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IceCube Discovery of  HE neutrinos 

1.0 +/- 0.2 PeV 

time 

1.1 +/- 0.2 PeV 

" Two interesting cascade events found in IC79/IC86: 

 analysis targeting GZK neutrinos (~EeV) 

 significance 2.8σ (expected 0.08±0.05) 

 # Phys. Rev. Lett. 111, 021103 (2013) 
 

"  Re-tuned on high-energy starting events: 

 total deposited charge > 6000 p.e. 

 track-like + shower-like events 

 outer layer used as veto against μatm &  νatm  

 28 events selected (2-year data sample)   
11 expected from μatm &  νatm background:  
 
4.1σ statistical significance 
 
PhysicsWorld  
2013 Breakthrough 
 
 
 High Energy Starting Events (HESE) 

13 13 

High	Energy		
Star(ng	Events	(HESE)	
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30Département de physique nucléaire et corpusculaire, Université de Genève, CH-1211 Genève, Switzerland
31Dept. of Physics, University of Toronto, Toronto, Ontario, Canada, M5S 1A7
32Institut für Kernphysik, Westfälische Wilhelms-Universität Münster, D-48149 Münster, Germany
33Dept. of Astronomy and Astrophysics, Pennsylvania State University, University Park, PA 16802, USA
34Dept. of Physics and Astronomy, Michigan State University, East Lansing, MI 48824, USA
35Bartol Research Institute and Dept. of Physics and Astronomy, University of Delaware, Newark, DE 19716, USA
36Dept. of Physics and Astronomy, University of Gent, B-9000 Gent, Belgium
37Institut für Physik, Humboldt-Universität zu Berlin, D-12489 Berlin, Germany
38Dept. of Physics, Southern University, Baton Rouge, LA 70813, USA
39Dept. of Astronomy, University of Wisconsin, Madison, WI 53706, USA
40Dept. of Physics, University of Alberta, Edmonton, Alberta, Canada T6G 2E1
41Niels Bohr Institute, University of Copenhagen, DK-2100 Copenhagen, Denmark
42Dept. of Physics and Institute for Global Prominent Research, Chiba University, Chiba 263-8522, Japan
43CTSPS, Clark-Atlanta University, Atlanta, GA 30314, USA
44Dept. of Physics and Astronomy, Stony Brook University, Stony Brook, NY 11794-3800, USA
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ABSTRACT
The IceCube Collaboration has previously discovered a high-energy astrophysical neutrino flux using neutrino
events with interaction vertices contained within the instrumented volume of the IceCube detector. We present
a complementary measurement using charged current muon neutrino events where the interaction vertex can
be outside this volume. As a consequence of the large muon range the effective area is significantly larger
but the field of view is restricted to the Northern Hemisphere. IceCube data from 2009 through 2015 have
been analyzed using a likelihood approach based on the reconstructed muon energy and zenith angle. At the
highest neutrino energies between 194 TeV and 7.8 PeV a significant astrophysical contribution is observed,
excluding a purely atmospheric origin of these events at 5.6 � significance. The data are well described by
an isotropic, unbroken power law flux with a normalization at 100 TeV neutrino energy of

�
0.90+0.30

�0.27

�
⇥

10�18 GeV�1 cm�2 s�1 sr�1 and a hard spectral index of � = 2.13 ± 0.13. The observed spectrum is harder
in comparison to previous IceCube analyses with lower energy thresholds which may indicate a break in the
astrophysical neutrino spectrum of unknown origin. The highest energy event observed has a reconstructed
muon energy of (4.5 ± 1.2) PeV which implies a probability of less than 0.005% for this event to be of
atmospheric origin. Analyzing the arrival directions of all events with reconstructed muon energies above
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2. Analysis with a Single Power-law

In this study, we perform a combined analysis of the diffuse
neutrino flux observed by ANTARES (nine-year showers; Eberl
2016) and by IceCube (six-year HESE showers and tracks;
Kopper 2016), assuming a single astrophysical component
parametrized in terms of the following unbroken power-law per
neutrino flavor

d
dE d
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We consider an equal flavor composition at the Earth, as
expected for standard astrophysical sources due to neutrino
oscillations, and an isotropic flux in angular coordinates. In
particular, we show how much the fit on the parameters

,astro
0

astrogF( ) with the IceCube data changes by including also
the ANTARES observations in the analysis. Moreover, we also
statistically characterize the low-energy excess as a function of
the spectral index γastro by considering both ANTARES and
IceCube measurements.

