xpp, and blue for Xpγ. Circles represent
showers and triangles represent tracks. The orange lines represent the
region in which the Galactic component of high-energy neutrinos could
be present (light orange) and the region in which a shower-like event
is still compatible with Galactic origin (dark orange) within its angular
resolution of about 15◦ (on average).

TGM sample is therefore the sample least dominated by the back-
ground and maybe best suited to study the extragalactic neutrino
fluxes, whereas the Galactic contribution hides in the HESE show-
ers. Our result is comparable with that obtained in Feyereisen et al.
(2017a, 2017b), where the signal is mostly attributed to neutrinos
produced in pp and pγ sources, identified explicitly as SBGs and
Blazars in that case. In addition, they also found evidence for an
unassociated E−2.7 component at low energy, which could be in-
terpreted in terms of residual atmospheric background plus Galac-
tic component in our model.

This result can be also pictorially represented; in Fig. 6 we
show three different samples of the multi-component distribu-
tion produced with our Monte Carlo method based on the prob-
ability distribution for each event. The different colors corre-
sponds to the different components as described in the figure
caption. Moreover information on the topology of the observed
events is reported since the circles represent showers and the

triangles represent tracks. The inner Galaxy region is shown, as
is the corresponding angular uncertainty for showers (dark or-
ange lines). We note that the events close to the Galactic plane
are likely to be associated with Galactic neutrinos in all the maps
(orange), whereas the assignment to the component changes in
many cases. Some of the events, however, have a high probabil-
ity of being of atmospheric origin (red). The extragalactic flux is
dominated by Xpp (green), but the assignment to this component
can only be performed on a statistical basis. The Xpγ contribu-
tion (blue) tends to apply to the highest energetic events, about
two or three events in the shown examples.

We also show in Fig. 7 the unfolded IceCube energy spec-
trum (points with error bars) for the three samples (HESE
showers, HESE tracks, and TGM) separated into the different
components. Here the method described in Appendix A is used,
separating the event rate contributions of the different compo-
nents. We note that the data points and error bars are obtained us-
ing the probability Eq. (10), which means that they depend on our
model, whereas the points reported in Fig. 2 are model indepen-
dent. We can use the figure to see what datasets at what energies
describe the different components. For example, we can see that
the residual atmospheric backgrounds are well determined at low
energies from the HESE data. The HESE showers constrain the
Galactic contribution well around 100 TeV, whereas the Xpp con-
tribution is equally well contributed to by HESE showers, tracks,
and TGMs. The evidence for Xpγ is mostly driven by the TGM
sample.

Our analysis is only useful on a statistical basis, but it can
be easily extended to future datasets. It allows us to use the in-
formation about an individual component if a theoretical model
for one source class is studied. There are some limitations of
our method. First of all, we do not take into account individual
directional uncertainties for the events, which could be used to
make the analysis more precise. In order to obtain the uncertain-
ties in Galactic coordinates, a Monte Carlo extraction would be
required since the direction and the uncertainties of each event
are given in equatorial coordinates and the transformation is not
trivial. For the sake of simplicity, in Eq. (9) we use the average
values of the angular resolution 1◦ and 15◦ for tracks and show-
ers, respectively.

Second, the effective area is actually declination-dependent,
whereas we use averaged effective areas. This describes the
isotropic extragalactic component, and itisagood approximation
for the Galactic component (as discussed in Sect. 3). For the atmo-
spheric flux, we fit the residual atmospheric background passing
the vetos and analysis chain with a free normalization indepen-
dent for tracks and showers. While the effective area for individ-
ual events may exhibit a non-trivial declination-dependence, this
dependence enters our free normalization as an effective
average as long as the residual backgrounds roughly follow
the atmospheric flux shape. The deviation between track
event rate and residual background at low energies in Fig. 2,
lower panel, may be an artifact of such an energy-dependent
effect.

5. Summary and conclusions

In this work we have proposed a multi-component model to ad-
dress the following challenges in the current data of astrophysi-
cal neutrinos:
- The observed through-going muon spectrum, coming from
the northern hemisphere, is considerably harder than the HESE
sample.
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Fig. 7. Best-fit model (curves, for track best-fit in Table 2) and unfolded IceCube energy spectrum (points with error bars) for
HESE showers, HESE tracks, and TGMs using the method described in Appendix A. Here the data points and error bars are
shown for the individual contributions given by the different components, i.e., they depend on the event splitting as given by the
fit of the multi-component model.

the residual atmospheric background explicitly because we
have (at the end) listed the probability for each individ-
ual event to belong to each of these different components.
Using this approach, we observe two differences compared
to the IceCube reconstruction: we do not observe an ex-
cess at about 150 TeV, and the gap at about 600 TeV is
only present in the shower, but not in the track samples,
which points towards a statistical fluctuation (compare
data points in Fig. 3 to those in Fig. 2).

