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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.

IceCube Preliminary

Figure 3: Deposited energies of the observed events with predictions. Colors as in Fig. 2.
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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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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 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	distribu7on	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-
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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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⇢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.
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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

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

DM decay
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�2

0 = 106 Isoth. 0.10 - 0.28 0.08 - 0.29
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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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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
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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.
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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 distribu6on  

Then we perform the sta6s6cal tests under decaying or annihila6ng DM null hypothesis 

Forecast

decaying	DM annihila7ng	DM
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FIG. 1. The �-ray (red lines) and per-flavor neutrino (black lines) contribution of the hadronic emission model following Eq. (1)
with � = 2.5. We show the contribution of direct and cascaded � rays separately as dashed and dotted lines, respectively. In
the left plot the emission is normalized according to the best-fit of the combined neutrino data [1] in the 25 TeV to 2.8 PeV
energy range (grey-shaded area). The corresponding total �-ray emission is only marginally consistent with the isotropic �-ray
background (IGRB). In the right plot we show the same model normalized to the best-fit 14% non-blazar emission in the
0.05� 1 TeV EGB (red-shaded area).

associated to BL Lac type blazars. In addition to the in-
dividually resolved 2FHL sources, which comprise ⇠ 40
percent of the total EGB intensity, the flux distribution
of sources fainter than the detection threshold of about
8⇥ 10�12 ph cm�2 s�1 has been constrained by the sta-
tistical distribution of individual photons [30]. Specif-
ically, the number of spatial pixels containing varying
numbers of photons can provide information of the num-
ber of sources at fluxes down to about 1.3 ⇥ 10�12 ph
cm�2 s�1. The 2FHL catalog sources and pixel counting
method together yield a best-fit flux distribution which
is well parameterized by a broken power law with a flux
break in the range [0.8, 1.5] ⇥ 10�11 ph cm�2 s�1 and a
slope above and below the break equal to ↵1 = 2.50 and
↵2 2 [1.60, 1.75], with dN/dS / S�↵.

The integral of this flux distribution is 2.07+0.40
�0.34⇥10�9

ph cm�2 s�1 sr�1 compared to the total EGB intensity
above 50 GeV of (2.40±0.3)⇥10�9 ph cm�2 s�1 sr�1. In
other words, blazars comprise 86+16

�14% of the total EGB
intensity [30]. The best-fit cumulative intensity of resid-
ual emission, from both discrete extragalactic sources and
truly di↵use processes, is 14%, corresponding to an in-
tensity of 3.3 ⇥ 10�10 ph cm�2 s�1 sr�1 above 50 GeV.
Taking uncertainties into account, the allowed range for
the non-blazar EGB component is at the level of 28%
(6.6⇥ 10�10 ph cm�2 s�1 sr�1).

Cumulative �-ray and neutrino flux from SFGs—The
hadronic emission of SFGs is thought to originate from
CR interactions in interstellar space, analogous to the
di↵use emission observed from our own Galaxy. The res-
idency time of CRs in given galaxy is determined by the

timescale of di↵usive escape, transport by advective out-
flows, and hadronic interactions with ambient gas. If the
loss time is dominated by di↵usive escape, the hadronic
emission follows a dN/dE ⇠ E�↵�� spectrum where ↵ is
the e↵ective index of the injected CR nucleon spectrum
and � is the index of the energy dependence of the di↵u-
sion tensor. Typical values are � ' 1 (Bohm), � ' 1/2
(Kraichnan) or � ' 1/3 (Kolmogorov). Note that if CRs
are accelerated in multiple source populations with di↵er-
ent rigidity cuto↵s and mass compositions, the resulting
e↵ective nucleon spectrum can have additional spectral
features.

On the other hand, starburst galaxies, a subset of SFGs
that undergo an episode of vigorous star formation in
their central regions, have gas densities that are much
higher than observed in quiescent galaxies [37, 38]. Dif-
fusion in starburst galaxies might also become weaker
due to strong magnetic turbulence [39, 40], while advec-
tive processes might be enhanced [41]. Since losses by
inelastic collisions and advection are nearly independent
of energy, the hadronic emission of starbursts is expected
to follow more closely the injected CR nucleon spectrum,
E�↵. Indeed, the nearby starburst galaxies M82 and
NGC 253 both exhibit relatively hard �-ray spectral in-
dices in the GeV to TeV energy range of 2.1 to 2.3 [42–44].
Due to the harder emission and a higher pion production
e�ciency, the starburst subset is predicted to dominate
the total di↵use �-ray emission of SFGs beyond a few
GeV [27]. Provided that the CR accelerators in starburst
galaxies are capable of reaching per nucleon energies ex-
ceeding 20�30 PeV, the hadronic emission can also con-