In addition to the astrophysical flux described by
Equation (1), we consider the conventional atmospheric
background that consists of penetrating muons and neutrinos
produced by the π/K decays in the atmosphere(Honda
et al. 2007). On the other hand, we do not take into account
the prompt atmospheric background (neutrinos produced by the
decays of charmed mesons; Enberg et al. 2008), according to
the IceCube conclusions contained in (Aartsen et al. 2014a,
2015b, 2016).3

In the present analysis, the combined fit is performed by
maximizing the binned multi-Poisson likelihoods A,IC$ , with
expressions that are given by Baker & Cousins (1984)
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where the quantity Ni is the expected number of events that is
compared with the observed number of neutrinos ni, once the
atmospheric background events (conventional neutrinos and
penetrating muons only) have been subtracted in each energy
bin i. Moreover, the index i runs over the energy bins of the
two experiments. According to the cuts considered by the
two Collaborations, we consider only neutrino events with
Eν�20 TeV for ANTARES and Eν�60 TeV for IceCube.
The expected number of events in the energy bin E E,i i 1+[ ] is then
given by

N t d dE
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dE d
A E4 , 3i

E

E
A,IC A,IC

4
eff
A,IC

i

i 1

ò òp= D W
F
Wp

n
n

n
+ ( ) ( )

where tA,ICD is the exposure time (ΔtA= 2450 days and
ΔtIC= 2078 days), whereas A Eeff

A,IC
n( ) is the effective area

summed over the three neutrino flavors. The ANTARES
effective area has been obtained by using the two cosmic
neutrino spectra reported in Figure1 of Eberl (2016), assuming
a constant effective area in each energy bin. The IceCube
effective area, instead, has been taken from Aartsen
et al. (2013).

The combined fit (IC+A) is obtained by considering the
product of the two likelihoods

n nln , , ln . 4IC A
astro
0

astro
A IC$ $ $gF =( ∣ ) ( · ) ( )

We observe that $ is a function of the astrophysical flux
normalization astro

0F and of the spectral index γastro. The
likelihood $ is maximized with a statistical approach giving the
best values for the two free parameters. The results are shown
in Figures 1 and 2.
Figure 1 shows the neutrino spectrum for ANTARES (upper

panel) and IceCube (lower panel). In the plots, the gray lines
correspond to the sum of the best-fit for the neutrino signal and
of the conventional atmospheric background (blue regions).
The shaded regions represent the lower cuts in energy
considered in the fit. Moreover, in case of ANTARES, we
are forced to consider an upper cut in energy (Eν� 300 TeV)
according to Eberl (2016), as the deduced ANTARES effective
area is only known up to such an energy.
In Figure 2 we show the contour plots for the fit of IceCube

six-year HESE (black) and for the combined fit IceCube
+ANTARES (ocher). The solid (dotted) lines correspond to the
68% (95%) confidence interval contours. The best-fit values
and the 1–2σ ranges of the flux normalization and the spectral

Figure 1. Number of neutrino events as a function of the energy for
ANTARES (upper panel) and IceCube (lower panel). In both plots, the blue
area represents the conventional atmospheric background (neutrinos and
penetrating muons), and the gray line corresponds to the sum of the
background and the combined (IC+A) best-fit power-law with

2.30 10 GeV cm s srastro
0 18 2 1F = ´ - -( ) and γastro=2.85.

