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IceCube Detector 

• IceCube is able to 
detect high energy 
neutrinos in the 
range TeV-EeV. 

 
• It is a Cherenkov 

detector with 5160 
Digital Optical 
Modules in deep 
ice. 

 
• Large fiducial 

volume (~1 km3). 
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IceCube�

5160 PMs 
in 1 km3	 from	Halzen	talk



Track 

Declination: 
20.7°±1.2° 

Northern Sky 
Upgoing 

IceCube, PRL 113 (2014) 
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Neutrino detection 
• Neutrinos are detected in IceCube by observing the Cherenkov light produced in 

ice by charged particles created when neutrinos interact. 
 

• The deposited energy is measured with a precision of ~15% above 10 TeV. 

• CC interactions 
• Mostly νஜ 
• Angular resolution ~1° at 50% CL 

• CC and NC interactions 
• Mostly ν௘ and νத 
• Angular resolution ~15° at 50% CL 

𝜈ఓ + 𝑁 → 𝜇 + 𝑋 𝜈௘ + 𝑁 → 𝑒 + 𝑋 
𝜈௫ + 𝑁 → 𝜈௫ + 𝑋 

 

Shower Track 
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Shower 

Declination: 
-55.8°±15.9° 

Southern Sky 
Downgoing 

IceCube, PRL 113 (2014) 
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Neutrino detection 
• Neutrinos are detected in IceCube by observing the Cherenkov light produced in 

ice by charged particles created when neutrinos interact. 
 

• The deposited energy is measured with a precision of ~15% above 10 TeV. 

• CC interactions 
• Mostly νஜ 
• Angular resolution ~1° at 50% CL 

• CC and NC interactions 
• Mostly ν௘ and νத 
• Angular resolution ~15° at 50% CL 

𝜈ఓ + 𝑁 → 𝜇 + 𝑋 𝜈௘ + 𝑁 → 𝑒 + 𝑋 
𝜈௫ + 𝑁 → 𝜈௫ + 𝑋 

 

Shower Track 
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track shower





IceCube Detector 

• IceCube is able to 
detect high energy 
neutrinos in the 
range TeV-EeV. 

 
• It is a Cherenkov 

detector with 5160 
Digital Optical 
Modules in deep 
ice. 

 
• Large fiducial 
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accompanying muon  
from the same cosmic-ray cascade 



High-Energy	Events	>	30	TeV		(HESE)
Background: μ veto 

• The detector discards the events in which: 
 
• high energy muons produce first light in the 

veto region; 
 

• the deposited energy is lower than 30 TeV. 
 

• For upgoing particles, the Earth is a filter. 
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veto:

muons or shower with vertex 
inside the fiducial volume 
are discarded  
if 
accompanied by a muon  
producing light in the  
veto region

IceCube PRL 113 (2014)
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FIG. 6. Atmospheric neutrino flux models used in this analysis. The dotted lines in each panel show the neutrino fluxes at
Earth’s surface as a function of true zenith angle at 1, 10, and 100 TeV. The conventional fluxes are taken from [19] and the
prompt flux from [28]; both were corrected to account for the cosmic ray flux of [76]. The solid lines show the fluxes of ⌫µ and
⌫e that can be observed as isolated neutrino interactions in IceCube. The observable fluxes are suppressed in the northern sky
(cos ✓  0.2, to the left of the vertical dashed line) by absorption in the Earth, especially in its much denser core (cos ✓ < �0.8)
[65], and in the southern sky (cos ✓ > 0.2, to the right of the line) by self-veto by accompanying muons [57]. Astrophysical
neutrinos are absorbed in the Earth as well, but are never accompanied by muons.

Overlaid on these atmospheric components is a flux
of high-energy neutrinos of astrophysical origin. Their
energy distribution is harder than those of any of the
other sources of neutrinos, and we found that they are
the dominant source of events with more than 100 TeV
deposited energy [6, 7]. The Earth absorbs a significant
fraction of upward-going neutrinos above 100 TeV [65],
so the highest-energy of these are concentrated around
the horizon and in the southern sky. Since the sources of
these neutrinos are unknown, the shape of their energy
and angular distribution cannot be predicted exactly, and

given the limited number of neutrino events that can be
detected, only very simple models can be tested. Neu-
trinos associated with the extragalactic sources of the
highest-energy cosmic rays are assumed to be isotropi-
cally distributed and follow a power law energy distribu-
tion of approximately E�2 [60] and arrive at the Earth
as equal parts ⌫e, ⌫µ, and ⌫⌧ due to oscillations [62]. We
parameterize the di↵use astrophysical neutrino flux as
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⌫e that can be observed as isolated neutrino interactions in IceCube. The observable fluxes are suppressed in the northern sky
(cos ✓  0.2, to the left of the vertical dashed line) by absorption in the Earth, especially in its much denser core (cos ✓ < �0.8)
[65], and in the southern sky (cos ✓ > 0.2, to the right of the line) by self-veto by accompanying muons [57]. Astrophysical
neutrinos are absorbed in the Earth as well, but are never accompanied by muons.
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energy distribution is harder than those of any of the
other sources of neutrinos, and we found that they are
the dominant source of events with more than 100 TeV
deposited energy [6, 7]. The Earth absorbs a significant
fraction of upward-going neutrinos above 100 TeV [65],
so the highest-energy of these are concentrated around
the horizon and in the southern sky. Since the sources of
these neutrinos are unknown, the shape of their energy
and angular distribution cannot be predicted exactly, and

given the limited number of neutrino events that can be
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trinos associated with the extragalactic sources of the
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Medium-Energy	Events	>	1	TeV		(MESE)
Incoming-track veto

At low energy the number of background muon increase 
and 

the average rate of energy loss decrease

A single layer of detector (like in HESE) 
can not reject incoming penetrating muons



Medium-Energy	Events	>	1	TeV		(MESE)
Incoming-track veto

So in MESE data it is removed the requirement that 
veto photons are detected on the external layer of the detector

allowing isolated photon detection anywhere in the detector



Medium-Energy	Events	>	1	TeV		(MESE)
Incoming-track veto

So in MESE data it is removed the requirement that 
veto photons are detected on the external layer of the detector
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Photon from track

Track 
detection 
window

Vertex

Incoming 
muon

Noise photon

(a) Penetrating muon before its largest
energy loss. The dashed grey lines mark the
positions at which photons induced by a

muon would be detected with minimal and
maximal delay. The photon that falls inside
this window is counted towards the veto
total, while the random noise photon that

falls outside the window is not.

Photon from 
cascade

Track detection 
windowVertex

Cascade 
light front

Incoming 
muon

(b) Penetrating muon after its largest energy
loss. The dashed circle marks the positions
where photons propagating from the vertex
at the speed of light in ice would be detected
with minimal delay. Here the photon is not
counted towards the veto since it is detected
at a time compatible with propagation from

the reconstructed vertex.

Photon from 
cascade

Track detection 
window

Vertex

Cascade 
light front

Photon from 
track

(c) Neutrino-induced muon. Photons
induced at the cascade vertex spread

outwards at the speed of light in ice, while
the muon moves at the speed of light in

vacuum. Eventually the muon out-runs the
light front from the cascade, and photons
collected in the track detection window can
be used to positively identify an out-going

muon in the event.

FIG. 3. An illustration of the incoming-muon veto procedure described in Sec. II B. Each panel shows a snapshot in time with
the current position of the muon marked by the blue arrowhead and the position of the reconstructed vertex marked by a green
star. (a) shows a penetrating muon before its largest energy loss with a photon detection that counts towards the veto, while
(b) shows the same configuration after the largest energy loss with an ambiguous photon detection that does not count towards
the veto. (c) shows how the technique can be inverted to detect starting tracks.

tions predicted from Monte Carlo simulation to the ob-
served data. In this section we define the observables
and discuss their expected distributions for each compo-
nent. Then, we present the likelihood fitting technique
and the method for determining statistical errors on the
fit parameters.

The deposited energy is reconstructed by fitting the
observed spatial and temporal distribution of detected
photons to a template derived from simulations of single,
point-like electromagnetic cascades as described in [64].
This electromagnetic-equivalent energy can be resolved
to within 10% (68% C.L.) and is a proxy for the neu-
trino energy; for CC ⌫e it is a nearly unbiased estimator
of the neutrino energy [75], while for all other interac-
tion types it is on average proportional to the neutrino
energy. Since the template depends on the orientation
of the cascade with respect to the DOM, the same tech-
nique yields a direction as well, with a typical zenith an-
gle resolution of 15�(68% C.L.) in the sample presented
here. Outgoing muon tracks are identified by inverting
the incoming-track veto of Sec. II B as shown in Fig. 3c
and classifying events with more than 10 photons in the
detection window of an outgoing track as track-like. 35%
(60%) of CC ⌫µ events from the conventional atmospheric
(E�2 astrophysical) spectrum satisfy this criterion; in
the remaining events, the outgoing muon escapes the
instrumented volume without being detected, and the
event is mis-classified as a cascade. The reverse case is
much rarer: 0.001% (3%) of NC ⌫µ events from the con-
ventional atmospheric (E�2 astrophysical) spectrum are

mis-classified as tracks. For track-like events the zenith
angle is taken from the best-fit outgoing track, as the
large displacement of the associated photons from the
neutrino interaction vertex provides a better constraint
than the initial cascade. Explicitly retaining these track-
like events, rather than rejecting them with cuts designed
to select cascade events, provides a built-in control sam-
ple that we use to check our understanding of the selec-
tion’s neutrino acceptance.

Conventional atmospheric neutrinos are produced in
the decays of charged pions and charged and neutral
kaons in the atmosphere. Since these mesons are rela-
tively long-lived, they are more likely to re-interact and
lose energy than to decay to produce neutrinos. This
competition a↵ects both the deposited energy and the
zenith angle distributions. The neutrino energy spec-
trum above 1 TeV is one power in energy steeper than
that of the input cosmic ray spectrum, causing the de-
posited energy distribution to peak at low energies. The
flux is largest at the horizon where the average density
of the atmosphere along the air shower axis is smallest
[55], causing the reconstructed zenith angle distribution
to peak at the horizon as well. In the southern sky these
e↵ects are further enhanced by accompanying muons pro-
duced in the same air shower: they trigger the veto,
removing high-energy, down-going atmospheric neutrino
events from the sample [54]. The veto removes ⌫µ more
e�ciently than ⌫e, reducing the observable conventional
atmospheric neutrino flux to the sub-dominant ⌫e compo-
nent at su�ciently high energies and small zenith angles.

moreover photons are considered 
in the veto if are consistent with 
incoming tracks but inconsistent 

with the vertex of neutrino 

allowing isolated photon detection anywhere in the detector



Medium-Energy	Events	>	1	TeV		(MESE)
Incoming-track veto

the effectiveness of the veto, is proportional to the  
probability of detecting at least 2 photons from incoming muons
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FIG. 4. Fraction of pre-selected penetrating muon back-
ground events (Sec. II A) that pass the veto conditions
(Sec. II B), derived from MC simulation. The outer-layer veto
reduces the rate of the highest-energy muons by 104, but de-
grades rapidly at lower energies. The incoming-track veto
scales in a similar way with respect to energy, but is more
sensitive because it considers isolated photon detections. In
contrast to the outer-layer veto, its e�ciency also improves
with increasing distance d from the detector border of the
reconstructed vertex.

In this analysis, the flux model for conventional atmo-
spheric neutrinos is taken from a parametrization of the
calculation of [19], corrected to account for the cosmic
ray flux of [76] as described in [53] and for the fraction of
atmospheric neutrinos that are vetoed [57] by accompa-
nying muons. These fluxes are shown in the upper two
panels of Fig. 6.

Atmospheric neutrinos produced in the decays of
charmed mesons behave di↵erently. The lifetimes of
charmed mesons are extremely short, so they nearly al-
ways decay promptly before re-interacting, producing an
isotropic neutrino flux with nearly the same spectral in-
dex as that of the primary cosmic rays. Since neutrinos
with accompanying muons are vetoed in the event selec-
tion, the observable flux is depleted in the southern sky.
The overall suppression is weaker than for conventional
atmospheric neutrinos because of the larger fraction of
⌫e. The flux model for prompt atmospheric neutrinos is
taken from a parameterization of the calculation of [28]
with corrections for the cosmic ray flux and veto passing
fraction. These fluxes are shown in the lower two panels
of Fig. 6.

The events that pass the final selection include a small
but nearly irreducible background of penetrating atmo-
spheric muons that go undetected before depositing a
large fraction of their energy in the glacial ice in a sin-
gle, catastrophic loss. These events come exclusively
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FIG. 5. Fiducial volume scaling function evaluated at four
di↵erent photon counts. Top: Overhead view, showing the
positions of the IceCube strings and the boundaries of the
fiducial volume for events with a given total photon count.
Bottom: Side view, showing the modules along strings.

from the southern sky because muons cannot penetrate
the bulk of the Earth, and are sharply peaked at the
deposited-energy threshold of the selection because the
veto removes muons with increasing e�ciency at higher
energies. The flux model for penetrating atmospheric
muons is taken from a parametrization of corsika [77]
air-shower simulations with the cosmic ray flux parame-
terization of [76], using the sum of muons from the de-
cays of light hadrons predicted in sibyll [78] and from
the decays of charmed hadrons predicted in dpmjet [79]
to obtain an upper bound on the underground flux of
single muons. This combined model predicts a total of
14 penetrating muon events in the sample.
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from the southern sky because muons cannot penetrate
the bulk of the Earth, and are sharply peaked at the
deposited-energy threshold of the selection because the
veto removes muons with increasing e�ciency at higher
energies. The flux model for penetrating atmospheric
muons is taken from a parametrization of corsika [77]
air-shower simulations with the cosmic ray flux parame-
terization of [76], using the sum of muons from the de-
cays of light hadrons predicted in sibyll [78] and from
the decays of charmed hadrons predicted in dpmjet [79]
to obtain an upper bound on the underground flux of
single muons. This combined model predicts a total of
14 penetrating muon events in the sample.
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in	this	talk	we	concentrate	
on	HESE	data	

and	we	give	some	comment	
at	the	end	about	MESE



Observation of Astrophysical Neutrinos in Four Years of IceCube Data C. Kopper

IceCube Preliminary

Figure 4: Arrival angles of events with Edep > 60TeV compared to predictions. Colors as in Fig. 2.

the fourth year of data (see gray dashed line in Fig. 3). The variable spectral index fit results in a
best-fit spectral index of �2.58± 0.25, softer than the corresponding best-fit index of �2.3± 0.3
obtained with three years of data. The new fit is compatible with the 3-year result within errors
(see Fig. 5); however, the lack of PeV-energy events in the fourth year of data in combination with
the comparatively high yield of events in that year has resulted in a much steeper spectral fit.

Fig. 6 shows a fit of the spectrum using a more general model, parameterizing the astrophysical
flux as a piecewise function of neutrino energy instead of an unbroken single power law. The new
dataset presented here is also used in a global fit of several IceCube analyses, presented in these
proceedings [7].

5. Spatial Clustering

A maximum-likelihood clustering method [3] was used to look for any neutrino point source
in the sample. The test statistic (TS) was defined as the logarithm of the ratio between the maximal
likelihood including a point source component and the likelihood for the isotropic null hypothesis.
The significance of our observed TS was determined by comparing to maps scrambled in right as-
cension. As before, the analysis was run twice, once with all events and once with only shower-like
events in the sample. We removed events #32 (two coincident muons from unrelated air showers)
and #28 (event with sub-threshold hits in the IceTop array) for purposes of all clustering analyses.
This test (see Fig. 7) did not yield significant evidence of clustering with p-values of 44% and 58%
for the shower-only and the all-events tests, respectively.

We also performed a galactic plane clustering test using a fixed width of 2.5� around the plane
(p-value 7%) and using a variable-width scan (p-value 2.5%). All above p-values are corrected for
trials.