Our model consists of four populations summarized
in Table 1: residual atmospheric contribution (including
prompt contribution) passing the vetos; Galactic contribu-
tion following the cosmic-ray flux; extragalactic flux from
pp interactions (Xpp), such as starburst galaxies; and ex-
tragalactic flux from Aγ or pγ interactions (Xpγ), such as
tidal disruption events or AGN blazars. We have taken the
spectra shape for each of these components from plausible
examples from the literature and we have fit the inde-
pendent normalizations. We have demonstrated that the
above challenges are solved in this model in the following
way:

– The through-going muon (TGM) sample is dominated
by Xpp and Xpγ ; as a consequence, the measured en-
ergy spectrum is close to E−2

ν in the energy range be-
tween 200 TeV and 10 PeV. On the other hand, the
HESE dataset is more sensitive to low-energy events,
which are much more affected by atmospheric back-
grounds and by the Galactic component, especially for
events coming from the southern hemisphere.

– Above 100 TeV, the atmospheric background is highly
suppressed in the shower HESE dataset, whereas the
Galactic component is visible and dominates over the
other fluxes in the inner Galaxy region, justifying the
2σ excess close to the Galactic plane.

– The dominant astrophysical Xpp contribution, for
example from starburst galaxies, implies abundant
sources of low luminosity which are consistent with
current stacking or point source searches. Because of
the relatively hard spectrum, the bounds from the ex-
tragalactic diffuse gamma-ray background can be eas-
ily avoided.

– The observed 4.5 PeV track-like event, which is likely
to be produced by a ∼ 10 PeV muon neutrino, justifies
Xpγ . As a baseline model we have used jetted tidal dis-
ruption events, which are compatible with the origin
of UHECRs and with the PeV neutrino flux, as dis-
cussed in Biehl et al. (2017a). Since the TDE events
are rare but luminous, they can be tested by point
source and multiplet limits in the future to discrimi-
nate this hypothesis from alternative scenarios such as
low-luminosity AGN blazars or GRBs.

We note that the statistical evidence for Xpp is high (3.5σ,
even if Xpγ is present), while for Xpγ it is not yet sig-
nificant from the purely statistical perspective. The role
of Xpγ could be taken over by the Xpp component if
that were able to accelerate primaries to energies larger
than about 100 PeV. While earlier theoretical arguments
seem to disfavor this for starburst galaxies, there are re-
cent hints for correlations among UHECRs and starburst
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Fig. 7. Best-fit model (curves, for track best-fit in Table 2) and unfolded IceCube energy spectrum (points with error bars) for HESE showers,
HESE tracks, and TGMs using the method described in Appendix A. Here the data points and error bars are shown for the individual contributions
given by the different components, i.e., they depend on the event splitting as given by the fit of the multi-component model.

- The HESE dataset exhibits an anisotropy if only events above
100 TeV are considered, indicating a correlation with the Galac-
tic plane.
- No correlations with known sources have been observed; no
point sources have been identified.
- The limit from the observed extragalactic gamma-ray back-
ground must be obeyed.
- The recent observation of a muon track with 4.5 PeV recon-
structed muon energy requires a primary energy &100 PeV.
We have started from the event topology and deposited energy,
and we have computed the probability distribution in terms of
event type and reconstructed neutrino energy event by event.
Consequently, we have reproduced the reconstructed energy
distributions by IceCube very well. In comparison to the Ice-
Cube publications, we have included the residual atmospheric
background explicitly because we have (at the end) listed the
probability for each individual event to belong to each of these
different components. Using this approach, we observe two dif-
ferences compared to the IceCube reconstruction: we do not ob-
serve an excess at about 150 TeV, and the gap at about 600 TeV
is only present in the shower, but not in the track samples, which
points towards a statistical fluctuation (compare data points in
Fig. 3 to those in Fig. 2).

Our model consists of four populations summarized in
Table 1: residual atmospheric contribution (including prompt
contribution) passing the vetos; Galactic contribution follow-
ing the cosmic-ray flux; extragalactic flux from pp interactions
(Xpp), such as starburst galaxies; and extragalactic flux from
Aγ or pγ interactions (Xpγ), such as tidal disruption events or
AGN blazars. We have taken the spectra shape for each of these
components from plausible examples from the literature and

we have fit the independent normalizations. We have demon-
strated that the above challenges are solved in this model in the
following way:

- The through-going muon (TGM) sample is dominated by
Xpp and Xpγ; as a consequence, the measured energy spec-
trum is close to E−2

ν in the energy range between 200 TeV
and 10 PeV. On the other hand, the HESE dataset is more
sensitive to low-energy events, which are much more af-
fected by atmospheric backgrounds and by the Galactic
component, especially for events coming from the southern
hemisphere.

- Above 100 TeV, the atmospheric background is highly sup-
pressed in the shower HESE dataset, whereas the Galactic
component is visible and dominates over the other fluxes in
the inner Galaxy region, justifying the 2σ excess close to the
Galactic plane.