3 In case of ANTARES data, we have subtracted the prompt component to the
total background reported in Figure1 of (Eberl 2016) through the neutrino
effective area deduced by the same plot.
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ABSTRACT
The IceCube Collaboration has previously discovered a high-energy astrophysical neutrino flux using neutrino
events with interaction vertices contained within the instrumented volume of the IceCube detector. We present
a complementary measurement using charged current muon neutrino events where the interaction vertex can
be outside this volume. As a consequence of the large muon range the effective area is significantly larger
but the field of view is restricted to the Northern Hemisphere. IceCube data from 2009 through 2015 have
been analyzed using a likelihood approach based on the reconstructed muon energy and zenith angle. At the
highest neutrino energies between 194 TeV and 7.8 PeV a significant astrophysical contribution is observed,
excluding a purely atmospheric origin of these events at 5.6 � significance. The data are well described by
an isotropic, unbroken power law flux with a normalization at 100 TeV neutrino energy of
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10�18 GeV�1 cm�2 s�1 sr�1 and a hard spectral index of � = 2.13 ± 0.13. The observed spectrum is harder
in comparison to previous IceCube analyses with lower energy thresholds which may indicate a break in the
astrophysical neutrino spectrum of unknown origin. The highest energy event observed has a reconstructed
muon energy of (4.5 ± 1.2) PeV which implies a probability of less than 0.005% for this event to be of
atmospheric origin. Analyzing the arrival directions of all events with reconstructed muon energies above
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S. MANCINA6, M. MANDELARTZ19 , R. MARUYAMA48, K. MASE42 , R. MAUNU23 , F. MCNALLY6, K. MEAGHER5, M. MEDICI41 ,

M. MEIER26 , A. MELI36 , T. MENNE26 , G. MERINO6, T. MEURES5, S. MIARECKI25,16 , L. MOHRMANN3, T. MONTARULI30 ,
M. MOULAI12 , R. NAHNHAUER3, U. NAUMANN20 , G. NEER34 , H. NIEDERHAUSEN44 , S. C. NOWICKI40 , D. R. NYGREN25 ,

A. OBERTACKE POLLMANN20 , A. OLIVAS23 , A. O’MURCHADHA5, T. PALCZEWSKI49 , H. PANDYA35 , D. V. PANKOVA10 , P. PEIFFER11 ,
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S. TILAV35 , P. A. TOALE49 , M. N. TOBIN6, S. TOSCANO29 , D. TOSI6 , M. TSELENGIDOU8, A. TURCATI2 , E. UNGER28 , M. USNER3,

J. VANDENBROUCKE6, N. VAN EIJNDHOVEN29 , S. VANHEULE36 , M. VAN ROSSEM6, J. VAN SANTEN3, J. VEENKAMP2, M. VEHRING13 ,
M. VOGE53 , M. VRAEGHE36 , C. WALCK7, A. WALLACE1, M. WALLRAFF13 , N. WANDKOWSKY6, CH. WEAVER40 , M. J. WEISS10 ,

C. WENDT6, S. WESTERHOFF6, B. J. WHELAN1, S. WICKMANN13 , K. WIEBE11 , C. H. WIEBUSCH13 , L. WILLE6, D. R. WILLIAMS49 ,
L. WILLS46 , M. WOLF7, T. R. WOOD40 , E. WOOLSEY40 , K. WOSCHNAGG16 , D. L. XU6, X. W. XU38 , Y. XU44 , J. P. YANEZ3,

G. YODH15 , S. YOSHIDA42 , AND M. ZOLL7

1Department of Physics, University of Adelaide, Adelaide, 5005, Australia
2Physik-department, Technische Universität München, D-85748 Garching, Germany
3DESY, D-15735 Zeuthen, Germany
4Dept. of Physics and Astronomy, University of Canterbury, Private Bag 4800, Christchurch, New Zealand
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Figure 3: Time-dependent analysis results for the IC86b data period (2012-2015). (a)
Change in test statistic, �TS, as a function of the spectral index parameter � and the fluence
at 100 TeV given by E2J

100

. The analysis is performed at the coordinates of TXS 0506+056,
using the Gaussian-shaped time window and holding the time parameters fixed (T

0

= 13 De-
cember 2014, T

W

= 110 days). The white dot indicates the best-fitting values. The contours
at 68% and 95% confidence level assuming Wilks’ theorem (36) are shown in order to indi-
cate the statistical uncertainty on the parameter estimates. Systematic uncertainties are not
included. (b) Skymap showing the P value of the time-dependent analysis performed at the
coordinates of TXS 0506+056 (cross) and at surrounding locations. The analysis is performed
on the IC86b data period, using the Gaussian-shaped time-window. At each point, the full fit
for (�, �, T

0

, T
W

) is performed. The P value shown does not include the look-elsewhere effect
related to other data periods. An excess of events is detected consistent with the position of
TXS 0506+056.