50

4	years	HESE	data:			54	events

from	ObservaVon	of	Astrophysical	Neutrinos	in	Four	Years	of	IceCube	Data		
(released	21	Oct	2015)				1510.05223
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This test (see Fig. 7) did not yield significant evidence of clustering with p-values of 44% and 58%
for the shower-only and the all-events tests, respectively.

We also performed a galactic plane clustering test using a fixed width of 2.5� around the plane
(p-value 7%) and using a variable-width scan (p-value 2.5%). All above p-values are corrected for
trials.
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Origin	of	Astrophysical	neutrinos
Proposed Source Candidates I

• Galactic: (full or partial contribution)
• diffuse Galactic �-ray emission [MA & Murase’13; Joshi J C, Winter W and Gupta’13]

[Kachelriess and Ostapchenko’14; Neronov, Semikoz & Tchernin’13]
[Neronov & Semikoz’14,’16; Guo, Hu & Tian’14; Gaggero, Grasso, Marinelli, Urbano & Valli’15]

• unidentified Galactic �-ray emission [Fox, Kashiyama & Meszaros’13]
[Gonzalez-Garcia, Halzen & Niro’14]

•
Fermi Bubbles [MA & Murase’13; Razzaque’13]

[Lunardini, Razzaque, Theodoseau & Yang’13; Lunardini, Razzaque & Yang’15]

• supernova remnants [Mandelartz & Tjus’14]

• pulsars [Padovani & Resconi’14]

• microquasars [Anchordoqui, Goldberg, Paul, da Silva & Vlcek’14]

• Sagitarius A* [Bai, Barger, Barger, Lu, Peterson & Salvado’14; Fujita, Kimura & Murase’15,’16]

• Galactic Halo [Taylor, Gabici & Aharonian’14]

• heavy dark matter decay [Feldstein, Kusenko, Matsumoto & Yanagida’13]
[Esmaili & Serpico ’13; Bai, Lu & Salvado’13; Cherry, Friedland & Shoemaker’14]

[Murase, Laha, Ando, MA’15; Boucenna et al.’15 ; Chianese, Miele, Morisi & Vitagliano’16]
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Origin	of	Astrophysical	neutrinos
unknown, there are many candidatesProposed Source Candidates II

• Extragalactic:

• association with sources of UHE CRs [Kistler, Stanev & Yuksel’13]
[Katz, Waxman, Thompson & Loeb’13; Fang, Fujii, Linden & Olinto’14;Moharana & Razzaque’15]

• association with diffuse �-ray background [Murase, MA & Lacki’13]
[Chang & Wang’14; Ando, Tamborra & Zandanel’15]

• active galactic nuclei (AGN) [Stecker’13;Kalashev, Kusenko & Essey’13]
[Murase, Inoue & Dermer’14; Kimura, Murase & Toma’14; Kalashev, Semikoz & Tkachev’14]

[Padovani & Resconi’14; Petropoulou et al.’15; Padovani et al.’16; Kadler et al.’16]

• gamma-ray bursts (GRB) [Murase & Ioka’13; Dado & Dar’14; Tamborra & Ando’15]
[Senno, Murase & Meszaros’16]

• galaxies with intense star-formation
[He, Wang, Fan, Liu & Wei’13; Yoast-Hull, Gallagher, Zweibel & Everett’13; Murase, MA & Lacki’13]

[Anchordoqui, Paul, da Silva, Torres& Vlcek’14; Tamborra, Ando & Murase’14; Chang & Wang’14]
[Liu, Wang, Inoue, Crocker & Aharonian’14; Senno, Meszaros, Murase, Baerwald & Rees’15]

[Chakraborty & Izaguirre’15; Emig, Lunardini & Windhorst’15; Bechtol et al.’15]

• galaxy clusters/groups [Murase, MA & Lacki’13; Zandanel, Tamborra, Gabici & Ando’14]

• . . .
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ground muons and neutrinos created in the atmosphere
of the Earth, and we introduce the IceCube detector.
The searches for astrophysical neutrinos that are used
for the combined analysis presented here are discussed
in section 2. The analysis method is explained in sec-
tion 3, the results are given in section 4. We conclude
with a discussion of the results in section 5.

1.1. Astrophysical Neutrinos

Astrophysical neutrinos2 are created in interactions of
high-energy cosmic rays with other massive particles or
photons (Gaisser et al. 1995). The neutrinos, being elec-
trically neutral and hence una↵ected by cosmic magnetic
fields, will travel in straight lines from their point of ori-
gin to Earth. If the interactions happen close to the ac-
celeration sites of the cosmic rays, they will thus reveal
those. Unlike gamma rays, which are created in the same
processes, the neutrinos are also unlikely to be absorbed
during their journey (see e.g. Learned & Mannheim
2000). Because of these properties, neutrinos are ideal
messengers to study the sources of high-energy cosmic
rays. Astrophysical neutrinos carry information about
these sources in their energy spectrum and flavor compo-
sition, even if their individual positions on the sky cannot
be resolved yet (Hooper et al. 2003; Choubey & Rode-
johann 2009; Lipari et al. 2007; Laha et al. 2013).
Candidate sources include active galactic nuclei (e.g.
Stecker et al. 1991; Mücke et al. 2003), gamma-ray bursts
(e.g. Waxman & Bahcall 1997; Guetta et al. 2004), star-
burst galaxies (e.g. Loeb & Waxman 2006), and galaxy
clusters (e.g. Murase et al. 2008), as well as galactic
objects like supernova remnants or pulsar wind nebu-
lae (e.g. Bednarek et al. 2005; Kistler & Beacom 2006;
Kappes et al. 2007).
To first order, the energy spectrum of astrophysical

neutrinos follows that of the cosmic rays at their acceler-
ation sites. If Fermi shock acceleration is the responsible
mechanism, a power law spectrum E�� with � ' 2 is
expected (Gaisser 1990), although the details depend on
the characteristics of the specific sources (see e.g. Becker
2008). Furthermore, the majority of the astrophysical
neutrinos are expected to arise from the decay of pions
created in cosmic-ray interactions, i.e. ⇡ ! µ + ⌫µ, fol-
lowed by µ ! e+⌫e+⌫µ. The flavor composition result-
ing from this decay chain is ⌫e : ⌫µ : ⌫⌧ = 1 : 2 : 0. Tak-
ing into account long-baseline neutrino oscillations, the
flavor composition at Earth is di↵erent, approximately
1 : 1 : 1 for this scenario (Learned & Pakvasa 1995;
Athar et al. 2006). This first order model of the energy
spectrum and flavor composition has often been used as
a benchmark scenario in the past.
Second order corrections to this benchmark model arise

e.g. from muon energy losses (Kashti & Waxman 2005)
and muon acceleration (Klein et al. 2013), these e↵ects
can alter both the energy spectrum and flavor compo-
sition of the astrophysical neutrino flux. While the en-
ergy spectrum is di�cult to constrain by general argu-
ments, there are two limiting scenarios for the flavor
composition at the sources3: muon-damped sources, in

2 Here and in the rest of this article, we imply also anti-neutrinos
when we speak of neutrinos.

3 Neglecting the production of tau neutrinos at the sources,
which is a common assumption (Choubey & Rodejohann 2009).

which the high-energy neutrino flux is suppressed due to
energy loss processes of the muons, and neutron-beam
sources, in which the neutrinos are created from neu-
tron rather than pion decays. The flavor compositions
at the source for these (idealized) scenarios are 0 : 1 : 0
and 1 : 0 : 0, respectively (Lipari et al. 2007). Us-
ing the neutrino oscillation parameters from Gonzalez-
Garcia et al. (2014, inverted hierarchy), the expected
flavor transitions for the three source classes discussed
here are 1 : 2 : 0 ! 0.93 : 1.05 : 1.02 (pion-decay),
0 : 1 : 0 ! 0.19 : 0.43 : 0.38 (muon-damped), and
1 : 0 : 0 ! 0.55 : 0.19 : 0.26 (neutron-beam).
The implications of deviations from the benchmark

scenario have been discussed by several authors. As-
suming extragalactic sources, Winter (2013) argues that
a spectral index � & 2.3 is more easily explained in
photohadronic scenarios, i.e. by p�-interactions as the
origin of the neutrinos. Similarly, Murase et al. (2013)
point out that if a hadronuclear origin (pp-interactions)
in extragalactic sources is assumed, measurements of the
di↵use extragalactic gamma-ray background (see Ack-
ermann et al. 2015) imply � . 2.1 � 2.2 under certain
conditions. However, hadronuclear models that take into
account the di↵use gamma-ray background as well as re-
cent IceCube data (Aartsen et al. 2015b), which point
towards a softer spectrum, have also been proposed,
e.g. by Senno et al. (2015). Other authors invoke spec-
tral arguments to propose that the astrophysical neu-
trino flux is produced by sources within the Milky Way
(Neronov & Semikoz 2014; Gaggero et al. 2015). Finally,
the implications of flavor ratios di↵erent from the bench-
mark scenario have been discussed e.g. by Beacom et al.
(2003); Lipari et al. (2007); Vissani et al. (2013). Bus-
tamante et al. (2015) give an overview over the flavor
compositions resulting from various standard and non-
standard neutrino production and propagation scenarios.

1.2. Atmospheric Backgrounds

All relevant backgrounds to searches for high-energy
astrophysical neutrinos are created in cosmic ray-induced
air showers in the atmosphere of the Earth. Of all the
particles created in air showers, only muons and neutri-
nos can reach the IceCube detector. Atmospheric muons
constitute, by far, the most abundant background, trig-
gering the detector at a rate of several kHz. Character-
istically, they reach the detector from above the horizon
and are first detected on the boundary of the instru-
mented volume. Atmospheric neutrinos are created at a
similar rate, but are detected much less frequently due to
their small interaction probabilities. They reach the de-
tector from all directions, in particular also from below
the horizon. Atmospheric neutrinos that have passed
through the Earth are free of muon background, but
also hard to distinguish from astrophysical neutrinos. In
contrast, atmospheric neutrinos arriving from above the
horizon are often accompanied by atmospheric muons
(Gaisser et al. 2014), which is never the case for astro-
physical neutrinos.
At lower energies, the atmospheric neutrino flux is

dominated by so-called conventional atmospheric neu-
trinos from the decays of kaons and charged pions. Since
these particles are likely to interact with air molecules be-
fore they decay, the resulting neutrino flux di↵ers from
the original cosmic ray flux in its energy and zenith an-
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of the Earth, and we introduce the IceCube detector.
The searches for astrophysical neutrinos that are used
for the combined analysis presented here are discussed
in section 2. The analysis method is explained in sec-
tion 3, the results are given in section 4. We conclude
with a discussion of the results in section 5.

1.1. Astrophysical Neutrinos

Astrophysical neutrinos2 are created in interactions of
high-energy cosmic rays with other massive particles or
photons (Gaisser et al. 1995). The neutrinos, being elec-
trically neutral and hence una↵ected by cosmic magnetic
fields, will travel in straight lines from their point of ori-
gin to Earth. If the interactions happen close to the ac-
celeration sites of the cosmic rays, they will thus reveal
those. Unlike gamma rays, which are created in the same
processes, the neutrinos are also unlikely to be absorbed
during their journey (see e.g. Learned & Mannheim
2000). Because of these properties, neutrinos are ideal
messengers to study the sources of high-energy cosmic
rays. Astrophysical neutrinos carry information about
these sources in their energy spectrum and flavor compo-
sition, even if their individual positions on the sky cannot
be resolved yet (Hooper et al. 2003; Choubey & Rode-
johann 2009; Lipari et al. 2007; Laha et al. 2013).
Candidate sources include active galactic nuclei (e.g.
Stecker et al. 1991; Mücke et al. 2003), gamma-ray bursts
(e.g. Waxman & Bahcall 1997; Guetta et al. 2004), star-
burst galaxies (e.g. Loeb & Waxman 2006), and galaxy
clusters (e.g. Murase et al. 2008), as well as galactic
objects like supernova remnants or pulsar wind nebu-
lae (e.g. Bednarek et al. 2005; Kistler & Beacom 2006;
Kappes et al. 2007).
To first order, the energy spectrum of astrophysical

neutrinos follows that of the cosmic rays at their acceler-
ation sites. If Fermi shock acceleration is the responsible
mechanism, a power law spectrum E�� with � ' 2 is
expected (Gaisser 1990), although the details depend on
the characteristics of the specific sources (see e.g. Becker
2008). Furthermore, the majority of the astrophysical
neutrinos are expected to arise from the decay of pions
created in cosmic-ray interactions, i.e. ⇡ ! µ + ⌫µ, fol-
lowed by µ ! e+⌫e+⌫µ. The flavor composition result-
ing from this decay chain is ⌫e : ⌫µ : ⌫⌧ = 1 : 2 : 0. Tak-
ing into account long-baseline neutrino oscillations, the
flavor composition at Earth is di↵erent, approximately
1 : 1 : 1 for this scenario (Learned & Pakvasa 1995;
Athar et al. 2006). This first order model of the energy
spectrum and flavor composition has often been used as
a benchmark scenario in the past.
Second order corrections to this benchmark model arise

e.g. from muon energy losses (Kashti & Waxman 2005)
and muon acceleration (Klein et al. 2013), these e↵ects
can alter both the energy spectrum and flavor compo-
sition of the astrophysical neutrino flux. While the en-
ergy spectrum is di�cult to constrain by general argu-
ments, there are two limiting scenarios for the flavor
composition at the sources3: muon-damped sources, in

2 Here and in the rest of this article, we imply also anti-neutrinos
when we speak of neutrinos.

3 Neglecting the production of tau neutrinos at the sources,
which is a common assumption (Choubey & Rodejohann 2009).

which the high-energy neutrino flux is suppressed due to
energy loss processes of the muons, and neutron-beam
sources, in which the neutrinos are created from neu-
tron rather than pion decays. The flavor compositions
at the source for these (idealized) scenarios are 0 : 1 : 0
and 1 : 0 : 0, respectively (Lipari et al. 2007). Us-
ing the neutrino oscillation parameters from Gonzalez-
Garcia et al. (2014, inverted hierarchy), the expected
flavor transitions for the three source classes discussed
here are 1 : 2 : 0 ! 0.93 : 1.05 : 1.02 (pion-decay),
0 : 1 : 0 ! 0.19 : 0.43 : 0.38 (muon-damped), and
1 : 0 : 0 ! 0.55 : 0.19 : 0.26 (neutron-beam).
The implications of deviations from the benchmark

scenario have been discussed by several authors. As-
suming extragalactic sources, Winter (2013) argues that
a spectral index � & 2.3 is more easily explained in
photohadronic scenarios, i.e. by p�-interactions as the
origin of the neutrinos. Similarly, Murase et al. (2013)
point out that if a hadronuclear origin (pp-interactions)
in extragalactic sources is assumed, measurements of the
di↵use extragalactic gamma-ray background (see Ack-
ermann et al. 2015) imply � . 2.1 � 2.2 under certain
conditions. However, hadronuclear models that take into
account the di↵use gamma-ray background as well as re-
cent IceCube data (Aartsen et al. 2015b), which point
towards a softer spectrum, have also been proposed,
e.g. by Senno et al. (2015). Other authors invoke spec-
tral arguments to propose that the astrophysical neu-
trino flux is produced by sources within the Milky Way
(Neronov & Semikoz 2014; Gaggero et al. 2015). Finally,
the implications of flavor ratios di↵erent from the bench-
mark scenario have been discussed e.g. by Beacom et al.
(2003); Lipari et al. (2007); Vissani et al. (2013). Bus-
tamante et al. (2015) give an overview over the flavor
compositions resulting from various standard and non-
standard neutrino production and propagation scenarios.