- The dominant astrophysical Xpp contribution, for example
from starburst galaxies, implies abundant sources of low lu-
minosity which are consistent with current stacking or point
source searches. Because of the relatively hard spectrum,
the bounds from the extragalactic diffuse gamma-ray back-
ground can be easily avoided.

- The observed 4.5 PeV track-like event, which is likely
to be produced by a ∼10 PeV muon neutrino, justifies
Xpγ. As a baseline model we have used jetted tidal dis-
ruption events, which are compatible with the origin of
UHECRs and with the PeV neutrino flux, as discussed in
Biehl et al. (2017a).
Since the TDE events are rare but luminous, they can be
tested by point source and multiplet limits in the future to
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discriminate this hypothesis from alternative scenarios such
as low-luminosity AGN blazars or GRBs.

We note that the statistical evidence for Xpp is high (3.5σ, even
if Xpγ is present), while for Xpγ it is not yet significant from
the purely statistical perspective. The role of Xpγ could be taken
over by the Xpp component if that were able to accelerate pri-
maries to energies larger than about 100 PeV. While earlier
theoretical arguments seem to disfavor this for starburst galax-
ies, there are recent hints for correlations among UHECRs and
starburst galaxies at the observational level by the Auger ex-
periment (Aab et al. 2018). An increase in exposure, such as
by IceCube-Gen2, will help to test it: since about six or seven
HESE per year are expected from Xpγ at PeV energies, the non-
observation of these neutrinos would rule out Xpγ at 5σ after
about 3 yr.

We conclude that a self-consistent description of the ob-
served diffuse neutrino flux requires multiple contributions to
the diffuse astrophysical neutrino flux, and we have drawn a
self-consistent picture describing these contributions by their
generic characteristics in terms of spectrum, sky distribution,
and neutrino production mechanism. Our model solves the key
challenges in current neutrino data, including multi-messenger
constraints. In the future, it may be helpful to obtain neutrino
constraints on the individual contributions in addition to the total
spectrum to disentangle the contributions from different source
classes. Our model will also help theorists draw a self-consistent
picture if only one of the proposed generic contributions is
considered.
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Appendix A: Methods (details)

In this appendix, we describe how we go from the deposited en-
ergy per event and the event topology to the reconstructed neu-
trino spectrum.

A.1. Description of the interactions

Here we define the probability density functions the connect the
incident neutrino energy with the deposited energy.
νe charged current (CC) interactions. If electron neutrinos

(antineutrinos) interact via a charge current interaction, almost
all of the energy is deposited into the detector as an electromag-
netic shower. Assuming that the fraction x ≡ Edep/Eν of the in-
cident neutrino energy Eν is deposited in the detector, i.e., the
deposited energy Edep = x Eν with 0 ≤ x ≤ 1, we define a prob-
ability distribution function PDFe

sh(x) proportional to a Gaussian

PDF ∼ exp
[
−

(x − m)2

2σ2

]
, (A.1)

with the normalization∫ 1

0
PDF(x) dx = 1. (A.2)

For νe CC interactions, we use me,CC = 0.95, implying that most
of the energy is deposited in the detector, and σe,CC = 0.06 (see
Table 1 and Fig. 1 in Aartsen et al. 2014a). Our assumption can
be compared to the IceCube results comparing the left panel of
Fig. A.1 with the left panel of Fig. 1 in Aartsen et al. (2014a).

The probability that a neutrino is a νe and interacts via CC
interaction producing a shower-like event is given by

Pe
sh =

σ̂CC

σ̂CC + σ̂NC
×

φe

φe + φµ + φτ
,

evaluated at the incident neutrino energy, where σ̂ is the cross
section. The ratio σ̂CC/(σ̂CC + σ̂NC) is to a good approximation
constant in the energy range between 100 TeV and 10 PeV, i.e.,
our range of interest, and it is equal to 0.71 (Gandhi et al. 2017).
Moreover we assume the equipartition of flavors in order to sim-
plify the calculation, which leads to Pe

sh ' 1/3× 0.71 ' 23.7%9.
ντ charged current (CC) interactions. If tau neutrinos (an-

tineutrinos) interact via charged currents, a fraction of energy is
carried away by neutrinos generated by τ decays which is not
detectable. Considering the various channels in which a τ can
decay, the average quantity of energy fraction detectable is about
80% (Vissani et al. 2013). We also use a Gaussian (see Eq. (A.1))
with mτ,CC = 1 and στ,CC = 0.25 in order to reproduce the av-
erage value of the transferred energy. Therefore, the uncertainty
is larger here than for νe CC interactions (see middle panel of
Fig. A.1).