joint uncertainty on these parameters is shown in Fig. 4a. The P value, based on repeating the
analysis at the same coordinates with randomized data sets, is 0.002% (4.1�), but this is an a

posteriori significance estimate because it includes the IceCube-170922A event which moti-
vated performing the analysis at the coordinates of TXS 0506+056. An unbiased significance
estimate including the event would need to take into account the look-elsewhere effect related
to all other possible directions in the sky that could be analyzed. It is expected that there will
be two or three directions somewhere in the northern sky with this significance or greater re-
sulting from the chance alignment of neutrinos (12). Here we are interested in determining
whether there is evidence of time-integrated neutrino emission from TXS 0506+056 besides the
IceCube-170922A event.

If we remove the final data period IC86c, which contains the event, and perform the anal-
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Spectral index

Neutrino emission from the direction of the blazar
TXS 0506+056 prior to the IceCube-170922A alert

IceCube Collaboration⇤†

A high-energy neutrino event detected by IceCube on 22 September 2017 was

coincident in direction and time with a gamma-ray flare from the blazar TXS

0506+056. Prompted by this association, we investigated 9.5 years of IceCube

neutrino observations to search for excess emission at the position of the blazar.

We found an excess of high-energy neutrino events with respect to atmospheric

backgrounds at that position between September 2014 and March 2015. Al-

lowing for time-variable flux, this constitutes 3.5� evidence for neutrino emis-

sion from the direction of TXS 0506+056, independent of and prior to the 2017

flaring episode. This suggests that blazars are the first identifiable sources of

the high-energy astrophysical neutrino flux.

The origin of the highest-energy cosmic rays is believed to be extragalactic (1), but their
acceleration sites remain unidentified. High-energy neutrinos are expected to be produced in or
near the acceleration sites when cosmic rays interact with matter and ambient light, producing
charged mesons that decay into neutrinos and other particles. Unlike cosmic rays, neutrinos can
travel through the Universe unimpeded by interactions with other particles and undeflected by
magnetic fields, providing a means to identify and study the extreme environments producing
cosmic rays (2). Blazars, a class of active galactic nuclei with powerful relativistic jets pointed
close to our line of sight (3), are prominent candidate sources of such high-energy neutrino
emission (4–9). The electromagnetic emission of blazars is observed to be highly variable on
time-scales from minutes to years (10).

The IceCube Neutrino Observatory (11) is a high-energy neutrino detector occupying an
instrumented volume of 1 km3 within the Antarctic ice sheet at the Amundsen-Scott South Pole
Station. The detector consists of an array of 86 vertical strings, nominally spaced 125 m apart
and descending to a depth of approximately 2450 m in the ice. The bottom 1 km of each string
is equipped with 60 optical sensors that record Cherenkov light emitted by relativistic charged

⇤The full list of collaboration members and their affiliations is included in the supplementary material
†Correspondence to analysis@icecube.wisc.edu
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index are obtained by marginalizing the two-dimensional
likelihood and are reported in Table 1.

We note that, in case of the fit performed with IceCube data
only, the best-fit values for the spectral index and the flux
normalization differ from the ones reported by the IceCube
Collaboration(Kopper 2016) only by 1% and 0.8%, respec-
tively. It is worth noting that the combined fit provides slightly
smaller values for the flux normalization and the spectral index.

3. The Low-energy Excess

Finally, we study how the analysis changes if the spectral
index is fixed to some specific values. For instance, a spectral
index γastro=2.0 is predicted by the standard Fermi accelera-
tion mechanism, and is in general considered as a benchmark.
In Figure 3 the residuals in the number of neutrino events for
both experiments are reported once the sum of the conventional
atmospheric background and of an astrophysical power-law
E 2.0
n
- has been subtracted. The flux normalization is fitted by

considering both IceCube and ANTARES data. Remarkably,
both ANTARES and IceCube experiments seem to exhibit a
slight excess in the same energy range (40–200 TeV). More-
over, we note that the local significance of the low-energy
excess in IceCube increases if one considers six-year HESE
data instead of four-year data.