1.2. Atmospheric Backgrounds

All relevant backgrounds to searches for high-energy
astrophysical neutrinos are created in cosmic ray-induced
air showers in the atmosphere of the Earth. Of all the
particles created in air showers, only muons and neutri-
nos can reach the IceCube detector. Atmospheric muons
constitute, by far, the most abundant background, trig-
gering the detector at a rate of several kHz. Character-
istically, they reach the detector from above the horizon
and are first detected on the boundary of the instru-
mented volume. Atmospheric neutrinos are created at a
similar rate, but are detected much less frequently due to
their small interaction probabilities. They reach the de-
tector from all directions, in particular also from below
the horizon. Atmospheric neutrinos that have passed
through the Earth are free of muon background, but
also hard to distinguish from astrophysical neutrinos. In
contrast, atmospheric neutrinos arriving from above the
horizon are often accompanied by atmospheric muons
(Gaisser et al. 2014), which is never the case for astro-
physical neutrinos.
At lower energies, the atmospheric neutrino flux is

dominated by so-called conventional atmospheric neu-
trinos from the decays of kaons and charged pions. Since
these particles are likely to interact with air molecules be-
fore they decay, the resulting neutrino flux di↵ers from
the original cosmic ray flux in its energy and zenith an-
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power law spectrum

Fermi shock acceleration

At first order: Gaisser 1990

At second order: 

Combined Maximum-Likelihood Analysis of IceCube High-Energy Data 3

ground muons and neutrinos created in the atmosphere
of the Earth, and we introduce the IceCube detector.
The searches for astrophysical neutrinos that are used
for the combined analysis presented here are discussed
in section 2. The analysis method is explained in sec-
tion 3, the results are given in section 4. We conclude
with a discussion of the results in section 5.

1.1. Astrophysical Neutrinos

Astrophysical neutrinos2 are created in interactions of
high-energy cosmic rays with other massive particles or
photons (Gaisser et al. 1995). The neutrinos, being elec-
trically neutral and hence una↵ected by cosmic magnetic
fields, will travel in straight lines from their point of ori-
gin to Earth. If the interactions happen close to the ac-
celeration sites of the cosmic rays, they will thus reveal
those. Unlike gamma rays, which are created in the same
processes, the neutrinos are also unlikely to be absorbed
during their journey (see e.g. Learned & Mannheim
2000). Because of these properties, neutrinos are ideal
messengers to study the sources of high-energy cosmic
rays. Astrophysical neutrinos carry information about
these sources in their energy spectrum and flavor compo-
sition, even if their individual positions on the sky cannot
be resolved yet (Hooper et al. 2003; Choubey & Rode-
johann 2009; Lipari et al. 2007; Laha et al. 2013).
Candidate sources include active galactic nuclei (e.g.
Stecker et al. 1991; Mücke et al. 2003), gamma-ray bursts
(e.g. Waxman & Bahcall 1997; Guetta et al. 2004), star-
burst galaxies (e.g. Loeb & Waxman 2006), and galaxy
clusters (e.g. Murase et al. 2008), as well as galactic
objects like supernova remnants or pulsar wind nebu-
lae (e.g. Bednarek et al. 2005; Kistler & Beacom 2006;
Kappes et al. 2007).
To first order, the energy spectrum of astrophysical

neutrinos follows that of the cosmic rays at their acceler-
ation sites. If Fermi shock acceleration is the responsible
mechanism, a power law spectrum E�� with � ' 2 is
expected (Gaisser 1990), although the details depend on
the characteristics of the specific sources (see e.g. Becker
2008). Furthermore, the majority of the astrophysical
neutrinos are expected to arise from the decay of pions
created in cosmic-ray interactions, i.e. ⇡ ! µ + ⌫µ, fol-
lowed by µ ! e+⌫e+⌫µ. The flavor composition result-
ing from this decay chain is ⌫e : ⌫µ : ⌫⌧ = 1 : 2 : 0. Tak-
ing into account long-baseline neutrino oscillations, the
flavor composition at Earth is di↵erent, approximately
1 : 1 : 1 for this scenario (Learned & Pakvasa 1995;
Athar et al. 2006). This first order model of the energy
spectrum and flavor composition has often been used as
a benchmark scenario in the past.
Second order corrections to this benchmark model arise

e.g. from muon energy losses (Kashti & Waxman 2005)
and muon acceleration (Klein et al. 2013), these e↵ects
can alter both the energy spectrum and flavor compo-
sition of the astrophysical neutrino flux. While the en-
ergy spectrum is di�cult to constrain by general argu-
ments, there are two limiting scenarios for the flavor
composition at the sources3: muon-damped sources, in

2 Here and in the rest of this article, we imply also anti-neutrinos
when we speak of neutrinos.

3 Neglecting the production of tau neutrinos at the sources,
which is a common assumption (Choubey & Rodejohann 2009).

which the high-energy neutrino flux is suppressed due to
energy loss processes of the muons, and neutron-beam
sources, in which the neutrinos are created from neu-
tron rather than pion decays. The flavor compositions
at the source for these (idealized) scenarios are 0 : 1 : 0
and 1 : 0 : 0, respectively (Lipari et al. 2007). Us-
ing the neutrino oscillation parameters from Gonzalez-
Garcia et al. (2014, inverted hierarchy), the expected
flavor transitions for the three source classes discussed
here are 1 : 2 : 0 ! 0.93 : 1.05 : 1.02 (pion-decay),
0 : 1 : 0 ! 0.19 : 0.43 : 0.38 (muon-damped), and
1 : 0 : 0 ! 0.55 : 0.19 : 0.26 (neutron-beam).
The implications of deviations from the benchmark

scenario have been discussed by several authors. As-
suming extragalactic sources, Winter (2013) argues that
a spectral index � & 2.3 is more easily explained in
photohadronic scenarios, i.e. by p�-interactions as the
origin of the neutrinos. Similarly, Murase et al. (2013)
point out that if a hadronuclear origin (pp-interactions)
in extragalactic sources is assumed, measurements of the
di↵use extragalactic gamma-ray background (see Ack-
ermann et al. 2015) imply � . 2.1 � 2.2 under certain
conditions. However, hadronuclear models that take into
account the di↵use gamma-ray background as well as re-
cent IceCube data (Aartsen et al. 2015b), which point
towards a softer spectrum, have also been proposed,
e.g. by Senno et al. (2015). Other authors invoke spec-
tral arguments to propose that the astrophysical neu-
trino flux is produced by sources within the Milky Way
(Neronov & Semikoz 2014; Gaggero et al. 2015). Finally,
the implications of flavor ratios di↵erent from the bench-
mark scenario have been discussed e.g. by Beacom et al.
(2003); Lipari et al. (2007); Vissani et al. (2013). Bus-
tamante et al. (2015) give an overview over the flavor
compositions resulting from various standard and non-
standard neutrino production and propagation scenarios.

1.2. Atmospheric Backgrounds

All relevant backgrounds to searches for high-energy
astrophysical neutrinos are created in cosmic ray-induced
air showers in the atmosphere of the Earth. Of all the
particles created in air showers, only muons and neutri-
nos can reach the IceCube detector. Atmospheric muons
constitute, by far, the most abundant background, trig-
gering the detector at a rate of several kHz. Character-
istically, they reach the detector from above the horizon
and are first detected on the boundary of the instru-
mented volume. Atmospheric neutrinos are created at a
similar rate, but are detected much less frequently due to
their small interaction probabilities. They reach the de-
tector from all directions, in particular also from below
the horizon. Atmospheric neutrinos that have passed
through the Earth are free of muon background, but
also hard to distinguish from astrophysical neutrinos. In
contrast, atmospheric neutrinos arriving from above the
horizon are often accompanied by atmospheric muons
(Gaisser et al. 2014), which is never the case for astro-
physical neutrinos.
At lower energies, the atmospheric neutrino flux is

dominated by so-called conventional atmospheric neu-
trinos from the decays of kaons and charged pions. Since
these particles are likely to interact with air molecules be-
fore they decay, the resulting neutrino flux di↵ers from
the original cosmic ray flux in its energy and zenith an-
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tion 3, the results are given in section 4. We conclude
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photons (Gaisser et al. 1995). The neutrinos, being elec-
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those. Unlike gamma rays, which are created in the same
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sition, even if their individual positions on the sky cannot
be resolved yet (Hooper et al. 2003; Choubey & Rode-
johann 2009; Lipari et al. 2007; Laha et al. 2013).
Candidate sources include active galactic nuclei (e.g.
Stecker et al. 1991; Mücke et al. 2003), gamma-ray bursts
(e.g. Waxman & Bahcall 1997; Guetta et al. 2004), star-
burst galaxies (e.g. Loeb & Waxman 2006), and galaxy
clusters (e.g. Murase et al. 2008), as well as galactic
objects like supernova remnants or pulsar wind nebu-
lae (e.g. Bednarek et al. 2005; Kistler & Beacom 2006;
Kappes et al. 2007).
To first order, the energy spectrum of astrophysical

neutrinos follows that of the cosmic rays at their acceler-
ation sites. If Fermi shock acceleration is the responsible
mechanism, a power law spectrum E�� with � ' 2 is
expected (Gaisser 1990), although the details depend on
the characteristics of the specific sources (see e.g. Becker
2008). Furthermore, the majority of the astrophysical
neutrinos are expected to arise from the decay of pions
created in cosmic-ray interactions, i.e. ⇡ ! µ + ⌫µ, fol-
lowed by µ ! e+⌫e+⌫µ. The flavor composition result-
ing from this decay chain is ⌫e : ⌫µ : ⌫⌧ = 1 : 2 : 0. Tak-
ing into account long-baseline neutrino oscillations, the
flavor composition at Earth is di↵erent, approximately
1 : 1 : 1 for this scenario (Learned & Pakvasa 1995;
Athar et al. 2006). This first order model of the energy
spectrum and flavor composition has often been used as
a benchmark scenario in the past.
Second order corrections to this benchmark model arise

e.g. from muon energy losses (Kashti & Waxman 2005)
and muon acceleration (Klein et al. 2013), these e↵ects
can alter both the energy spectrum and flavor compo-
sition of the astrophysical neutrino flux. While the en-
ergy spectrum is di�cult to constrain by general argu-
ments, there are two limiting scenarios for the flavor
composition at the sources3: muon-damped sources, in

2 Here and in the rest of this article, we imply also anti-neutrinos
when we speak of neutrinos.

3 Neglecting the production of tau neutrinos at the sources,
which is a common assumption (Choubey & Rodejohann 2009).

which the high-energy neutrino flux is suppressed due to
energy loss processes of the muons, and neutron-beam
sources, in which the neutrinos are created from neu-
tron rather than pion decays. The flavor compositions
at the source for these (idealized) scenarios are 0 : 1 : 0
and 1 : 0 : 0, respectively (Lipari et al. 2007). Us-
ing the neutrino oscillation parameters from Gonzalez-
Garcia et al. (2014, inverted hierarchy), the expected
flavor transitions for the three source classes discussed
here are 1 : 2 : 0 ! 0.93 : 1.05 : 1.02 (pion-decay),
0 : 1 : 0 ! 0.19 : 0.43 : 0.38 (muon-damped), and
1 : 0 : 0 ! 0.55 : 0.19 : 0.26 (neutron-beam).
The implications of deviations from the benchmark

scenario have been discussed by several authors. As-
suming extragalactic sources, Winter (2013) argues that
a spectral index � & 2.3 is more easily explained in
photohadronic scenarios, i.e. by p�-interactions as the
origin of the neutrinos. Similarly, Murase et al. (2013)
point out that if a hadronuclear origin (pp-interactions)
in extragalactic sources is assumed, measurements of the
di↵use extragalactic gamma-ray background (see Ack-
ermann et al. 2015) imply � . 2.1 � 2.2 under certain
conditions. However, hadronuclear models that take into
account the di↵use gamma-ray background as well as re-
cent IceCube data (Aartsen et al. 2015b), which point
towards a softer spectrum, have also been proposed,
e.g. by Senno et al. (2015). Other authors invoke spec-
tral arguments to propose that the astrophysical neu-
trino flux is produced by sources within the Milky Way
(Neronov & Semikoz 2014; Gaggero et al. 2015). Finally,
the implications of flavor ratios di↵erent from the bench-
mark scenario have been discussed e.g. by Beacom et al.
(2003); Lipari et al. (2007); Vissani et al. (2013). Bus-
tamante et al. (2015) give an overview over the flavor
compositions resulting from various standard and non-
standard neutrino production and propagation scenarios.

1.2. Atmospheric Backgrounds

All relevant backgrounds to searches for high-energy
astrophysical neutrinos are created in cosmic ray-induced
air showers in the atmosphere of the Earth. Of all the
particles created in air showers, only muons and neutri-
nos can reach the IceCube detector. Atmospheric muons
constitute, by far, the most abundant background, trig-
gering the detector at a rate of several kHz. Character-
istically, they reach the detector from above the horizon
and are first detected on the boundary of the instru-
mented volume. Atmospheric neutrinos are created at a
similar rate, but are detected much less frequently due to
their small interaction probabilities. They reach the de-
tector from all directions, in particular also from below
the horizon. Atmospheric neutrinos that have passed
through the Earth are free of muon background, but
also hard to distinguish from astrophysical neutrinos. In
contrast, atmospheric neutrinos arriving from above the
horizon are often accompanied by atmospheric muons
(Gaisser et al. 2014), which is never the case for astro-
physical neutrinos.
At lower energies, the atmospheric neutrino flux is

dominated by so-called conventional atmospheric neu-
trinos from the decays of kaons and charged pions. Since
these particles are likely to interact with air molecules be-
fore they decay, the resulting neutrino flux di↵ers from
the original cosmic ray flux in its energy and zenith an-

photohadronic  
p-gamma interactions

hadronuclear  
p-p interactions

Murase et al. 2013
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Note that the neutrino energy is less for nuclei with the
same energy, since the energy per nucleon is lower. The
energy per nucleon should exceed the knee at 3–4 PeV.
Given the differential CR energy budget at z = 0, QEp

,
the INB flux per flavor is estimated to be [5, 11]

E2
νΦνi ≈

ctHξz
4π

1

6
min[1, fpp](EpQEp

) (2)

where tH ≃ 13.2 Gyr and ξz is the redshift evolution
factor [5, 17]. The pp efficiency is

fpp ≈ nκpσ
inel
pp ctint, (3)

where κp ≈ 0.5, σinel
pp ∼ 8×10−26 cm2 at ∼ 100 PeV [19],

n is the typical target nucleon density, tint ≈ min[tinj, tesc]
is the duration that CRs interact with the target gas, tinj
is the CR injection time and tesc is the CR escape time.
The pp sources we consider should also contribute to

the IGB. As in Eq. (2), their generated IGB flux is

E2
γΦγ ≈

ctHξz
4π

1

3
min[1, fpp](EpQEp

), (4)

which is related to the INB flux model independently as

E2
γΦγ ≈ 2(E2

νΦνi)|Eν=0.5Eγ
. (5)

Given E2
νΦνi , combing Eq. (5) and the upper limit

from the Fermi IGB measurement E2
γΦ

up
γ leads to Γ ≤

2+ln[E2
γΦ

up
γ |100 GeV/(2E2

νΦνi |Eν
)][ln(2Eν/100 GeV)]−1.

Using E2
νΦνi = 10−8 GeV cm−2 s−1 sr−1 as the measured

INB flux at 0.3 PeV [3, 4, 20], we obtain

Γ ! 2.185

[

1 + 0.265 log10

(

(E2
γΦ

up
γ )|100 GeV

10−7 GeV cm−2 s−1 sr−1

)]

.