Moreover ντ can produce muons with a branching ratio of
B.R.(τ → µ) = 17.4%. This contribution has to be subtracted,
since we only discuss shower-like events in this section. The
probability that a neutrino is a ντ and interacts via charged cur-
rents producing a shower-like event is given by

Pτ
sh =

σ̂CC

σ̂CC + σ̂NC
×
φτ (1 − B.R.(τ→ µ))

φe + φµ + φτ
,

which is Pτ
sh ' 19.5%

9 Since we separate tracks and showers and we use the relative proba-
bilities for the two different classes of events, this procedure also works
correctly with atmospheric neutrinos.

Neutral current (NC) interactions. For NC interactions,
which are not sensitive to flavor, a large fraction of the incom-
ing neutrino energy is not visible because it is carried away by
outgoing neutrinos. The average fraction of deposited energy is
25%, but large fluctuation are expected in this case (see Fig. 1,
right panel, in Aartsen et al. 2014a). We therefore use mNC = 0
(events that deposit a small fraction of energy are favored) and
standard deviation σNC = 0.3 in Eq. (A.1). This choice repro-
duces the average fraction of deposited energy, and it also de-
scribes to a good approximation the right panel of Fig. 1 in Aart-
sen et al. (2014a; cf. the right panel of Fig. A.1).

The probability that a neutrino interacts via neutral currents
is given by

PNC
sh =

σ̂NC

σ̂CC + σ̂NC
' 29%·

Track-like events: νµ. Track-like events are generated by νµ
that interact via CC interaction and produce a muon, which is
visible as track in the detector. For track-like events the informa-
tion on the incoming neutrino energy is very uncertain and the
deposited energy only represents a lower limit to the incoming
neutrino energy (the track often originates outside the detector).
As for NC interactions the deposited energy is usually a small
fraction of the incoming neutrino energy; therefore, we use the
same probability density function used for NC interaction, i.e.,
PDFµtr = PDFNC

sh . We have checked that this approximation re-
produces the measured through-going muon spectrum to a good
approximation, as can be seen by comparing the pink points in
Fig. 2 to the yellow band in Fig. 3.

The probability that a neutrino is a νµ and produces a track-
like event is given by

Pµ
tr =

σ̂CC

σ̂CC + σ̂NC
×

φµ

φe + φµ + φτ
' 23.7%.

Track-like events: ντ. Track-like events can be generated, in
smaller number, by muons created in the ντ CC interactions. The
probability that a neutrino is a ντ which interacts via CC interac-
tion and produces a track-like event is given by

Pτ
tr =

σ̂CC

σ̂CC + σ̂NC
×
φτ B.R.(τ→ µ)
φe + φµ + φτ

' 4.1%.

We recall that here the muon is generated by tau decay,

τ→ µ + ν̄µ + ντ,

which means that the muon takes about 1/3 of the ντ energy. We
therefore use PDFτtr(x) = PDFµtr(3x).

A.2. From deposited to reconstructed energy

We now construct the probability density function R`(Edep, Eν)
(differential in Eν) of the reconstructed neutrino energy for a
given deposited energy and event type `. We note that for the
sake of simplicity we use the symbol Eν simultaneously for the
incident (true) and reconstructed neutrino energies.

Compared to the PDFs in the previous section, the function
R` will depend on the spectral shape. We assume an E−2 flux
for the neutrino spectrum by default, but we discuss the conse-
quences of different assumptions below. Because the cross sec-
tion of neutrino-nucleons interaction scales ∝

√
E in the energy

range between 100 TeV and 10 PeV (Gandhi et al. 2017), the
function R` is given by

R`(Edep, Eν) ∝ PDF`

(
Edep

Eν

)
Edep

E2
ν

× E−1.5, (A.3)
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Fig. A.1. Relations between incident neutrino energy and deposited energy for νe and ντ CC interactions (left and middle panels)
and for NC interactions (right panel).

Fig. A.2. Distribution of the reconstructed (neutrino) energy for a shower with deposited energy of 1 PeV (left panel) and a track
with reconstructed muon energy of 4.5 PeV (right panel). Here the assumption for the spectral shape is E−2.

Appendix A.2: From deposited to reconstructed energy

We now construct the probability density function
R`(Edep, Eν) (differential in Eν) of the reconstructed neu-
trino energy for a given deposited energy and event type
`. We note that for the sake of simplicity we use the sym-
bol Eν simultaneously for the incident (true) and recon-
structed neutrino energies.

Compared to the PDFs in the previous section, the
function R` will depend on the spectral shape. We assume
an E−2 flux for the neutrino spectrum by default, but we
discuss the consequences of different assumptions below.
Because the cross section of neutrino-nucleons interaction
scales ∝

√
E in the energy range between 100 TeV and 10

PeV (Gandhi et al. 1998), the function R` is given by

R`(Edep, Eν) ∝ PDF`
(
Edep

Eν

)
Edep

E2
ν

× E−1.5 , (A.3)

where the last factor is the product between spectrum and
cross section energy dependencies. Here ` denotes one of
the process previously described, namely showers given
by νe CC, ντ CC, or NC interactions and tracks given

by νµ CC and ντ CC interactions. The factor Edep/E
2
ν

comes from the change of variables from x to Eν in the
normalization Eq. (A.2). In order to derive this formula,
see also Sect. 2 of Huber et al. (2005).10