2

E
2 f

[G
eV

cm
�

2
s�

1
sr

�
1 ]

FIG. 1. The �-ray (red lines) and per-flavor neutrino (black lines) contribution of the hadronic emission model following Eq. (1)
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the left plot the emission is normalized according to the best-fit of the combined neutrino data [1] in the 25 TeV to 2.8 PeV
energy range (grey-shaded area). The corresponding total �-ray emission is only marginally consistent with the isotropic �-ray
background (IGRB). In the right plot we show the same model normalized to the best-fit 14% non-blazar emission in the
0.05� 1 TeV EGB (red-shaded area).

associated to BL Lac type blazars. In addition to the in-
dividually resolved 2FHL sources, which comprise ⇠ 40
percent of the total EGB intensity, the flux distribution
of sources fainter than the detection threshold of about
8⇥ 10�12 ph cm�2 s�1 has been constrained by the sta-
tistical distribution of individual photons [30]. Specif-
ically, the number of spatial pixels containing varying
numbers of photons can provide information of the num-
ber of sources at fluxes down to about 1.3 ⇥ 10�12 ph
cm�2 s�1. The 2FHL catalog sources and pixel counting
method together yield a best-fit flux distribution which
is well parameterized by a broken power law with a flux
break in the range [0.8, 1.5] ⇥ 10�11 ph cm�2 s�1 and a
slope above and below the break equal to ↵1 = 2.50 and
↵2 2 [1.60, 1.75], with dN/dS / S�↵.

The integral of this flux distribution is 2.07+0.40
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other words, blazars comprise 86+16

�14% of the total EGB
intensity [30]. The best-fit cumulative intensity of resid-
ual emission, from both discrete extragalactic sources and
truly di↵use processes, is 14%, corresponding to an in-
tensity of 3.3 ⇥ 10�10 ph cm�2 s�1 sr�1 above 50 GeV.
Taking uncertainties into account, the allowed range for
the non-blazar EGB component is at the level of 28%
(6.6⇥ 10�10 ph cm�2 s�1 sr�1).

Cumulative �-ray and neutrino flux from SFGs—The
hadronic emission of SFGs is thought to originate from
CR interactions in interstellar space, analogous to the
di↵use emission observed from our own Galaxy. The res-
idency time of CRs in given galaxy is determined by the

timescale of di↵usive escape, transport by advective out-
flows, and hadronic interactions with ambient gas. If the
loss time is dominated by di↵usive escape, the hadronic
emission follows a dN/dE ⇠ E�↵�� spectrum where ↵ is
the e↵ective index of the injected CR nucleon spectrum
and � is the index of the energy dependence of the di↵u-
sion tensor. Typical values are � ' 1 (Bohm), � ' 1/2
(Kraichnan) or � ' 1/3 (Kolmogorov). Note that if CRs
are accelerated in multiple source populations with di↵er-
ent rigidity cuto↵s and mass compositions, the resulting
e↵ective nucleon spectrum can have additional spectral
features.

On the other hand, starburst galaxies, a subset of SFGs
that undergo an episode of vigorous star formation in
their central regions, have gas densities that are much
higher than observed in quiescent galaxies [37, 38]. Dif-
fusion in starburst galaxies might also become weaker
due to strong magnetic turbulence [39, 40], while advec-
tive processes might be enhanced [41]. Since losses by
inelastic collisions and advection are nearly independent
of energy, the hadronic emission of starbursts is expected
to follow more closely the injected CR nucleon spectrum,
E�↵. Indeed, the nearby starburst galaxies M82 and
NGC 253 both exhibit relatively hard �-ray spectral in-
dices in the GeV to TeV energy range of 2.1 to 2.3 [42–44].
Due to the harder emission and a higher pion production
e�ciency, the starburst subset is predicted to dominate
the total di↵use �-ray emission of SFGs beyond a few
GeV [27]. Provided that the CR accelerators in starburst
galaxies are capable of reaching per nucleon energies ex-
ceeding 20�30 PeV, the hadronic emission can also con-
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associated to BL Lac type blazars. In addition to the in-
dividually resolved 2FHL sources, which comprise ⇠ 40
percent of the total EGB intensity, the flux distribution
of sources fainter than the detection threshold of about
8⇥ 10�12 ph cm�2 s�1 has been constrained by the sta-
tistical distribution of individual photons [30]. Specif-
ically, the number of spatial pixels containing varying
numbers of photons can provide information of the num-
ber of sources at fluxes down to about 1.3 ⇥ 10�12 ph
cm�2 s�1. The 2FHL catalog sources and pixel counting
method together yield a best-fit flux distribution which
is well parameterized by a broken power law with a flux
break in the range [0.8, 1.5] ⇥ 10�11 ph cm�2 s�1 and a
slope above and below the break equal to ↵1 = 2.50 and
↵2 2 [1.60, 1.75], with dN/dS / S�↵.