(6)
Surprisingly, the measured (all flavor) INB flux is com-
parable to the measured diffuse IGB flux in the sub-TeV
range, giving us new insights into the origin of the Ice-
Cube signal; source spectra of viable pp scenarios must
be quite hard. Numerical results, considering intergalac-
tic electromagnetic cascades [22] and the detailed Fermi
data [14], are shown in Figs. 1-3. We derive the strong
upper limits of Γ ! 2.1–2.2, consistent with Eq. (6). In
addition, we first obtain the minimum contribution to
the 100 GeV diffuse IGB, " 30%–40%, assuming Γ ≥ 2.0.
Here, the IGB flux at ∼ 100 GeV is comparable to the
generated γ-ray flux (see Fig. 3) since the cascade en-
hancement compensates the attenuation by the extra-
galactic background light, enhancing the usefulness of
our results. Also, interestingly, we find that pp scenar-
ios with Γ ∼ 2.1–2.2 explain the “very-high-energy ex-
cess” [17] with no redshift evolution, or the multi-GeV
diffuse IGB with the star-formation history, which may
imply a common origin of the INB and IGB.
Importantly, our results are insensitive to redshift evo-

lution models. In Fig. 3, we consider the different redshift
evolution. But the result is essentially similar to those
in Figs. 1 and 2. In Figs. 1-3, the maximum redshift
is set to zmax = 5, while we have checked that the re-
sults are practically unchanged for different zmax. This
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FIG. 1: The allowed range in pp scenarios explaining the mea-
sured INB flux, which is indicated by the shaded area with
arrows. With no redshift evolution, the INB (dashed) and
corresponding IGB (solid) are shown for Γ = 2.0 (thick) and
Γ = 2.14 (thin). The shaded rectangle indicates the IceCube
data [4]. The atmospheric muon neutrino background [21]
and the diffuse IGB data by Fermi/LAT [14] are depicted.
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FIG. 2: The same as Fig. 1, but for Γ = 2.0 (thick) and
Γ = 2.18 (thin) with the star-formation history [23].

is because ξz in Eqs. (2) and (4) is similar and cancels
out in obtaining Eq. (5). This conclusion largely holds
even if neutrinos and γ rays are produced at very high
redshifts. Interestingly, our results are applicable even to
unaccounted-for Galactic sources, since the diffuse IGB is
a residual isotropic component obtained after subtract-
ing known components including diffuse Galactic emis-
sion. If we use the preliminary Fermi data, based on the
unattenuated γ-ray flux in Fig. 3, only Γ ∼ 2.0 is allowed.
Note that such powerful constraints are not obtained

for pγ scenarios. First, pγ reactions are typically efficient
only for sufficiently high-energy CRs, so the resulting γ
rays can contribute to the IGB only via cascades – low-
energy pionic γ rays do not directly contribute and the
differential flux is reduced by their broadband spectra, as
demonstrated in [24]. More seriously, in pγ sources like
GRBs and AGN, target photons for pγ reactions often
prevent GeV-PeV γ rays from leaving the source, so the
connection is easily lost [25]. Furthermore, synchrotron
cooling of cascade e± may convert the energy into x rays
and low-energy γ rays, for which the diffuse IGB is not
constraining. In contrast, pp sources considered here are
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data [14], are shown in Figs. 1-3. We derive the strong
upper limits of Γ ! 2.1–2.2, consistent with Eq. (6). In
addition, we first obtain the minimum contribution to
the 100 GeV diffuse IGB, " 30%–40%, assuming Γ ≥ 2.0.
Here, the IGB flux at ∼ 100 GeV is comparable to the
generated γ-ray flux (see Fig. 3) since the cascade en-
hancement compensates the attenuation by the extra-
galactic background light, enhancing the usefulness of
our results. Also, interestingly, we find that pp scenar-
ios with Γ ∼ 2.1–2.2 explain the “very-high-energy ex-
cess” [17] with no redshift evolution, or the multi-GeV
diffuse IGB with the star-formation history, which may
imply a common origin of the INB and IGB.
Importantly, our results are insensitive to redshift evo-

lution models. In Fig. 3, we consider the different redshift
evolution. But the result is essentially similar to those
in Figs. 1 and 2. In Figs. 1-3, the maximum redshift
is set to zmax = 5, while we have checked that the re-
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FIG. 1: The allowed range in pp scenarios explaining the mea-
sured INB flux, which is indicated by the shaded area with
arrows. With no redshift evolution, the INB (dashed) and
corresponding IGB (solid) are shown for Γ = 2.0 (thick) and
Γ = 2.14 (thin). The shaded rectangle indicates the IceCube
data [4]. The atmospheric muon neutrino background [21]
and the diffuse IGB data by Fermi/LAT [14] are depicted.
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FIG. 2: The same as Fig. 1, but for Γ = 2.0 (thick) and
Γ = 2.18 (thin) with the star-formation history [23].

is because ξz in Eqs. (2) and (4) is similar and cancels
out in obtaining Eq. (5). This conclusion largely holds
even if neutrinos and γ rays are produced at very high
redshifts. Interestingly, our results are applicable even to
unaccounted-for Galactic sources, since the diffuse IGB is
a residual isotropic component obtained after subtract-
ing known components including diffuse Galactic emis-
sion. If we use the preliminary Fermi data, based on the
unattenuated γ-ray flux in Fig. 3, only Γ ∼ 2.0 is allowed.
Note that such powerful constraints are not obtained

for pγ scenarios. First, pγ reactions are typically efficient
only for sufficiently high-energy CRs, so the resulting γ
rays can contribute to the IGB only via cascades – low-
energy pionic γ rays do not directly contribute and the
differential flux is reduced by their broadband spectra, as
demonstrated in [24]. More seriously, in pγ sources like
GRBs and AGN, target photons for pγ reactions often
prevent GeV-PeV γ rays from leaving the source, so the
connection is easily lost [25]. Furthermore, synchrotron
cooling of cascade e± may convert the energy into x rays
and low-energy γ rays, for which the diffuse IGB is not
constraining. In contrast, pp sources considered here are
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from	ObservaVon	of	Astrophysical	Neutrinos	in	Four	Years	of	IceCube	Data		
(released	21	Oct	2015)				1510.05223

Observation of Astrophysical Neutrinos in Four Years of IceCube Data C. Kopper

IceCube Preliminary

Figure 2: Distribution of deposited PMT charges of the events. Atmospheric muon backgrounds (estimated
from data) are shown in red. Due to the incoming track veto, these backgrounds fall much faster than the
overall background at trigger level (black line). The data events in the unshaded region at charges greater
than 6000 p.e. are the events reported in this work. Atmospheric neutrino backgrounds are shown in blue
with 1s uncertainties on the prediction shown as a hatched band. For scale, the 90% CL upper bound on the
charm component of atmospheric neutrinos is shown as a magenta line. The best-fit astrophysical spectra
(assuming an unbroken power-law model) are shown in gray. The dashed line shows a fixed-index spectrum
of E�2, whereas the solid line shows a spectrum with a best-fit spectral index.

IceCube Preliminary

Figure 3: Deposited energies of the observed events with predictions. Colors as in Fig. 2.
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Figure 2: Distribution of deposited PMT charges of the events. Atmospheric muon backgrounds (estimated
from data) are shown in red. Due to the incoming track veto, these backgrounds fall much faster than the
overall background at trigger level (black line). The data events in the unshaded region at charges greater
than 6000 p.e. are the events reported in this work. Atmospheric neutrino backgrounds are shown in blue
with 1s uncertainties on the prediction shown as a hatched band. For scale, the 90% CL upper bound on the
charm component of atmospheric neutrinos is shown as a magenta line. The best-fit astrophysical spectra
(assuming an unbroken power-law model) are shown in gray. The dashed line shows a fixed-index spectrum
of E�2, whereas the solid line shows a spectrum with a best-fit spectral index.
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Figure 3: Deposited energies of the observed events with predictions. Colors as in Fig. 2.
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PeV	decaying	Dark	Ma'er

SuperNova Remnants 
• SuperNovae Remnants are described by a Broken Power Law. 

CUT-OFF         𝑬𝟎~O (100 TeV) 

Chakraborty, Izaguirre, PL B745 (2015) 

12 

if at low energy (10-100 TeV) it is 
present some astrophysical source 

2-bodies decay models 
could overshot data and there could be some tension

i.e. supernova remnant
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Figure 2. Same as Fig. 1 for model 2).

Figure 3. Left panel shows the flavour compositions at Earth of the DM neutrino flux for model 1),
2) and the two fully diagonal cases (e, e, e) and (⌧, ⌧, ⌧), as well (see text). The green square represents
the IC flavour analysis of Ref. [57], but referred to the integrated neutrino flux above 35 TeV. The
prediction for models 1), and 2) and the (⌧, ⌧, ⌧) case are represented by the red disk, whereas the
blue star stands for the (e, e, e) case. Right panel presents the DM neutrino flux for model 1) (green,
solid), model 2) (purple, solid), (e, e, e) (blue, dashed), and (⌧, ⌧, ⌧) (red, long-dashed). The two 68 %

C.L. bands refer to the two cases (e, e, e) and (⌧, ⌧, ⌧).
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Broken power-law with spectral index 2
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Figure 1: The upper panel shows the excess in the number of IceCube neu-
trino events with respect to the sum of the background (atmospheric neutrinos
and muons) and an astrophysical component described by a E�2

⌫ power-law, as
function of the neutrino energy. In the lower panel, we report the same excess in
the whole neutrino flux (summed on all flavors) once that the average e↵ective
area of the particular energy bin and 1347 days of data taking have been taken
into account.

Starting from the excess in the number of events one can
obtain the corresponding quantity for the whole neutrino flux
(summed on all flavors) once the e↵ective area of the detector is
taken into account [1]. In Figure 1 (lower panel) we report such
a flux as a function of the neutrino energy. As already discussed
in Ref. [18], we assume for simplicity the equality between the
deposited and neutrino energy due to low statistics at our dis-
posal. At the energy scale O(100) TeV, this is not strictly true
for neutral current interactions [19]. When a significant statis-
tics is collected, the average ratio between the two energies,
which is of the order of (97%�CC + 23%�NC)/(�CC + �NC) ⇠
75%, could be applied.

In this Letter we assume that the above excess, mainly con-
centrated in the energy range 60 - 100 TeV, has a genuine phys-
ical origin. Under this ansatz, it is worth pursuing, for this en-
ergy bin, a study in order to unveil the nature of such an excess.
We perform our analysis assuming as null hypothesis one of the
following alternatives for the source of the IC data:
i) astrophysical, which can be investigated by studying, in first
approximation, the correlation with the galactic plane or with
an isotropic distribution for galactic or extragalactic astrophys-

ical sources, respectively;
ii) induced by Dark Matter via decay or annihilation, hence re-
lated to the first or second power of the particular Dark Matter
(DM) density profile adopted.
Moreover, even though the small number of events already de-
tected does not allow to exclude all DM scenarios, one can
perform a forecast analysis in order to determine the required
statistics.

In order to compare the IC observations with possible DM
predictions we consider both decaying and stable Dark Matter
cases. In the first case, 60 � 100 TeV neutrinos detected at Ice-
Cube would be originated directly from the decay of the DM
particles, while for a stable DM particle neutrinos are only pro-
duced via annihilation. In both cases the resulting neutrino flux
would be composed by both a galactic and an extragalactic DM
component. Di↵erent approaches proposed in literature [18, 20,
21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34] have stud-
ied the possible presence of DM hints in the PeV range, namely
for the most energetic IC events. Here we take an alternative
point of view, assuming that PeV events have bottom-up ori-
gin and considering for lower energy data a possible top-down
origin due to DM particles with mass scale O(100) TeV. Inde-
pendently of the mass scale and of the DM couplings, neutrinos
originated from DM would have an angular distribution that is
more peaked around the Galactic Center where a higher DM
density is expected. This is true in particular when assuming
an annihilating DM, because of the squared enhancement fac-
tor. Of course, this e↵ect is dependent on the assumed DM
galactic halo profiles; for example, one could take the Navarro-
Frenk-White profile (NFW) [35] or di↵erent distributions like
the Isothermal profile (Isoth.), which implies a more isotropic
flux.

2. The analysis

In order to infer about the physical origin of the excess we
compare the angular distribution of the observed events in the
energy bin 60 - 100 TeV (in the following we discuss the proce-
dure to take into account the presence of the background and
of the experimental errors) with the angular distributions of
astrophysical galactic sources (galactic plane) and extragalac-
tic ones (isotropic distribution), as well as with the expected
flux coming from DM interactions (decay and annihilation). In
this approach the astrophysical E�2 power-law contribution is
regarded just as an additional term to the background events
counting for atmospheric neutrinos and muons. For this rea-
son hereafter we denote as background the sum of atmospheric
neutrinos, muons and neutrinos coming from the astrophysical
E�2 power-law. Moreover, due to the small number of events
collected till now in the energy bin under study, in this analy-
sis we take the simplicity assumption to consider just one ad-
ditional component to neutrino background at a time (alterna-
tive scenarios i) or ii) of previous section) to explain the ex-
cess. This allows us to be more predictive even though more
involved scenarios can be proposed where the excess in neu-
trino flux can be explained in terms of several components of
di↵erent origin. Other analyses have already been presented in

2

low-energy	O(100)	TeV	excess

about	2-sigma	excess	with	respect	the	sum	of:
- background	(atmospheric	neutrino	and	muons)	
- astrophysical	component	with	spectral	index	-2

Chianese et al, PLB 757 (16)
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- we	focus	on	the	events	in	the	energy	range	60-100	TeV	

-			we	analyze	the	angular	distribuVon	of	these	events	

low-energy	O(100)	TeV	excess
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Where	are	the	events	in	the		
energy	range	60-100	TeV?



to be more conservative we consider only the case correspond-
ing to a larger extragalactic contribution (↵ = 0), since in this
case the isotropic cosmological contribution results to be more
competitive with the Galactic term. It is worth observing that
including explicitly the IC e↵ective area in Eq. (6) does not
change this result, and the case with ↵ = 0 still represents the
most conservative scenario.
Similarly, one obtains the following angular distribution in case
of annihilating DM scenario

pann(cos ✓) /
Z 1

0
⇢2

h[r(s, cos ✓)]ds + (⌦DM⇢c)2 �2
0 �↵ , (9)

where �2
0 is the clumpiness factor [40] (see also Ref. [41]). The

quantity �2
0 ranges from 104 to 108 [42] depending on the model

considered. In our analysis we consider three particular cases
where �2

0 is equal to 104, 106 and 108 corresponding to an ex-
tragalactic contribution that is sub-dominant, comparable and
dominant with respect to the galactic one, respectively. How-
ever, recent studies like [43] state that the cumpliness factor �2

0
can be as large as few times 106, considering unphysical larger
values for such a quantity.

In our analysis, we consider two di↵erent DM galactic halo
profiles [41]: the Navarro-Frenk-White distribution

⇢NFW
h ' ⇢h

r/rc(1 + r/rc)2 , (10)

where rc ' 20 kpc and ⇢h = 0.33 GeVcm�3, and the Isothermal
distribution

⇢Isoth
h ' ⇢h

1 + (r/rc)2 , (11)

where rc ' 4.38 kpc and ⇢h = 1.39 GeVcm�3.
Since in each case the distributions depend on one angle

only, we can perform a one-dimensional statistical test. In par-
ticular, we use two di↵erent non-parametric statistical tests: the
Kolmogorov-Smirnov test (KS) [45] and the Anderson-Darling
test (AD) [46]. These statistical tests make a comparison be-
tween the cumulative distribution function (CDF) of the null
hypothesis distribution function and the empirical cumulative
distribution function (EDF), given by

EDF(cos ✓) =
1
n

nX

i=1

⇥ (cos ✓ � cos ✓i) , (12)

where n is the number of observed events cos ✓i. Note that,
in case of galactic plane angular distribution, the variable cos ✓
has to be changed into sin b. In the Kolmogorov-Smirnov test,
the Test Statistics (TS) is the maximum distance between the
previous two cumulative distribution functions and it is defined
as

TSKS ⌘ sup✓ |EDF(cos ✓) � CDF(cos ✓)| , (13)

whereas in the Anderson-Darling test the Test Statistics is given
by

TSAD ⌘ �n � 1
n

nX

i=1

(2i � 1) [ln (CDF(cos ✓i))

+ ln (1 � CDF(cos ✓n+1�i)] . (14)

In particular, this expression is very sensitive to the di↵erence
between the functions EDF and CDF at the two endpoints, sug-
gesting that the Anderson-Darling test is a suitable test for our
analysis (note that the Galactic Center is in correspondence of
cos ✓ = 1).