The probability that an event with a certain deposited
energy has been generated by a specific process becomes

P̃` =
P`
∫
R`(Edep, Eν) dEν∑

` P`
∫
R`(Edep, Eν)dEν

(A.4)

We have checked that these probabilities, to a very good
approximation, do not depend upon the deposited energy.
The probability that a shower-like event has been pro-
duced by νe CC, ντ CC, and NC interactions is 55%, 35%,
10%, respectively. The probability that a track-like event
has been produced by νµ CC or ντ CC interactions is 96%
and 4%, respectively. We note that P̃` includes the spectral
redistribution of events, as compared to P`, and that we
have pulled out P` from the integrals because they hardly

10 Our function PDF corresponds to the function kf : replace
Tf Vf by a δ-distribution as the deposited energy has been
measured here.
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Fig. A.1. Relations between incident neutrino energy and deposited energy for νe and ντ CC interactions (left and middle panels) and for NC
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Fig. A.2. Distribution of the reconstructed (neutrino) energy for a shower with deposited energy of 1 PeV (left panel) and a track
with reconstructed muon energy of 4.5 PeV (right panel). Here the assumption for the spectral shape is E−2.
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We now construct the probability density function
R`(Edep, Eν) (differential in Eν) of the reconstructed neu-
trino energy for a given deposited energy and event type
`. We note that for the sake of simplicity we use the sym-
bol Eν simultaneously for the incident (true) and recon-
structed neutrino energies.
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where the last factor is the product between spectrum and
cross section energy dependencies. Here ` denotes one of
the process previously described, namely showers given
by νe CC, ντ CC, or NC interactions and tracks given

by νµ CC and ντ CC interactions. The factor Edep/E
2
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comes from the change of variables from x to Eν in the
normalization Eq. (A.2). In order to derive this formula,
see also Sect. 2 of Huber et al. (2005).10

The probability that an event with a certain deposited
energy has been generated by a specific process becomes

P̃` =
P`
∫
R`(Edep, Eν) dEν∑

` P`
∫
R`(Edep, Eν)dEν

(A.4)

We have checked that these probabilities, to a very good
approximation, do not depend upon the deposited energy.
The probability that a shower-like event has been pro-
duced by νe CC, ντ CC, and NC interactions is 55%, 35%,
10%, respectively. The probability that a track-like event
has been produced by νµ CC or ντ CC interactions is 96%
and 4%, respectively. We note that P̃` includes the spectral
redistribution of events, as compared to P`, and that we
have pulled out P` from the integrals because they hardly

10 Our function PDF corresponds to the function kf : replace
Tf Vf by a δ-distribution as the deposited energy has been
measured here.
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Fig. A.2. Distribution of the reconstructed (neutrino) energy for a shower with deposited energy of 1 PeV (left panel) and a track with reconstructed
muon energy of 4.5 PeV (right panel). Here the assumption for the spectral shape is E−2.

where the last factor is the product between spectrum and cross
section energy dependencies. Here ` denotes one of the process
previously described, namely showers given by νe CC, ντ CC,
or NC interactions and tracks given by νµ CC and ντ CC inter-
actions. The factor Edep/E2

ν comes from the change of variables
from x to Eν in the normalization Eq. (A.2). In order to derive
this formula, see also Sect. 2 of Huber et al. (2005)10.

The probability that an event with a certain deposited energy
has been generated by a specific process becomes

P̃` =
P`

∫
R`(Edep, Eν) dEν∑

` P`

∫
R`(Edep, Eν)dEν

(A.4)

We have checked that these probabilities, to a very good approx-
imation, do not depend upon the deposited energy. The proba-
bility that a shower-like event has been produced by νe CC, ντ
CC, and NC interactions is 55, 35, and 10%, respectively. The
probability that a track-like event has been produced by νµ CC
or ντ CC interactions is 96 and 4%, respectively. We note that

10 Our function PDF corresponds to the function kf: replace Tf Vf by a
δ-distribution as the deposited energy has been measured here.

P̃` includes the spectral redistribution of events, as compared to
P`, and that we have pulled out P` from the integrals because
they hardly depend on energy. For example, P̃NC

sh is smaller than
PNC

sh (compared to the other charged current showers) because a
NC shower with a certain deposited energy tends to come from
a higher energy than a CC shower where the flux is lower.