The integral of this flux distribution is 2.07+0.40
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ph cm�2 s�1 sr�1 compared to the total EGB intensity
above 50 GeV of (2.40±0.3)⇥10�9 ph cm�2 s�1 sr�1. In
other words, blazars comprise 86+16

�14% of the total EGB
intensity [30]. The best-fit cumulative intensity of resid-
ual emission, from both discrete extragalactic sources and
truly di↵use processes, is 14%, corresponding to an in-
tensity of 3.3 ⇥ 10�10 ph cm�2 s�1 sr�1 above 50 GeV.
Taking uncertainties into account, the allowed range for
the non-blazar EGB component is at the level of 28%
(6.6⇥ 10�10 ph cm�2 s�1 sr�1).

Cumulative �-ray and neutrino flux from SFGs—The
hadronic emission of SFGs is thought to originate from
CR interactions in interstellar space, analogous to the
di↵use emission observed from our own Galaxy. The res-
idency time of CRs in given galaxy is determined by the

timescale of di↵usive escape, transport by advective out-
flows, and hadronic interactions with ambient gas. If the
loss time is dominated by di↵usive escape, the hadronic
emission follows a dN/dE ⇠ E�↵�� spectrum where ↵ is
the e↵ective index of the injected CR nucleon spectrum
and � is the index of the energy dependence of the di↵u-
sion tensor. Typical values are � ' 1 (Bohm), � ' 1/2
(Kraichnan) or � ' 1/3 (Kolmogorov). Note that if CRs
are accelerated in multiple source populations with di↵er-
ent rigidity cuto↵s and mass compositions, the resulting
e↵ective nucleon spectrum can have additional spectral
features.

On the other hand, starburst galaxies, a subset of SFGs
that undergo an episode of vigorous star formation in
their central regions, have gas densities that are much
higher than observed in quiescent galaxies [37, 38]. Dif-
fusion in starburst galaxies might also become weaker
due to strong magnetic turbulence [39, 40], while advec-
tive processes might be enhanced [41]. Since losses by
inelastic collisions and advection are nearly independent
of energy, the hadronic emission of starbursts is expected
to follow more closely the injected CR nucleon spectrum,
E�↵. Indeed, the nearby starburst galaxies M82 and
NGC 253 both exhibit relatively hard �-ray spectral in-
dices in the GeV to TeV energy range of 2.1 to 2.3 [42–44].
Due to the harder emission and a higher pion production
e�ciency, the starburst subset is predicted to dominate
the total di↵use �-ray emission of SFGs beyond a few
GeV [27]. Provided that the CR accelerators in starburst
galaxies are capable of reaching per nucleon energies ex-
ceeding 20�30 PeV, the hadronic emission can also con-
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Conclusions
-	High-Energy	and	Low-Energy	IceCube	events	could	give		
					indica7on	about	the	Dark	Ma'er	
		
- High-Energy	events	can	be	interpreted	as	decaying	DM	

- Angular	distribu7on	analysis	excludes	the	correla7on	
					between	Low-Energy	events	and	annihila7ng		DM	

- But	decaying	is	not	yet	excluded	

- more	sta7s7c	is	required	in	order	to	completely	exclude	
					DM	interpreta7on	of	IceCube	data



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

CUT-OFF         𝑬𝟎~O (100 TeV) 

Chakraborty, Izaguirre, PL B745 (2015) 
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what	is	the	spectral	index?



Chianese et al, PLB 757 (16)

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

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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