To take into account the atmospheric background, we con-
sider all possible di↵erent choices of 5 background events among
12, namely 12!/(5! 7!) = 792 combinations. Moreover, we in-
clude in our analysis the angular uncertainty a↵ecting the re-
construction of the arrival direction for IC events, which for the
shower-like topology is very large, namely of the order of 15�.
In particular, we treat the uncertainties on declination and right
ascension as maximum errors, and propagate them on the quan-
tity cos ✓. Note that for galactic plane scenario the variable to
be considered is the Galactic latitude b.

To consider in our statistical tests the above angular uncer-
tainty, for each choice of 5 background events, we consider 100
possible extractions of the 7 remaining events from their max-
imum error intervals using a uniform probability. In this way,
for the 100 di↵erent choices of observed events we compute the
corresponding TS values, which once compared with the null
hypothesis TS distribution, provide a range of p-values. Such a
range is finally averaged on the 792 di↵erent background com-
binations. In Table 1 we report such an average range for each
test. As we can see from Table 1, the IC data indicate that a

Scenario KS AD

Astrophysics
Gal. plane 0.007 - 0.008 not defined
Iso. dist. 0.20 - 0.55 0.17 - 0.54

DM decay
NFW 0.06 - 0.16 0.03 - 0.14
Isoth. 0.08 - 0.22 0.05 - 0.19

DM annih. NFW (0.3 � 0.9) ⇥ 10�4 (0.3 � 3.8) ⇥ 10�4

�2
0 = 104 Isoth. (0.9 � 2.8) ⇥ 10�3 (1.0 � 5.0) ⇥ 10�3

DM annih. NFW 0.02 - 0.05 0.02 - 0.07
�2

0 = 106 Isoth. 0.10 - 0.28 0.08 - 0.29
DM annih. NFW 0.19 - 0.54 0.17 - 0.53
�2

0 = 108 Isoth. 0.20 - 0.55 0.17 - 0.54

Table 1: Background average range of p-values for all the scenarios, using the
Kolmogorov-Smirnov and the Anderson-Darling tests.

correlation with the galactic plane is disfavored. Note that in
this case, the Anderson-Darling test is not well defined since its
CDF is vanishing within the region b < bgal (see Eq. (14)). It is
worth observing that varying the angular size bgal in the range
[2�, 4�] does not significantly change the p-value range reported
in the Table. Moreover, the DM annihilation scenario is already
excluded from IC data for both DM halo density profiles in case
of a small clumpiness factor (�2

0 = 104). On the other hand, for
a larger clumpiness factor (�2

0 = 108) we get a result similiar to
the one of the astrophysical isotropic distribution. This is due
to the fact that in this case the annihilating DM angular distri-
bution is almost isotropic. It is worth observing that due to a
certain lack of events from the Galactic Center, the NFW DM
profile that is more peaked in this central region results to be
more in tension with the observations than the Isothermal pro-

4

StaVsVcal	tests	

We	perform	two	one-dimensional	
staVsVcal	tests:	

- Kolmogorov	Smirnov	(KS)	
- Anderson	Darling	(AD)
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in case of galactic plane angular distribution, the variable cos ✓
has to be changed into sin b. In the Kolmogorov-Smirnov test,
the Test Statistics (TS) is the maximum distance between the
previous two cumulative distribution functions and it is defined
as

TSKS ⌘ sup✓ |EDF(cos ✓) � CDF(cos ✓)| , (13)

whereas in the Anderson-Darling test the Test Statistics is given
by

TSAD ⌘ �n � 1
n

nX

i=1

(2i � 1) [ln (CDF(cos ✓i))

+ ln (1 � CDF(cos ✓n+1�i)] . (14)

In particular, this expression is very sensitive to the di↵erence
between the functions EDF and CDF at the two endpoints, sug-
gesting that the Anderson-Darling test is a suitable test for our
analysis (note that the Galactic Center is in correspondence of
cos ✓ = 1).

To take into account the atmospheric background, we con-
sider all possible di↵erent choices of 5 background events among
12, namely 12!/(5! 7!) = 792 combinations. Moreover, we in-
clude in our analysis the angular uncertainty a↵ecting the re-
construction of the arrival direction for IC events, which for the
shower-like topology is very large, namely of the order of 15�.
In particular, we treat the uncertainties on declination and right
ascension as maximum errors, and propagate them on the quan-
tity cos ✓. Note that for galactic plane scenario the variable to
be considered is the Galactic latitude b.

To consider in our statistical tests the above angular uncer-
tainty, for each choice of 5 background events, we consider 100
possible extractions of the 7 remaining events from their max-
imum error intervals using a uniform probability. In this way,
for the 100 di↵erent choices of observed events we compute the
corresponding TS values, which once compared with the null
hypothesis TS distribution, provide a range of p-values. Such a
range is finally averaged on the 792 di↵erent background com-
binations. In Table 1 we report such an average range for each
test. As we can see from Table 1, the IC data indicate that a

Scenario KS AD

Astrophysics
Gal. plane 0.007 - 0.008 not defined
Iso. dist. 0.20 - 0.55 0.17 - 0.54

DM decay
NFW 0.06 - 0.16 0.03 - 0.14
Isoth. 0.08 - 0.22 0.05 - 0.19

DM annih. NFW (0.3 � 0.9) ⇥ 10�4 (0.3 � 3.8) ⇥ 10�4

�2
0 = 104 Isoth. (0.9 � 2.8) ⇥ 10�3 (1.0 � 5.0) ⇥ 10�3

DM annih. NFW 0.02 - 0.05 0.02 - 0.07
�2

0 = 106 Isoth. 0.10 - 0.28 0.08 - 0.29
DM annih. NFW 0.19 - 0.54 0.17 - 0.53
�2

0 = 108 Isoth. 0.20 - 0.55 0.17 - 0.54

Table 1: Background average range of p-values for all the scenarios, using the
Kolmogorov-Smirnov and the Anderson-Darling tests.

correlation with the galactic plane is disfavored. Note that in
this case, the Anderson-Darling test is not well defined since its
CDF is vanishing within the region b < bgal (see Eq. (14)). It is
worth observing that varying the angular size bgal in the range
[2�, 4�] does not significantly change the p-value range reported
in the Table. Moreover, the DM annihilation scenario is already
excluded from IC data for both DM halo density profiles in case
of a small clumpiness factor (�2

0 = 104). On the other hand, for
a larger clumpiness factor (�2

0 = 108) we get a result similiar to
the one of the astrophysical isotropic distribution. This is due
to the fact that in this case the annihilating DM angular distri-
bution is almost isotropic. It is worth observing that due to a
certain lack of events from the Galactic Center, the NFW DM
profile that is more peaked in this central region results to be
more in tension with the observations than the Isothermal pro-
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to be more conservative we consider only the case correspond-
ing to a larger extragalactic contribution (↵ = 0), since in this
case the isotropic cosmological contribution results to be more
competitive with the Galactic term. It is worth observing that
including explicitly the IC e↵ective area in Eq. (6) does not
change this result, and the case with ↵ = 0 still represents the
most conservative scenario.
Similarly, one obtains the following angular distribution in case
of annihilating DM scenario

pann(cos ✓) /
Z 1

0
⇢2

h[r(s, cos ✓)]ds + (⌦DM⇢c)2 �2
0 �↵ , (9)

where �2
0 is the clumpiness factor [40] (see also Ref. [41]). The

quantity �2
0 ranges from 104 to 108 [42] depending on the model

considered. In our analysis we consider three particular cases
where �2

0 is equal to 104, 106 and 108 corresponding to an ex-
tragalactic contribution that is sub-dominant, comparable and
dominant with respect to the galactic one, respectively. How-
ever, recent studies like [43] state that the cumpliness factor �2

0
can be as large as few times 106, considering unphysical larger
values for such a quantity.

In our analysis, we consider two di↵erent DM galactic halo
profiles [41]: the Navarro-Frenk-White distribution

⇢NFW
h ' ⇢h

r/rc(1 + r/rc)2 , (10)

where rc ' 20 kpc and ⇢h = 0.33 GeVcm�3, and the Isothermal
distribution

⇢Isoth
h ' ⇢h

1 + (r/rc)2 , (11)

where rc ' 4.38 kpc and ⇢h = 1.39 GeVcm�3.
Since in each case the distributions depend on one angle

only, we can perform a one-dimensional statistical test. In par-
ticular, we use two di↵erent non-parametric statistical tests: the
Kolmogorov-Smirnov test (KS) [45] and the Anderson-Darling
test (AD) [46]. These statistical tests make a comparison be-
tween the cumulative distribution function (CDF) of the null
hypothesis distribution function and the empirical cumulative
distribution function (EDF), given by

EDF(cos ✓) =
1
n

nX

i=1

⇥ (cos ✓ � cos ✓i) , (12)

where n is the number of observed events cos ✓i. Note that,
in case of galactic plane angular distribution, the variable cos ✓
has to be changed into sin b. In the Kolmogorov-Smirnov test,
the Test Statistics (TS) is the maximum distance between the
previous two cumulative distribution functions and it is defined
as

TSKS ⌘ sup✓ |EDF(cos ✓) � CDF(cos ✓)| , (13)

whereas in the Anderson-Darling test the Test Statistics is given
by

TSAD ⌘ �n � 1
n

nX

i=1

(2i � 1) [ln (CDF(cos ✓i))

+ ln (1 � CDF(cos ✓n+1�i)] . (14)

In particular, this expression is very sensitive to the di↵erence
between the functions EDF and CDF at the two endpoints, sug-
gesting that the Anderson-Darling test is a suitable test for our
analysis (note that the Galactic Center is in correspondence of
cos ✓ = 1).

To take into account the atmospheric background, we con-
sider all possible di↵erent choices of 5 background events among
12, namely 12!/(5! 7!) = 792 combinations. Moreover, we in-
clude in our analysis the angular uncertainty a↵ecting the re-
construction of the arrival direction for IC events, which for the
shower-like topology is very large, namely of the order of 15�.
In particular, we treat the uncertainties on declination and right
ascension as maximum errors, and propagate them on the quan-
tity cos ✓. Note that for galactic plane scenario the variable to
be considered is the Galactic latitude b.

To consider in our statistical tests the above angular uncer-
tainty, for each choice of 5 background events, we consider 100
possible extractions of the 7 remaining events from their max-
imum error intervals using a uniform probability. In this way,
for the 100 di↵erent choices of observed events we compute the
corresponding TS values, which once compared with the null
hypothesis TS distribution, provide a range of p-values. Such a
range is finally averaged on the 792 di↵erent background com-
binations. In Table 1 we report such an average range for each
test. As we can see from Table 1, the IC data indicate that a

Scenario KS AD

Astrophysics
Gal. plane 0.007 - 0.008 not defined
Iso. dist. 0.20 - 0.55 0.17 - 0.54

DM decay
NFW 0.06 - 0.16 0.03 - 0.14
Isoth. 0.08 - 0.22 0.05 - 0.19

DM annih. NFW (0.3 � 0.9) ⇥ 10�4 (0.3 � 3.8) ⇥ 10�4

�2
0 = 104 Isoth. (0.9 � 2.8) ⇥ 10�3 (1.0 � 5.0) ⇥ 10�3

DM annih. NFW 0.02 - 0.05 0.02 - 0.07
�2

0 = 106 Isoth. 0.10 - 0.28 0.08 - 0.29
DM annih. NFW 0.19 - 0.54 0.17 - 0.53
�2

0 = 108 Isoth. 0.20 - 0.55 0.17 - 0.54

Table 1: Background average range of p-values for all the scenarios, using the
Kolmogorov-Smirnov and the Anderson-Darling tests.

correlation with the galactic plane is disfavored. Note that in
this case, the Anderson-Darling test is not well defined since its
CDF is vanishing within the region b < bgal (see Eq. (14)). It is
worth observing that varying the angular size bgal in the range
[2�, 4�] does not significantly change the p-value range reported
in the Table. Moreover, the DM annihilation scenario is already
excluded from IC data for both DM halo density profiles in case
of a small clumpiness factor (�2

0 = 104). On the other hand, for
a larger clumpiness factor (�2

0 = 108) we get a result similiar to
the one of the astrophysical isotropic distribution. This is due
to the fact that in this case the annihilating DM angular distri-
bution is almost isotropic. It is worth observing that due to a
certain lack of events from the Galactic Center, the NFW DM
profile that is more peaked in this central region results to be
more in tension with the observations than the Isothermal pro-
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to be more conservative we consider only the case correspond-
ing to a larger extragalactic contribution (↵ = 0), since in this
case the isotropic cosmological contribution results to be more
competitive with the Galactic term. It is worth observing that
including explicitly the IC e↵ective area in Eq. (6) does not
change this result, and the case with ↵ = 0 still represents the
most conservative scenario.
Similarly, one obtains the following angular distribution in case
of annihilating DM scenario

pann(cos ✓) /
Z 1

0
⇢2

h[r(s, cos ✓)]ds + (⌦DM⇢c)2 �2
0 �↵ , (9)

where �2
0 is the clumpiness factor [40] (see also Ref. [41]). The

quantity �2
0 ranges from 104 to 108 [42] depending on the model

considered. In our analysis we consider three particular cases
where �2

0 is equal to 104, 106 and 108 corresponding to an ex-
tragalactic contribution that is sub-dominant, comparable and
dominant with respect to the galactic one, respectively. How-
ever, recent studies like [43] state that the cumpliness factor �2

0
can be as large as few times 106, considering unphysical larger
values for such a quantity.

In our analysis, we consider two di↵erent DM galactic halo
profiles [41]: the Navarro-Frenk-White distribution

⇢NFW
h ' ⇢h

r/rc(1 + r/rc)2 , (10)

where rc ' 20 kpc and ⇢h = 0.33 GeVcm�3, and the Isothermal
distribution

⇢Isoth
h ' ⇢h

1 + (r/rc)2 , (11)

where rc ' 4.38 kpc and ⇢h = 1.39 GeVcm�3.
Since in each case the distributions depend on one angle

only, we can perform a one-dimensional statistical test. In par-
ticular, we use two di↵erent non-parametric statistical tests: the
Kolmogorov-Smirnov test (KS) [45] and the Anderson-Darling
test (AD) [46]. These statistical tests make a comparison be-
tween the cumulative distribution function (CDF) of the null
hypothesis distribution function and the empirical cumulative
distribution function (EDF), given by

EDF(cos ✓) =
1
n

nX

i=1

⇥ (cos ✓ � cos ✓i) , (12)

where n is the number of observed events cos ✓i. Note that,
in case of galactic plane angular distribution, the variable cos ✓
has to be changed into sin b. In the Kolmogorov-Smirnov test,
the Test Statistics (TS) is the maximum distance between the
previous two cumulative distribution functions and it is defined
as

TSKS ⌘ sup✓ |EDF(cos ✓) � CDF(cos ✓)| , (13)

whereas in the Anderson-Darling test the Test Statistics is given
by

TSAD ⌘ �n � 1
n

nX

i=1

(2i � 1) [ln (CDF(cos ✓i))

+ ln (1 � CDF(cos ✓n+1�i)] . (14)

In particular, this expression is very sensitive to the di↵erence
between the functions EDF and CDF at the two endpoints, sug-
gesting that the Anderson-Darling test is a suitable test for our
analysis (note that the Galactic Center is in correspondence of
cos ✓ = 1).

To take into account the atmospheric background, we con-
sider all possible di↵erent choices of 5 background events among
12, namely 12!/(5! 7!) = 792 combinations. Moreover, we in-
clude in our analysis the angular uncertainty a↵ecting the re-
construction of the arrival direction for IC events, which for the
shower-like topology is very large, namely of the order of 15�.
In particular, we treat the uncertainties on declination and right
ascension as maximum errors, and propagate them on the quan-
tity cos ✓. Note that for galactic plane scenario the variable to
be considered is the Galactic latitude b.