A.3. Monte Carlo simulation and deconvolved neutrino flux

Starting from the list of events with event topology (track-
like or shower-like) and Edep, we construct the probability dis-
tribution for the deposited energy Ci(Eν) for the ith event as
follows:
1. We determine a process that has generated the observed

event from the probability P̃` in Eq. (A.4).
2. We extract an energy associated with the process according

to the distribution R`(E dep, Eν) in Eq. (A.3).
3. We repeat this procedure 104 times to obtain the recon-

structed energy distribution Ci(Eν) for this event.
We show in Fig. A.2 the distribution of the reconstructed (neu-
trino) energy for a shower with deposited energy of 1 PeV (left
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panel) and a track with reconstructed energy of 4.5 PeV (right
panel), i.e., the most energetic event observed by IceCube up to
now. The reconstructed energy of a shower-like event is close to
the deposited energy and there is a small uncertainty, whereas the
reconstructed energy of a track-like event is two to three times
larger than the deposited one, with a much bigger uncertainty.
We have checked that both our probability distribution and our
reconstructed energies are in very good agreement with the the-
oretical estimates in Tables IV and V of D’Amico (2018), which
appeared during the completion of this work. The choice of a
softer spectrum instead of the assumed E−2 would reduce the
uncertainty on the reconstructed energy, privileging the events
that deposit most of their energy. We have verified that using an
E−2.5 spectrum, the uncertainty on the reconstructed energy is
reduced by about 30% for shower-like events and by about 25%
for the track-like events, deteriorating both the agreement with
D’Amico (2018) and the TGM analysis performed by IceCube
(Aartsen et al. 2015b, 2017e).

We can now determine the total number of events in each re-
constructed energy bin j covering the energy interval [E j, E j+1],
where the choice of the binning is arbitrary. The distribution
function for all events of one topology is given by

C(Eν) =
∑

i

Ci(Eν),

where i runs over all events from a dataset, and the number of
events assigned to the jth bin is

N j
ν =

∫ E j+1

E j

C(Eν)dEν.

We assume that the uncertainty on N j
ν is

√
N j
ν when N j is large;

when N is small, namely smaller than one, we set a 90% con-
fidence level (C.L.) limit to the expected number of N j

ν using
Poissonian statistics.

Thanks to the effective areas (HESE Aartsen et al. 2013 and
through-going muons Aartsen et al. 2014c) it is possible to con-
vert the N i

ν into the expected flux in each energy interval, using
the formula for shower-like HESE

dφe,τ

dEν
(Ē) =

N j
ν∫ E j+1

E j
(Ae

eff
+ (1 − η)Aµ

eff
+ Aτ

eff
) E−2 dEν

, (A.5)

and the formula for track-like HESE or through-going muons
(they differ for the effective area Aµ

eff
)

dφµ
dEν

(Ē) =
N j
ν∫ E j+1

E j
ηAµ

eff
E−2 dEν

, (A.6)

where

Ē = 10(log10(E j)+log10(E j+1))/2

is the middle point on a log-scale, and η = 0.8 represents the
fraction of the νµ effective area that is connected to track-like
events (see Palladino et al. 2015). The effective areas are taken
from Aartsen et al. (2013) for HESE and from Aartsen et al.
(2014c) for TGM.

The reconstructed data points are shown in Fig. 2. Here the
uncertainties on the flux are proportional to the uncertainties on
N j
ν , as described above, whereas the uncertainties on the energy

axis cover the interval between E j and E j+1.
In the previous calculation we assume an E−2 spectrum in

each energy interval between E j and E j+1. This approxima-
tion is not accurate when we analyze low energies (especially
for track-like events), where the atmospheric neutrino spectrum
E−3.7 dominates. A possible solution is to choose small energy
intervals to reduce this effect. With our assumption the back-
ground related to φµ might be underestimated in the data points
at very low energies.
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Appendix B: Tables of the probabilities

In this appendix we list the event-to-event probability for each
IceCube event for our multi-component model. The probabilities
have been obtained using Eq. (10); see main text. We show three
different tables for HESE showers (Table B.1), HESE tracks
(Table B.2) and TGMs (Table B.3).

Table B.1. HESE showers.

ID Deposited Initial neutrino Galactic Galactic Atmospheric Galactic X-pp X-py
energy energy within latitude longitude % % % %
[TeV] 67% C.L. [TeV] (◦) (◦)