To consider in our statistical tests the above angular uncer-
tainty, for each choice of 5 background events, we consider 100
possible extractions of the 7 remaining events from their max-
imum error intervals using a uniform probability. In this way,
for the 100 di↵erent choices of observed events we compute the
corresponding TS values, which once compared with the null
hypothesis TS distribution, provide a range of p-values. Such a
range is finally averaged on the 792 di↵erent background com-
binations. In Table 1 we report such an average range for each
test. As we can see from Table 1, the IC data indicate that a

Scenario KS AD

Astrophysics
Gal. plane 0.007 - 0.008 not defined
Iso. dist. 0.20 - 0.55 0.17 - 0.54

DM decay
NFW 0.06 - 0.16 0.03 - 0.14
Isoth. 0.08 - 0.22 0.05 - 0.19

DM annih. NFW (0.3 � 0.9) ⇥ 10�4 (0.3 � 3.8) ⇥ 10�4

�2
0 = 104 Isoth. (0.9 � 2.8) ⇥ 10�3 (1.0 � 5.0) ⇥ 10�3

DM annih. NFW 0.02 - 0.05 0.02 - 0.07
�2

0 = 106 Isoth. 0.10 - 0.28 0.08 - 0.29
DM annih. NFW 0.19 - 0.54 0.17 - 0.53
�2

0 = 108 Isoth. 0.20 - 0.55 0.17 - 0.54

Table 1: Background average range of p-values for all the scenarios, using the
Kolmogorov-Smirnov and the Anderson-Darling tests.

correlation with the galactic plane is disfavored. Note that in
this case, the Anderson-Darling test is not well defined since its
CDF is vanishing within the region b < bgal (see Eq. (14)). It is
worth observing that varying the angular size bgal in the range
[2�, 4�] does not significantly change the p-value range reported
in the Table. Moreover, the DM annihilation scenario is already
excluded from IC data for both DM halo density profiles in case
of a small clumpiness factor (�2

0 = 104). On the other hand, for
a larger clumpiness factor (�2

0 = 108) we get a result similiar to
the one of the astrophysical isotropic distribution. This is due
to the fact that in this case the annihilating DM angular distri-
bution is almost isotropic. It is worth observing that due to a
certain lack of events from the Galactic Center, the NFW DM
profile that is more peaked in this central region results to be
more in tension with the observations than the Isothermal pro-
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to be more conservative we consider only the case correspond-
ing to a larger extragalactic contribution (↵ = 0), since in this
case the isotropic cosmological contribution results to be more
competitive with the Galactic term. It is worth observing that
including explicitly the IC e↵ective area in Eq. (6) does not
change this result, and the case with ↵ = 0 still represents the
most conservative scenario.
Similarly, one obtains the following angular distribution in case
of annihilating DM scenario

pann(cos ✓) /
Z 1

0
⇢2

h[r(s, cos ✓)]ds + (⌦DM⇢c)2 �2
0 �↵ , (9)

where �2
0 is the clumpiness factor [40] (see also Ref. [41]). The

quantity �2
0 ranges from 104 to 108 [42] depending on the model

considered. In our analysis we consider three particular cases
where �2

0 is equal to 104, 106 and 108 corresponding to an ex-
tragalactic contribution that is sub-dominant, comparable and
dominant with respect to the galactic one, respectively. How-
ever, recent studies like [43] state that the cumpliness factor �2

0
can be as large as few times 106, considering unphysical larger
values for such a quantity.

In our analysis, we consider two di↵erent DM galactic halo
profiles [41]: the Navarro-Frenk-White distribution

⇢NFW
h ' ⇢h

r/rc(1 + r/rc)2 , (10)

where rc ' 20 kpc and ⇢h = 0.33 GeVcm�3, and the Isothermal
distribution

⇢Isoth
h ' ⇢h

1 + (r/rc)2 , (11)

where rc ' 4.38 kpc and ⇢h = 1.39 GeVcm�3.
Since in each case the distributions depend on one angle

only, we can perform a one-dimensional statistical test. In par-
ticular, we use two di↵erent non-parametric statistical tests: the
Kolmogorov-Smirnov test (KS) [45] and the Anderson-Darling
test (AD) [46]. These statistical tests make a comparison be-
tween the cumulative distribution function (CDF) of the null
hypothesis distribution function and the empirical cumulative
distribution function (EDF), given by

EDF(cos ✓) =
1
n

nX

i=1

⇥ (cos ✓ � cos ✓i) , (12)

where n is the number of observed events cos ✓i. Note that,
in case of galactic plane angular distribution, the variable cos ✓
has to be changed into sin b. In the Kolmogorov-Smirnov test,
the Test Statistics (TS) is the maximum distance between the
previous two cumulative distribution functions and it is defined
as

TSKS ⌘ sup✓ |EDF(cos ✓) � CDF(cos ✓)| , (13)

whereas in the Anderson-Darling test the Test Statistics is given
by

TSAD ⌘ �n � 1
n

nX

i=1

(2i � 1) [ln (CDF(cos ✓i))

+ ln (1 � CDF(cos ✓n+1�i)] . (14)

In particular, this expression is very sensitive to the di↵erence
between the functions EDF and CDF at the two endpoints, sug-
gesting that the Anderson-Darling test is a suitable test for our
analysis (note that the Galactic Center is in correspondence of
cos ✓ = 1).

To take into account the atmospheric background, we con-
sider all possible di↵erent choices of 5 background events among
12, namely 12!/(5! 7!) = 792 combinations. Moreover, we in-
clude in our analysis the angular uncertainty a↵ecting the re-
construction of the arrival direction for IC events, which for the
shower-like topology is very large, namely of the order of 15�.
In particular, we treat the uncertainties on declination and right
ascension as maximum errors, and propagate them on the quan-
tity cos ✓. Note that for galactic plane scenario the variable to
be considered is the Galactic latitude b.

To consider in our statistical tests the above angular uncer-
tainty, for each choice of 5 background events, we consider 100
possible extractions of the 7 remaining events from their max-
imum error intervals using a uniform probability. In this way,
for the 100 di↵erent choices of observed events we compute the
corresponding TS values, which once compared with the null
hypothesis TS distribution, provide a range of p-values. Such a
range is finally averaged on the 792 di↵erent background com-
binations. In Table 1 we report such an average range for each
test. As we can see from Table 1, the IC data indicate that a

Scenario KS AD

Astrophysics
Gal. plane 0.007 - 0.008 not defined
Iso. dist. 0.20 - 0.55 0.17 - 0.54

DM decay
NFW 0.06 - 0.16 0.03 - 0.14
Isoth. 0.08 - 0.22 0.05 - 0.19

DM annih. NFW (0.3 � 0.9) ⇥ 10�4 (0.3 � 3.8) ⇥ 10�4

�2
0 = 104 Isoth. (0.9 � 2.8) ⇥ 10�3 (1.0 � 5.0) ⇥ 10�3

DM annih. NFW 0.02 - 0.05 0.02 - 0.07
�2

0 = 106 Isoth. 0.10 - 0.28 0.08 - 0.29
DM annih. NFW 0.19 - 0.54 0.17 - 0.53
�2

0 = 108 Isoth. 0.20 - 0.55 0.17 - 0.54

Table 1: Background average range of p-values for all the scenarios, using the
Kolmogorov-Smirnov and the Anderson-Darling tests.

correlation with the galactic plane is disfavored. Note that in
this case, the Anderson-Darling test is not well defined since its
CDF is vanishing within the region b < bgal (see Eq. (14)). It is
worth observing that varying the angular size bgal in the range
[2�, 4�] does not significantly change the p-value range reported
in the Table. Moreover, the DM annihilation scenario is already
excluded from IC data for both DM halo density profiles in case
of a small clumpiness factor (�2

0 = 104). On the other hand, for
a larger clumpiness factor (�2

0 = 108) we get a result similiar to
the one of the astrophysical isotropic distribution. This is due
to the fact that in this case the annihilating DM angular distri-
bution is almost isotropic. It is worth observing that due to a
certain lack of events from the Galactic Center, the NFW DM
profile that is more peaked in this central region results to be
more in tension with the observations than the Isothermal pro-
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to be more conservative we consider only the case correspond-
ing to a larger extragalactic contribution (↵ = 0), since in this
case the isotropic cosmological contribution results to be more
competitive with the Galactic term. It is worth observing that
including explicitly the IC e↵ective area in Eq. (6) does not
change this result, and the case with ↵ = 0 still represents the
most conservative scenario.
Similarly, one obtains the following angular distribution in case
of annihilating DM scenario

pann(cos ✓) /
Z 1

0
⇢2

h[r(s, cos ✓)]ds + (⌦DM⇢c)2 �2
0 �↵ , (9)

where �2
0 is the clumpiness factor [40] (see also Ref. [41]). The

quantity �2
0 ranges from 104 to 108 [42] depending on the model

considered. In our analysis we consider three particular cases
where �2

0 is equal to 104, 106 and 108 corresponding to an ex-
tragalactic contribution that is sub-dominant, comparable and
dominant with respect to the galactic one, respectively. How-
ever, recent studies like [43] state that the cumpliness factor �2

0
can be as large as few times 106, considering unphysical larger
values for such a quantity.

In our analysis, we consider two di↵erent DM galactic halo
profiles [41]: the Navarro-Frenk-White distribution

⇢NFW
h ' ⇢h

r/rc(1 + r/rc)2 , (10)

where rc ' 20 kpc and ⇢h = 0.33 GeVcm�3, and the Isothermal
distribution

⇢Isoth
h ' ⇢h

1 + (r/rc)2 , (11)

where rc ' 4.38 kpc and ⇢h = 1.39 GeVcm�3.
Since in each case the distributions depend on one angle

only, we can perform a one-dimensional statistical test. In par-
ticular, we use two di↵erent non-parametric statistical tests: the
Kolmogorov-Smirnov test (KS) [45] and the Anderson-Darling
test (AD) [46]. These statistical tests make a comparison be-
tween the cumulative distribution function (CDF) of the null
hypothesis distribution function and the empirical cumulative
distribution function (EDF), given by

EDF(cos ✓) =
1
n

nX

i=1

⇥ (cos ✓ � cos ✓i) , (12)

where n is the number of observed events cos ✓i. Note that,
in case of galactic plane angular distribution, the variable cos ✓
has to be changed into sin b. In the Kolmogorov-Smirnov test,
the Test Statistics (TS) is the maximum distance between the
previous two cumulative distribution functions and it is defined
as

TSKS ⌘ sup✓ |EDF(cos ✓) � CDF(cos ✓)| , (13)

whereas in the Anderson-Darling test the Test Statistics is given
by

TSAD ⌘ �n � 1
n

nX

i=1

(2i � 1) [ln (CDF(cos ✓i))

+ ln (1 � CDF(cos ✓n+1�i)] . (14)

In particular, this expression is very sensitive to the di↵erence
between the functions EDF and CDF at the two endpoints, sug-
gesting that the Anderson-Darling test is a suitable test for our
analysis (note that the Galactic Center is in correspondence of
cos ✓ = 1).

To take into account the atmospheric background, we con-
sider all possible di↵erent choices of 5 background events among
12, namely 12!/(5! 7!) = 792 combinations. Moreover, we in-
clude in our analysis the angular uncertainty a↵ecting the re-
construction of the arrival direction for IC events, which for the
shower-like topology is very large, namely of the order of 15�.
In particular, we treat the uncertainties on declination and right
ascension as maximum errors, and propagate them on the quan-
tity cos ✓. Note that for galactic plane scenario the variable to
be considered is the Galactic latitude b.

To consider in our statistical tests the above angular uncer-
tainty, for each choice of 5 background events, we consider 100
possible extractions of the 7 remaining events from their max-
imum error intervals using a uniform probability. In this way,
for the 100 di↵erent choices of observed events we compute the
corresponding TS values, which once compared with the null
hypothesis TS distribution, provide a range of p-values. Such a
range is finally averaged on the 792 di↵erent background com-
binations. In Table 1 we report such an average range for each
test. As we can see from Table 1, the IC data indicate that a

Scenario KS AD

Astrophysics
Gal. plane 0.007 - 0.008 not defined
Iso. dist. 0.20 - 0.55 0.17 - 0.54

DM decay
NFW 0.06 - 0.16 0.03 - 0.14
Isoth. 0.08 - 0.22 0.05 - 0.19

DM annih. NFW (0.3 � 0.9) ⇥ 10�4 (0.3 � 3.8) ⇥ 10�4

�2
0 = 104 Isoth. (0.9 � 2.8) ⇥ 10�3 (1.0 � 5.0) ⇥ 10�3

DM annih. NFW 0.02 - 0.05 0.02 - 0.07
�2

0 = 106 Isoth. 0.10 - 0.28 0.08 - 0.29
DM annih. NFW 0.19 - 0.54 0.17 - 0.53
�2

0 = 108 Isoth. 0.20 - 0.55 0.17 - 0.54

Table 1: Background average range of p-values for all the scenarios, using the
Kolmogorov-Smirnov and the Anderson-Darling tests.

correlation with the galactic plane is disfavored. Note that in
this case, the Anderson-Darling test is not well defined since its
CDF is vanishing within the region b < bgal (see Eq. (14)). It is
worth observing that varying the angular size bgal in the range
[2�, 4�] does not significantly change the p-value range reported
in the Table. Moreover, the DM annihilation scenario is already
excluded from IC data for both DM halo density profiles in case
of a small clumpiness factor (�2

0 = 104). On the other hand, for
a larger clumpiness factor (�2

0 = 108) we get a result similiar to
the one of the astrophysical isotropic distribution. This is due
to the fact that in this case the annihilating DM angular distri-
bution is almost isotropic. It is worth observing that due to a
certain lack of events from the Galactic Center, the NFW DM
profile that is more peaked in this central region results to be
more in tension with the observations than the Isothermal pro-
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to be more conservative we consider only the case correspond-
ing to a larger extragalactic contribution (↵ = 0), since in this
case the isotropic cosmological contribution results to be more
competitive with the Galactic term. It is worth observing that
including explicitly the IC e↵ective area in Eq. (6) does not
change this result, and the case with ↵ = 0 still represents the
most conservative scenario.
Similarly, one obtains the following angular distribution in case
of annihilating DM scenario

pann(cos ✓) /
Z 1

0
⇢2

h[r(s, cos ✓)]ds + (⌦DM⇢c)2 �2
0 �↵ , (9)

where �2
0 is the clumpiness factor [40] (see also Ref. [41]). The

quantity �2
0 ranges from 104 to 108 [42] depending on the model

considered. In our analysis we consider three particular cases
where �2

0 is equal to 104, 106 and 108 corresponding to an ex-
tragalactic contribution that is sub-dominant, comparable and
dominant with respect to the galactic one, respectively. How-
ever, recent studies like [43] state that the cumpliness factor �2

0
can be as large as few times 106, considering unphysical larger
values for such a quantity.

In our analysis, we consider two di↵erent DM galactic halo
profiles [41]: the Navarro-Frenk-White distribution

⇢NFW
h ' ⇢h

r/rc(1 + r/rc)2 , (10)

where rc ' 20 kpc and ⇢h = 0.33 GeVcm�3, and the Isothermal
distribution

⇢Isoth
h ' ⇢h

1 + (r/rc)2 , (11)

where rc ' 4.38 kpc and ⇢h = 1.39 GeVcm�3.
Since in each case the distributions depend on one angle

only, we can perform a one-dimensional statistical test. In par-
ticular, we use two di↵erent non-parametric statistical tests: the
Kolmogorov-Smirnov test (KS) [45] and the Anderson-Darling
test (AD) [46]. These statistical tests make a comparison be-
tween the cumulative distribution function (CDF) of the null
hypothesis distribution function and the empirical cumulative
distribution function (EDF), given by

EDF(cos ✓) =
1
n

nX

i=1

⇥ (cos ✓ � cos ✓i) , (12)

where n is the number of observed events cos ✓i. Note that,
in case of galactic plane angular distribution, the variable cos ✓
has to be changed into sin b. In the Kolmogorov-Smirnov test,
the Test Statistics (TS) is the maximum distance between the
previous two cumulative distribution functions and it is defined
as

TSKS ⌘ sup✓ |EDF(cos ✓) � CDF(cos ✓)| , (13)

whereas in the Anderson-Darling test the Test Statistics is given
by

TSAD ⌘ �n � 1
n

nX

i=1

(2i � 1) [ln (CDF(cos ✓i))

+ ln (1 � CDF(cos ✓n+1�i)] . (14)

In particular, this expression is very sensitive to the di↵erence
between the functions EDF and CDF at the two endpoints, sug-
gesting that the Anderson-Darling test is a suitable test for our
analysis (note that the Galactic Center is in correspondence of
cos ✓ = 1).

To take into account the atmospheric background, we con-
sider all possible di↵erent choices of 5 background events among
12, namely 12!/(5! 7!) = 792 combinations. Moreover, we in-
clude in our analysis the angular uncertainty a↵ecting the re-
construction of the arrival direction for IC events, which for the
shower-like topology is very large, namely of the order of 15�.
In particular, we treat the uncertainties on declination and right
ascension as maximum errors, and propagate them on the quan-
tity cos ✓. Note that for galactic plane scenario the variable to
be considered is the Galactic latitude b.

To consider in our statistical tests the above angular uncer-
tainty, for each choice of 5 background events, we consider 100
possible extractions of the 7 remaining events from their max-
imum error intervals using a uniform probability. In this way,
for the 100 di↵erent choices of observed events we compute the
corresponding TS values, which once compared with the null
hypothesis TS distribution, provide a range of p-values. Such a
range is finally averaged on the 792 di↵erent background com-
binations. In Table 1 we report such an average range for each
test. As we can see from Table 1, the IC data indicate that a

Scenario KS AD

Astrophysics
Gal. plane 0.007 - 0.008 not defined
Iso. dist. 0.20 - 0.55 0.17 - 0.54

DM decay
NFW 0.06 - 0.16 0.03 - 0.14
Isoth. 0.08 - 0.22 0.05 - 0.19

DM annih. NFW (0.3 � 0.9) ⇥ 10�4 (0.3 � 3.8) ⇥ 10�4

�2
0 = 104 Isoth. (0.9 � 2.8) ⇥ 10�3 (1.0 � 5.0) ⇥ 10�3

DM annih. NFW 0.02 - 0.05 0.02 - 0.07
�2

0 = 106 Isoth. 0.10 - 0.28 0.08 - 0.29
DM annih. NFW 0.19 - 0.54 0.17 - 0.53
�2

0 = 108 Isoth. 0.20 - 0.55 0.17 - 0.54

Table 1: Background average range of p-values for all the scenarios, using the
Kolmogorov-Smirnov and the Anderson-Darling tests.

correlation with the galactic plane is disfavored. Note that in
this case, the Anderson-Darling test is not well defined since its
CDF is vanishing within the region b < bgal (see Eq. (14)). It is
worth observing that varying the angular size bgal in the range
[2�, 4�] does not significantly change the p-value range reported
in the Table. Moreover, the DM annihilation scenario is already
excluded from IC data for both DM halo density profiles in case
of a small clumpiness factor (�2

0 = 104). On the other hand, for
a larger clumpiness factor (�2

0 = 108) we get a result similiar to
the one of the astrophysical isotropic distribution. This is due
to the fact that in this case the annihilating DM angular distri-
bution is almost isotropic. It is worth observing that due to a
certain lack of events from the Galactic Center, the NFW DM
profile that is more peaked in this central region results to be
more in tension with the observations than the Isothermal pro-
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to be more conservative we consider only the case correspond-
ing to a larger extragalactic contribution (↵ = 0), since in this
case the isotropic cosmological contribution results to be more
competitive with the Galactic term. It is worth observing that
including explicitly the IC e↵ective area in Eq. (6) does not
change this result, and the case with ↵ = 0 still represents the
most conservative scenario.
Similarly, one obtains the following angular distribution in case
of annihilating DM scenario

pann(cos ✓) /
Z 1
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h[r(s, cos ✓)]ds + (⌦DM⇢c)2 �2
0 �↵ , (9)

where �2
0 is the clumpiness factor [40] (see also Ref. [41]). The
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considered. In our analysis we consider three particular cases
where �2

0 is equal to 104, 106 and 108 corresponding to an ex-
tragalactic contribution that is sub-dominant, comparable and
dominant with respect to the galactic one, respectively. How-
ever, recent studies like [43] state that the cumpliness factor �2

0
can be as large as few times 106, considering unphysical larger
values for such a quantity.

In our analysis, we consider two di↵erent DM galactic halo
profiles [41]: the Navarro-Frenk-White distribution
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h ' ⇢h

r/rc(1 + r/rc)2 , (10)

where rc ' 20 kpc and ⇢h = 0.33 GeVcm�3, and the Isothermal
distribution

⇢Isoth
h ' ⇢h

1 + (r/rc)2 , (11)

where rc ' 4.38 kpc and ⇢h = 1.39 GeVcm�3.
Since in each case the distributions depend on one angle

only, we can perform a one-dimensional statistical test. In par-
ticular, we use two di↵erent non-parametric statistical tests: the
Kolmogorov-Smirnov test (KS) [45] and the Anderson-Darling
test (AD) [46]. These statistical tests make a comparison be-
tween the cumulative distribution function (CDF) of the null
hypothesis distribution function and the empirical cumulative
distribution function (EDF), given by

EDF(cos ✓) =
1
n

nX

i=1

⇥ (cos ✓ � cos ✓i) , (12)

where n is the number of observed events cos ✓i. Note that,
in case of galactic plane angular distribution, the variable cos ✓
has to be changed into sin b. In the Kolmogorov-Smirnov test,
the Test Statistics (TS) is the maximum distance between the
previous two cumulative distribution functions and it is defined
as

TSKS ⌘ sup✓ |EDF(cos ✓) � CDF(cos ✓)| , (13)

whereas in the Anderson-Darling test the Test Statistics is given
by
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(2i � 1) [ln (CDF(cos ✓i))
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In particular, this expression is very sensitive to the di↵erence
between the functions EDF and CDF at the two endpoints, sug-
gesting that the Anderson-Darling test is a suitable test for our
analysis (note that the Galactic Center is in correspondence of
cos ✓ = 1).

To take into account the atmospheric background, we con-
sider all possible di↵erent choices of 5 background events among
12, namely 12!/(5! 7!) = 792 combinations. Moreover, we in-
clude in our analysis the angular uncertainty a↵ecting the re-
construction of the arrival direction for IC events, which for the
shower-like topology is very large, namely of the order of 15�.
In particular, we treat the uncertainties on declination and right
ascension as maximum errors, and propagate them on the quan-
tity cos ✓. Note that for galactic plane scenario the variable to
be considered is the Galactic latitude b.

To consider in our statistical tests the above angular uncer-
tainty, for each choice of 5 background events, we consider 100
possible extractions of the 7 remaining events from their max-
imum error intervals using a uniform probability. In this way,
for the 100 di↵erent choices of observed events we compute the
corresponding TS values, which once compared with the null
hypothesis TS distribution, provide a range of p-values. Such a
range is finally averaged on the 792 di↵erent background com-
binations. In Table 1 we report such an average range for each
test. As we can see from Table 1, the IC data indicate that a
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Gal. plane 0.007 - 0.008 not defined
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Table 1: Background average range of p-values for all the scenarios, using the
Kolmogorov-Smirnov and the Anderson-Darling tests.

correlation with the galactic plane is disfavored. Note that in
this case, the Anderson-Darling test is not well defined since its
CDF is vanishing within the region b < bgal (see Eq. (14)). It is
worth observing that varying the angular size bgal in the range
[2�, 4�] does not significantly change the p-value range reported
in the Table. Moreover, the DM annihilation scenario is already
excluded from IC data for both DM halo density profiles in case
of a small clumpiness factor (�2

0 = 104). On the other hand, for
a larger clumpiness factor (�2

0 = 108) we get a result similiar to
the one of the astrophysical isotropic distribution. This is due
to the fact that in this case the annihilating DM angular distri-
bution is almost isotropic. It is worth observing that due to a
certain lack of events from the Galactic Center, the NFW DM
profile that is more peaked in this central region results to be
more in tension with the observations than the Isothermal pro-
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file. This results in smaller p-values for NFW with respect to
Isothermal as shown in the Table, such di↵erence is exacerbated
for annihilating DM scenario.

3. Forecast

It is of interest to ask about the statistics required (number
of events) in order to distinguish, at a certain confidence level, a
DM induced distribution from an isotropic one. To answer this
question we perform a forecast analysis restricted to decaying
DM scenario and annihilating DM one with �2

0 = 106 that are
not already excluded by present data. For a given number of
events, we generate 105 sets of data (in the 60 - 100 TeV energy
range) according to the isotropic distribution, and perform the
two statistical tests under null hypothesis that the data samples
come from a decaying DM distribution or from an annihilating
DM one. For simplicity we assume that each data sample is not
a↵ected by the background. To include the background e↵ect in
the forecast analysis one can simply increase our “predictions”
by a factor of ⇠ 12/7 as suggested by present data.

By varying in the set of 105 data samples we get a distribu-
tion of p-value for which it can be defined the p-value at 68%
Confidence Level (C.L.). This value represents the upper bound
for p-values in 68% of cases. In Figure 3 we report the p-value
at 68% C.L. as function of the number of signal events (no back-
ground) in case of decaying DM scenario. As expected, the

Figure 3: Forecast analysis in case of decaying DM scenario for NFW (blue,
lower) and Isothermal (red, upper) halo density profiles. The solid (dashed)
lines are related to the Anderson-Darling (Kolmogorov-Smirnov) statistical
test.

Anderson-Darling statistical test (solid lines) is more appropri-
ate than the Kolmogorov-Smirnov one (dashed lines). Indeed,
the p-value falls down to zero very rapidly. Assuming that the
p-value required to exclude a model is O(10�3), we see that the
decaying DM scenario will be completely excluded only when
a O(200) number of signal events is collected in the energy bin
60 - 100 TeV. It is worth noticing that the NFW density profile,
since more spatially concentrated around the Galactic Center,
requires a small number of signal events, namely O(100), to be
excluded with respect to the Isothermal profile. The forecast
analysis in case of annihilating DM scenario with intermediate

Figure 4: Forecast analysis in case of annihilating DM scenario with clumpi-
ness factor �2

0 = 106 for NFW (blue, lower) and Isothermal (red, upper) halo
density profiles. The solid (dashed) lines are related to the Anderson-Darling
(Kolmogorov-Smirnov) statistical test.

value of clumpiness
⇣
�2

0 = 106
⌘

is shown in Figure 4. In partic-
ular, we have obtained that in order to exclude such a scenario
the required number of signal events is O(300). Such a huge
statistics, even though cannot be reached in the present exper-
imental set up, could be eventually reached in future Neutrino
Telescopes [47, 48].

4. Conclusions and outlook

In this Letter we have analyzed the 60 � 100 TeV bin of
IceCube data that seems to suggest the presence of a ⇠ 2�
excess once the sum of the background (atmospheric neutri-
nos and muons) and an astrophysical component described by
a E�2

⌫ power-law is subtracted. In order to get information on
the possible origin of such an excess, we have compared the
distribution of the arrival directions of IceCube data with the
angular distributions of simply distributed astrophysical galac-
tic/extragalactic sources (galactic plane/isotropic distribution),
as well as with the expected flux coming from DM interactions
(decay and annihilation) for di↵erent DM profiles. The statisti-
cal analysis performed by means of Kolmogorov-Smirnov and
Anderson-Darling tests of hypothesis seems to disfavor the cor-
relation with the galactic plane, whereas excludes the annihilat-
ing DM scenario for both NFW and Isothermal density profiles
in case of a small clumpiness factor (�2

0 = 104). The small
number of events till now collected does not allow to distin-
guish between the case of an isotropic distribution (astrophys-
ical extragalactic sources and annihilating DM scenario with a
large clumpiness factor) and the remaining cases (DM decay
scenarios and DM annihilation ones with �2

0 = 106). In this
concern we have performed a forecast analysis and we have
found that O(200) (O(300)) signal events are required in order
to exclude the decaying DM scenario (annihilating DM sce-
nario with �2

0 = 106). If the lack of neutrino events towards
the Galactic Center is confirmed by future data, the NFW de-
caying DM scenario will be more easily excluded.

5

file. This results in smaller p-values for NFW with respect to
Isothermal as shown in the Table, such di↵erence is exacerbated
for annihilating DM scenario.

3. Forecast

It is of interest to ask about the statistics required (number
of events) in order to distinguish, at a certain confidence level, a
DM induced distribution from an isotropic one. To answer this
question we perform a forecast analysis restricted to decaying
DM scenario and annihilating DM one with �2

0 = 106 that are
not already excluded by present data. For a given number of
events, we generate 105 sets of data (in the 60 - 100 TeV energy
range) according to the isotropic distribution, and perform the
two statistical tests under null hypothesis that the data samples
come from a decaying DM distribution or from an annihilating
DM one. For simplicity we assume that each data sample is not
a↵ected by the background. To include the background e↵ect in
the forecast analysis one can simply increase our “predictions”
by a factor of ⇠ 12/7 as suggested by present data.

By varying in the set of 105 data samples we get a distribu-
tion of p-value for which it can be defined the p-value at 68%
Confidence Level (C.L.). This value represents the upper bound
for p-values in 68% of cases. In Figure 3 we report the p-value
at 68% C.L. as function of the number of signal events (no back-
ground) in case of decaying DM scenario. As expected, the

Figure 3: Forecast analysis in case of decaying DM scenario for NFW (blue,
lower) and Isothermal (red, upper) halo density profiles. The solid (dashed)
lines are related to the Anderson-Darling (Kolmogorov-Smirnov) statistical
test.

Anderson-Darling statistical test (solid lines) is more appropri-
ate than the Kolmogorov-Smirnov one (dashed lines). Indeed,
the p-value falls down to zero very rapidly. Assuming that the
p-value required to exclude a model is O(10�3), we see that the
decaying DM scenario will be completely excluded only when
a O(200) number of signal events is collected in the energy bin
60 - 100 TeV. It is worth noticing that the NFW density profile,
since more spatially concentrated around the Galactic Center,
requires a small number of signal events, namely O(100), to be
excluded with respect to the Isothermal profile. The forecast
analysis in case of annihilating DM scenario with intermediate

Figure 4: Forecast analysis in case of annihilating DM scenario with clumpi-
ness factor �2

0 = 106 for NFW (blue, lower) and Isothermal (red, upper) halo
density profiles. The solid (dashed) lines are related to the Anderson-Darling
(Kolmogorov-Smirnov) statistical test.

value of clumpiness
⇣
�2

0 = 106
⌘

is shown in Figure 4. In partic-
ular, we have obtained that in order to exclude such a scenario
the required number of signal events is O(300). Such a huge
statistics, even though cannot be reached in the present exper-
imental set up, could be eventually reached in future Neutrino
Telescopes [47, 48].