1 47.6 53 167.57 80.6 0.0 18.6 0.8
2 117 129 −12.76 7.86 25.7 53.9 18.7 1.7
4 165.4 183 8.88 -71.20 43.6 5.6 46.2 4.6
6 28.4 31 11.77 −107.66 89.2 0.0 10.4 0.4
7 34.3 38 −72.10 −64.71 86.6 0.0 12.9 0.5
9 63.2 70 54.41 −167.29 74.1 0.0 24.7 1.2
10 97.2 107 −83.32 13.88 62.1 0.0 35.5 2.3
11 88.4 98 39.03 −106.87 64.9 0.0 33.0 2.0
12 104.1 115 −29.67 −14.50 54.7 8.9 34.0 2.4
14 1040.7 1151 0.54 0.86 6.1 51.7 25.5 16.7
15 57.5 64 −23.67 −12.29 61.8 19.1 18.3 0.9
16 30.6 34 40.00 −57.18 87.6 0.7 11.3 0.4
17 199.7 221 37.33 30.67 39.8 2.7 51.4 6.0
19 71.5 79 −36.09 −91.35 70.9 0.0 27.6 1.5
20 1140.8 1261 −47.17 −71.50 12.3 0.0 53.3 34.4
21 30.2 33 −85.51 81.54 88.4 0.0 11.2 0.4
22 219.5 243 −19.66 17.64 27.4 28.2 39.2 5.3
24 30.5 34 −6.84 19.51 19.1 78.3 2.5 0.1
25 33.5 37 −9.87 21.69 30.3 65.1 4.4 0.2
26 210 232 45.77 −152.20 39.6 0.0 53.8 6.6
27 60.2 67 10.84 −126.55 75.3 0.0 23.5 1.1
29 32.7 36 6.83 76.01 84.6 3.0 11.9 0.4
30 128.7 142 −27.04 −65.20 52.5 2.2 41.9 3.4
31 42.5 47 35.13 133.30 82.9 0.0 16.4 0.7
33 384.7 425 −5.40 44.68 5.3 77.5 13.0 4.1
34 42.1 47 −15.08 81.22 82.5 0.7 16.2 0.7
35 2003.7 2215 5.66 −47.96 6.9 19.0 33.8 40.2
36 28.9 32 20.14 18.35 64.9 27.0 7.7 0.3
39 101.3 112 −4.78 −129.30 60.9 0.0 36.6 2.5
40 157.3 174 2.65 −86.71 47.5 0.5 47.5 4.5
41 87.6 97 −29.76 −168.78 65.2 0.0 32.8 2.0
42 76.3 84 −62.88 −144.48 69.1 0.0 29.2 1.6
46 158 175 25.99 −100.27 47.6 0.0 47.9 4.6
48 104.7 116 26.28 −37.69 51.5 14.0 32.3 2.3
49 59.9 66 35.28 −44.96 72.5 3.9 22.5 1.1
50 22.2 25 54.18 143.49 92.0 0.0 7.7 0.3
51 66.2 73 14.43 159.14 72.9 0.0 25.8 1.3
52 158.1 175 −6.65 −25.98 8.8 80.3 9.4 1.5
54 54.5 60 60.25 −104.96 77.7 0.0 21.3 1.0
56 104.2 115 −19.61 −14.11 42.2 29.5 26.4 1.9
57 132.1 146 −4.36 −101.01 52.9 0.0 43.5 3.6
59 124.6 138 −36.02 −163.39 54.7 0.0 42.0 3.3
60 93 103 −69.90 −110.35 63.5 0.0 34.4 2.2
64 70.8 78 18.63 −100.96 71.1 0.0 27.4 1.5
65 43.3 48 −38.17 −124.46 82.5 0.0 16.8 0.7
66 84.2 93 36.55 −175.99 66.3 0.0 31.8 1.9
67 165.7 183 −43.48 67.95 46.1 0.1 48.9 4.9
68 59.1 65 −17.64 24.08 48.6 35.7 14.9 0.8
69 18 20 39.91 7.79 92.3 1.6 5.9 0.2
70 98.8 109 −21.19 −119.24 61.7 0.0 36.0 2.4
72 35.3 39 80.28 40.86 86.1 0.0 13.4 0.5
73 26.2 29 8.46 41.17 27.0 70.1 2.8 0.1
74 71.3 79 −50.01 69.19 70.9 0.0 27.6 1.5
75 164 181 33.42 101.44 46.5 0.0 48.7 4.8
77 39.5 44 4.38 33.10 9.8 88.2 1.9 0.1
79 158.2 175 −69.99 160.84 47.5 0.0 47.9 4.6
80 85.6 95 36.19 −119.17 65.9 0.0 32.2 1.9
81 151.8 168 −36.14 −64.08 48.4 0.7 46.6 4.3

Notes. For each event the deposited energy, the reconstructed energy
(lower than indicated value within 67% c.l.), the direction, and the prob-
ability that it comes from the different components are given. Probabil-
ities greater than 30% are marked in boldface.

Table B.2. HESE tracks.

ID Deposited Initial neutrino Galactic Galactic Atmospheric Galactic X-pp X-py
energy energy within latitude longitude % % % %
[TeV] 67% C.L. [TeV] (◦) (◦)