4. Conclusions and outlook

In this Letter we have analyzed the 60 � 100 TeV bin of
IceCube data that seems to suggest the presence of a ⇠ 2�
excess once the sum of the background (atmospheric neutri-
nos and muons) and an astrophysical component described by
a E�2

⌫ power-law is subtracted. In order to get information on
the possible origin of such an excess, we have compared the
distribution of the arrival directions of IceCube data with the
angular distributions of simply distributed astrophysical galac-
tic/extragalactic sources (galactic plane/isotropic distribution),
as well as with the expected flux coming from DM interactions
(decay and annihilation) for di↵erent DM profiles. The statisti-
cal analysis performed by means of Kolmogorov-Smirnov and
Anderson-Darling tests of hypothesis seems to disfavor the cor-
relation with the galactic plane, whereas excludes the annihilat-
ing DM scenario for both NFW and Isothermal density profiles
in case of a small clumpiness factor (�2

0 = 104). The small
number of events till now collected does not allow to distin-
guish between the case of an isotropic distribution (astrophys-
ical extragalactic sources and annihilating DM scenario with a
large clumpiness factor) and the remaining cases (DM decay
scenarios and DM annihilation ones with �2

0 = 106). In this
concern we have performed a forecast analysis and we have
found that O(200) (O(300)) signal events are required in order
to exclude the decaying DM scenario (annihilating DM sce-
nario with �2

0 = 106). If the lack of neutrino events towards
the Galactic Center is confirmed by future data, the NFW de-
caying DM scenario will be more easily excluded.

5

We generate 10^5 sets of data according to the isotropic distribu7on  

Then we perform the sta7s7cal tests under decaying or annihila7ng DM null hypothesis 

Forecast

decaying	DM annihilaVng	DM



18

104 105 106 107

Neutrino energy [GeV]

10�9

10�8

10�7

10�6

E
2

�
[G

eV
cm

�
2

sr
�
1

s�
1

]

E
dep

> 60 TeV (3 years)

This work (2 years)

Best-fit power law

WB bound

Starburst

Stecker AGN

FIG. 12. Unfolding the non-atmospheric excess as piecewise-
constant per-flavor fluxes E2�. The horizontal error bars
show the range of primary neutrino energies that contribute to
each bin, while the vertical error bars show the range of E2�
that change the �2� lnL test statistic by less than 1. The
black points show the fit to the data sample presented here;
the light grey data points are from the 3-year data sample of
[7], shifted slightly to the right for better visibility. Above the
highest observed energy, the error bars provide upper limits
on the flux; these are less constraining than the upper lim-
its of [82] above 10 PeV. The thin lines show models for the
di↵use astrophysical neutrino background: the upper bound
from the total luminosity of EeV cosmic rays from [60] (blue),
the starburst galaxy model of [46] (green), and the AGN core
emission model of [40] (purple).

Figure 1: The upper panel shows the excess in the number of IceCube neu-
trino events with respect to the sum of the background (atmospheric neutrinos
and muons) and an astrophysical component described by a E�2

⌫ power-law, as
function of the neutrino energy. In the lower panel, we report the same excess in
the whole neutrino flux (summed on all flavors) once that the average e↵ective
area of the particular energy bin and 1347 days of data taking have been taken
into account.

Starting from the excess in the number of events one can
obtain the corresponding quantity for the whole neutrino flux
(summed on all flavors) once the e↵ective area of the detector is
taken into account [1]. In Figure 1 (lower panel) we report such
a flux as a function of the neutrino energy. As already discussed
in Ref. [18], we assume for simplicity the equality between the
deposited and neutrino energy due to low statistics at our dis-
posal. At the energy scale O(100) TeV, this is not strictly true
for neutral current interactions [19]. When a significant statis-
tics is collected, the average ratio between the two energies,
which is of the order of (97%�CC + 23%�NC)/(�CC + �NC) ⇠
75%, could be applied.

In this Letter we assume that the above excess, mainly con-
centrated in the energy range 60 - 100 TeV, has a genuine phys-
ical origin. Under this ansatz, it is worth pursuing, for this en-
ergy bin, a study in order to unveil the nature of such an excess.
We perform our analysis assuming as null hypothesis one of the
following alternatives for the source of the IC data:
i) astrophysical, which can be investigated by studying, in first
approximation, the correlation with the galactic plane or with
an isotropic distribution for galactic or extragalactic astrophys-

ical sources, respectively;
ii) induced by Dark Matter via decay or annihilation, hence re-
lated to the first or second power of the particular Dark Matter
(DM) density profile adopted.
Moreover, even though the small number of events already de-
tected does not allow to exclude all DM scenarios, one can
perform a forecast analysis in order to determine the required
statistics.

In order to compare the IC observations with possible DM
predictions we consider both decaying and stable Dark Matter
cases. In the first case, 60 � 100 TeV neutrinos detected at Ice-
Cube would be originated directly from the decay of the DM
particles, while for a stable DM particle neutrinos are only pro-
duced via annihilation. In both cases the resulting neutrino flux
would be composed by both a galactic and an extragalactic DM
component. Di↵erent approaches proposed in literature [18, 20,
21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34] have stud-
ied the possible presence of DM hints in the PeV range, namely
for the most energetic IC events. Here we take an alternative
point of view, assuming that PeV events have bottom-up ori-
gin and considering for lower energy data a possible top-down
origin due to DM particles with mass scale O(100) TeV. Inde-
pendently of the mass scale and of the DM couplings, neutrinos
originated from DM would have an angular distribution that is
more peaked around the Galactic Center where a higher DM
density is expected. This is true in particular when assuming
an annihilating DM, because of the squared enhancement fac-
tor. Of course, this e↵ect is dependent on the assumed DM
galactic halo profiles; for example, one could take the Navarro-
Frenk-White profile (NFW) [35] or di↵erent distributions like
the Isothermal profile (Isoth.), which implies a more isotropic
flux.

2. The analysis

In order to infer about the physical origin of the excess we
compare the angular distribution of the observed events in the
energy bin 60 - 100 TeV (in the following we discuss the proce-
dure to take into account the presence of the background and
of the experimental errors) with the angular distributions of
astrophysical galactic sources (galactic plane) and extragalac-
tic ones (isotropic distribution), as well as with the expected
flux coming from DM interactions (decay and annihilation). In
this approach the astrophysical E�2 power-law contribution is
regarded just as an additional term to the background events
counting for atmospheric neutrinos and muons. For this rea-
son hereafter we denote as background the sum of atmospheric
neutrinos, muons and neutrinos coming from the astrophysical
E�2 power-law. Moreover, due to the small number of events
collected till now in the energy bin under study, in this analy-
sis we take the simplicity assumption to consider just one ad-
ditional component to neutrino background at a time (alterna-
tive scenarios i) or ii) of previous section) to explain the ex-
cess. This allows us to be more predictive even though more
involved scenarios can be proposed where the excess in neu-
trino flux can be explained in terms of several components of
di↵erent origin. Other analyses have already been presented in
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[7], shifted slightly to the right for better visibility. Above the
highest observed energy, the error bars provide upper limits
on the flux; these are less constraining than the upper lim-
its of [82] above 10 PeV. The thin lines show models for the
di↵use astrophysical neutrino background: the upper bound
from the total luminosity of EeV cosmic rays from [60] (blue),
the starburst galaxy model of [46] (green), and the AGN core
emission model of [40] (purple).
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Figure 1: The upper panel shows the excess in the number of IceCube neu-
trino events with respect to the sum of the background (atmospheric neutrinos
and muons) and an astrophysical component described by a E�2

⌫ power-law, as
function of the neutrino energy. In the lower panel, we report the same excess in
the whole neutrino flux (summed on all flavors) once that the average e↵ective
area of the particular energy bin and 1347 days of data taking have been taken
into account.

Starting from the excess in the number of events one can
obtain the corresponding quantity for the whole neutrino flux
(summed on all flavors) once the e↵ective area of the detector is
taken into account [1]. In Figure 1 (lower panel) we report such
a flux as a function of the neutrino energy. As already discussed
in Ref. [18], we assume for simplicity the equality between the
deposited and neutrino energy due to low statistics at our dis-
posal. At the energy scale O(100) TeV, this is not strictly true
for neutral current interactions [19]. When a significant statis-
tics is collected, the average ratio between the two energies,
which is of the order of (97%�CC + 23%�NC)/(�CC + �NC) ⇠
75%, could be applied.

In this Letter we assume that the above excess, mainly con-
centrated in the energy range 60 - 100 TeV, has a genuine phys-
ical origin. Under this ansatz, it is worth pursuing, for this en-
ergy bin, a study in order to unveil the nature of such an excess.
We perform our analysis assuming as null hypothesis one of the
following alternatives for the source of the IC data:
i) astrophysical, which can be investigated by studying, in first
approximation, the correlation with the galactic plane or with
an isotropic distribution for galactic or extragalactic astrophys-

ical sources, respectively;
ii) induced by Dark Matter via decay or annihilation, hence re-
lated to the first or second power of the particular Dark Matter
(DM) density profile adopted.
Moreover, even though the small number of events already de-
tected does not allow to exclude all DM scenarios, one can
perform a forecast analysis in order to determine the required
statistics.

In order to compare the IC observations with possible DM
predictions we consider both decaying and stable Dark Matter
cases. In the first case, 60 � 100 TeV neutrinos detected at Ice-
Cube would be originated directly from the decay of the DM
particles, while for a stable DM particle neutrinos are only pro-
duced via annihilation. In both cases the resulting neutrino flux
would be composed by both a galactic and an extragalactic DM
component. Di↵erent approaches proposed in literature [18, 20,
21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34] have stud-
ied the possible presence of DM hints in the PeV range, namely
for the most energetic IC events. Here we take an alternative
point of view, assuming that PeV events have bottom-up ori-
gin and considering for lower energy data a possible top-down
origin due to DM particles with mass scale O(100) TeV. Inde-
pendently of the mass scale and of the DM couplings, neutrinos
originated from DM would have an angular distribution that is
more peaked around the Galactic Center where a higher DM
density is expected. This is true in particular when assuming
an annihilating DM, because of the squared enhancement fac-
tor. Of course, this e↵ect is dependent on the assumed DM
galactic halo profiles; for example, one could take the Navarro-
Frenk-White profile (NFW) [35] or di↵erent distributions like
the Isothermal profile (Isoth.), which implies a more isotropic
flux.

2. The analysis

In order to infer about the physical origin of the excess we
compare the angular distribution of the observed events in the
energy bin 60 - 100 TeV (in the following we discuss the proce-
dure to take into account the presence of the background and
of the experimental errors) with the angular distributions of
astrophysical galactic sources (galactic plane) and extragalac-
tic ones (isotropic distribution), as well as with the expected
flux coming from DM interactions (decay and annihilation). In
this approach the astrophysical E�2 power-law contribution is
regarded just as an additional term to the background events
counting for atmospheric neutrinos and muons. For this rea-
son hereafter we denote as background the sum of atmospheric
neutrinos, muons and neutrinos coming from the astrophysical
E�2 power-law. Moreover, due to the small number of events
collected till now in the energy bin under study, in this analy-
sis we take the simplicity assumption to consider just one ad-
ditional component to neutrino background at a time (alterna-
tive scenarios i) or ii) of previous section) to explain the ex-
cess. This allows us to be more predictive even though more
involved scenarios can be proposed where the excess in neu-
trino flux can be explained in terms of several components of
di↵erent origin. Other analyses have already been presented in
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Conclusions
depending on the astrophysical power law spectral index we can have 
some hints of high-energy (PeV) or low-energy (30-100 TeV) excess 

in IceCube data

in particular if IceCube events have p-p hadronuclear origin
we expect a spectral index of order 2 - 2.2 

(not far from Fermi acceleration mechanism)

in this case it exists an excess at low energy in IceCube data
(that could be also a statistical fluctuation)

and hopefully could be some signal of Dark Matter

in any case, Dark Matter could play an important rule 
in undestanding neutrino telescope data
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Figure 2. Profile likelihood scans around the best fit of the sin-
gle power law model. The two large panels show two-dimensional
scans of the normalization of the prompt atmospheric neutrino flux
�prompt and the normalization � (upper panel) and spectral index
� (lower panel) of the astrophysical neutrino flux, respectively; one-
dimensional scans are shown in the small panels. See Figure 1 for
further description.

while in the southern sky it is �S = 2.56 ± 0.12. This
discrepancy with respect to the single power law model
corresponds to a statistical p-value of 13% (1.1 �).

4.4. 2-Flavor and 3-Flavor Model

For the 2-flavor model, the best-fit values for the as-
trophysical ⌫e and ⌫µ+⌫⌧ flux are listed in Table 8. The
constraints on the astrophysical spectral index, which is
assumed to be the same for both flavor components, are
identical to those obtained in the single power law model.
Furthermore, the results on the flavor composition do not
depend strongly on the value of this parameter. We mea-
sure an electron neutrino fraction of the astrophysical
neutrino flux of 0.18± 0.11 at Earth. Figure 7 compares
this value to fractions expected for di↵erent composition
scenarios at the sources of the astrophysical flux.
Finally, Table 9 gives the best-fit values for the astro-

physical fluxes in the 3-flavor model. As in the 2-flavor
model, we find that the results do not change significantly
when varying the spectral index of the astrophysical flux
within its uncertainties. Note that none of the analy-
ses considered here positively identifies charged-current
tau neutrino interactions, which, depending on the tau
decay mode, have a signature very similar to that of
charged-current electron neutrino (⇠83%) or muon neu-

Table 6

Best-Fit Parameter Values for the Di↵erential
Model.

Parameter Best fit 68% C.L. 90% C.L.

�1 9.3 1.7� 17.3 0.0� 22.7
�2 22.6 17.0� 28.5 13.5� 32.5
�3 5.6 2.4� 9.2 0.5� 11.6
�4 3.2 0.8� 5.9 0.0� 7.9
�5 4.3 2.0� 7.0 0.8� 9.0
�6 0.0 0.0� 1.5 0.0� 3.5
�7 6.9 4.5� 9.7 3.1� 11.9
�8 0.0 0.0� 1.5 0.0� 3.8
�9 0.0 0.0� 0.6 0.0� 1.5

Note. — �1 � �9 are the all-flavor normaliza-
tions (in E2�) of the individual basis functions,
defined in nine logarithmically spaced energy inter-
vals between 10 TeV and 10 PeV. They are given
in units of 10�8 GeV s�1sr�1cm�2.

Table 7

Best-Fit Parameter Values for the North-South
Model.

Parameter Best fit 68% C.L. 90% C.L.

�N 2.1 0.5� 5.0 0.1� 7.3
�N 2.0 1.6� 2.3 1.2� 2.5
�S 6.8 5.3� 8.4 4.4� 9.5
�S 2.56 2.44� 2.67 2.36� 2.75

Note. — �N and �S are the all-flavor neutrino
fluxes at 100 TeV in the northern and southern
sky, respectively; �N and �S are the corresponding
spectral indices. The fluxes are given in units of
10�18 GeV�1s�1sr�1cm�2.

Table 8

Best-Fit Parameter Values for the 2-Flavor
Model.

Parameter Best fit 68% C.L. 90% C.L.

�e 1.3 0.5� 2.1 0.0� 2.6
�µ+⌧ 5.6 4.4� 6.9 3.7� 7.8

Note. — �e and �µ+⌧ are the ⌫e and
⌫µ + ⌫⌧ flux at 100 TeV, respectively. Both are
given in units of 10�18 GeV�1s�1sr�1cm�2.

trino (⇠17%) interactions. For this reason, the ⌫⌧ flux
is easily conflated with the ⌫e and ⌫µ components in the
3-flavor model. Figure 8 shows a profile likelihood scan
of the flavor composition as measured on Earth, again
compared to ratios expected for di↵erent source composi-
tion scenarios. Performing likelihood ratio tests between
these points and the best-fit hypothesis, we find p-values
of 55% (0 : 1 : 0), 27% (1 : 2 : 0), and 0.014% (1 : 0 : 0),
respectively. Hence, our data are compatible with a pure
muon neutrino composition and the generic pion-decay
composition at the source, but reject a composition con-
sisting purely of electron neutrinos at the source with a
significance of 3.6 �.

5. DISCUSSION

We have presented results of a maximum-likelihood
analysis that is based on the combination of event sam-
ples that were selected by six di↵erent studies designed
to measure an astrophysical neutrino flux with IceCube.
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