3 78.7 295 5.18 −107.74 72.1 0.0 24.4 3.6
5 71.4 267 7.22 −142.78 74.3 0.0 22.7 3.0
8 32.6 122 40.47 −69.10 88.4 0.0 10.8 0.7
13 252.7 946 −4.84 162.19 42.3 0.0 41.0 16.7
18 31.5 118 −65.97 33.14 88.9 0.0 10.4 0.7
23 82.2 308 46.38 −33.45 71.0 0.0 25.1 3.8
28 46.1 173 −10.74 −65.56 83.1 0.0 15.5 1.4
37 30.8 115 66.30 −136.03 89.2 0.0 10.2 0.6
38 200.5 751 −1.30 −163.52 48.2 0.0 38.9 12.9
43 46.5 174 38.69 −39.88 82.9 0.0 15.7 1.4
44 84.6 317 −46.25 65.78 70.4 0.0 25.6 4.0
45 429.9 1610 −24.08 −55.18 30.5 0.0 41.9 27.5
47 74.3 278 48.67 113.12 73.4 0.0 23.4 3.2
53 27.6 103 11.53 −20.97 90.5 0.0 9.0 0.5
58 52.6 197 −14.39 −117.65 80.7 0.0 17.6 1.8
61 53.8 201 −48.57 −152.96 80.2 0.0 17.9 1.9
62 75.8 284 75.33 −73.94 72.9 0.0 23.7 3.3
63 97.4 365 52.95 −118.64 66.9 0.0 28.1 5.0
71 73.5 275 −27.92 −136.75 73.6 0.0 23.2 3.2
76 126.3 473 36.26 10.05 60.3 0.0 32.5 7.2
78 56.7 212 −53.26 103.10 79.2 0.0 18.8 2.0
82 159.3 596 40.83 21.18 54.2 0.0 36.0 9.8

Notes. For each event the deposited energy, the reconstructed energy
(lower than indicated value within 67% c.l.), the direction, and the prob-
ability that it comes from the different components are given. Probabil-
ities greater than 30% are marked in boldface.

Table B.3. Through-going muons.

ID Deposited Initial neutrino Galactic Galactic Atmospheric Galactic X-pp X-py
energy energy within latitude longitude % % % %
[TeV] 67% C.L. [TeV] (◦) (◦)

1 480 1797.1 −56.90 155.91 18.5 0.0 48.3 33.2
2 250 936.0 −8.36 50.93 24.2 0.0 55.6 20.2
3 340 1272.9 −32.60 93.04 21.4 0.0 52.7 25.9
4 260 973.4 45.74 171.42 23.8 0.0 55.3 20.9
5 230 861.1 −10.46 63.41 25.1 0.0 56.1 18.8
6 770 2882.8 33.5268748 33.63 15.0 0.0 40.4 44.6
7 460 1722.2 20.13 38.05 18.8 0.0 48.9 32.3
8 660 2471.0 −34.56 71.33 16.1 0.0 43.2 40.8
9 950 3556.7 −11.55 −153.66 13.6 0.0 36.5 49.9
10 520 1946.8 −1.83 37.50 9.4 41.4 25.4 23.8
11 240 898.5 −21.92 46.32 24.6 0.0 55.9 19.5
12 300 1123.2 50.34 32.26 22.5 0.0 54.0 23.5
13 210 786.2 23.16 62.37 26.0 0.0 56.7 17.4
14 210 786.2 −26.38 54.90 26.0 0.0 56.7 17.4
15 300 1123.2 51.14 −2.78 22.5 0.0 54.0 23.5
16 660 2471.0 −37.84 152.62 16.1 0.0 43.2 40.8
17 200 748.8 82.75 73.54 26.5 0.0 56.9 16.6
18 260 973.4 −40.19 61.58 23.8 0.0 55.3 20.9
19 210 786.2 57.74 −32.38 26.0 0.0 56.7 17.4
20 750 2807.9 69.98 −154.13 15.2 0.0 40.9 43.9
21 670 2508.4 −1.01 −163.88 16.0 0.0 42.9 41.1
22 400 1497.6 45.21 −7.24 20.0 0.0 50.8 29.2
23 390 1460.1 −47.39 153.90 20.2 0.0 51.1 28.7
24 850 3182.3 6.12 66.95 14.3 0.0 38.6 47.1
25 400 1497.6 −39.44 94.43 20.0 0.0 50.8 29.2
26 340 1272.9 4.15 −146.30 21.4 0.0 52.7 25.9
27 4450 16660.4 12.59 −153.47 7.1 0.0 9.9 83.0
28 210 786.2 0.53 −151.86 26.0 0.0 56.7 17.4
29 240 898.5 −3.63 −162.72 24.6 0.0 55.9 19.5
30 300 1123.2 −20.11 78.85 22.5 0.0 54.0 23.5
31 380 1422.7 −36.06 64.54 20.4 0.0 51.5 28.2
32 220 823.7 38.94 −162.13 25.5 0.0 56.4 18.1
33 230 861.1 81.04 −22.72 25.1 0.0 56.1 18.8
34 740 2770.5 −16.19 −170.97 15.3 0.0 41.1 43.6
35 380 1422.7 −46.88 127.72 20.4 0.0 51.5 28.2
36 330 1235.5 −35.94 120.18 21.6 0.0 53.1 25.3

Notes. For each event the deposited energy, the reconstructed energy
(lower than indicated value within 67% c.l.), the direction, and the prob-
ability that it comes from the different components are given. Probabil-
ities greater than 30% are marked in boldface.
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