The presence of an excess in both ANTARES and IceCube
experiments has to be statistically tested. The null hypothesis is
that in both samples the diffuse neutrino flux is just produced
by an astrophysical power-law component superimposed to the
conventional atmospheric background. In order to quantify the
p-value for the null hypothesis, we perform a χ2 test. For
Poisson-distributed data, the test statistics behaving as a χ2

with N−m dof is the following

n n2 ln , , , 52 IC A
astro
0

astro$c g= - F( ∣ ) ( )

where n n, ,IC A
astro
0

astro$ gF( ∣ ) is defined in Equation (4). Note
that N=18 is the total number of energy bins and m=1 the
number of free parameters in the fit. We perform the test for
different values of the spectral index γastro, while the flux
normalization astro

0F is obtained by maximizing the likelihood.

Because the previous χ2 analysis has to be performed when
the events of each bin are Gaussian distributed, a condition that
in principle could not be satisfied for small number of events,
we additionally perform a more general non-parametric test,
namely the one-dimensional Kolmogorov–Smirnov (KS)
statistical test. For each experiment, the test compares the
empirical cumulative distribution function deduced by data
with the one obtained under the null hypothesis of power-law
behavior. For a given spectral index, the p-value is evaluated
by a bootstrap method for IceCube and ANTARES experi-
ments, respectively. The two p-values are then combined by
means of Fisher’s method. Note that, in order to perform the
test, it would be necessary to know the list of ANTARES
events with their measured energy, which is still not available.
To avoid such a limitation, we reasonably assume a homo-
geneous distribution of the events in each energy bin of the
ANTARES data set. We do not expect that a detailed
knowledge of the events energy would dramatically change
our results due to the large uncertainty on the energy
measurement.

Figure 2. Contour plot of the likelihood ,astro
0

astro$ gF( ) in the case of the
IceCube fit (black) and the combined IceCube+ANTARES one (ocher).

Table 1
Fitted Parameters for the Single Power-law Flux

Fit Parameter Best-fit 68% C.I. 95% C.I.

IC astro
0F 2.44 2.00–2.94 1.62–3.48

γastro 2.95 2.76–3.21 2.56–3.46

IC+A astro
0F 2.30 1.90–2.71 1.56–3.16

γastro 2.85 2.68–3.04 2.52–3.23

Note. Best-fit values and 1–2σ intervals of astro
0F (in units of

10 GeV cm s sr18 2 1- -( ) ) and γastro for the analysis on IceCube six-year HESE
data (IC) and the combined analysis IceCube+ANTARES (IC+A).

Figure 3. Residuals in the number of neutrino events as a function of the
neutrino energy with respect to the sum of the conventional atmospheric
background and a single astrophysical power-law with spectral index 2.0 for
ANTARES (upper panel) and IceCube (lower panel). In the lower plot, we also
report in gray the residuals corresponding to the IceCube four-year HESE,
taken from Chianese et al. (2016).
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=	2	

2. Analysis with a Single Power-law

In this study, we perform a combined analysis of the diffuse
neutrino flux observed by ANTARES (nine-year showers; Eberl
2016) and by IceCube (six-year HESE showers and tracks;
Kopper 2016), assuming a single astrophysical component
parametrized in terms of the following unbroken power-law per
neutrino flavor

d
dE d

E
100 TeV

. 1astro
astro
0

astroF
W

= F
n

n
g-

⎜ ⎟⎛
⎝

⎞
⎠ ( )

We consider an equal flavor composition at the Earth, as
expected for standard astrophysical sources due to neutrino
oscillations, and an isotropic flux in angular coordinates. In
particular, we show how much the fit on the parameters

,astro
0

astrogF( ) with the IceCube data changes by including also
the ANTARES observations in the analysis. Moreover, we also
statistically characterize the low-energy excess as a function of
the spectral index γastro by considering both ANTARES and
IceCube measurements.

In addition to the astrophysical flux described by
Equation (1), we consider the conventional atmospheric
background that consists of penetrating muons and neutrinos
produced by the π/K decays in the atmosphere(Honda
et al. 2007). On the other hand, we do not take into account
the prompt atmospheric background (neutrinos produced by the
decays of charmed mesons; Enberg et al. 2008), according to
the IceCube conclusions contained in (Aartsen et al. 2014a,
2015b, 2016).3

In the present analysis, the combined fit is performed by
maximizing the binned multi-Poisson likelihoods A,IC$ , with
expressions that are given by Baker & Cousins (1984)

n N n
N

n
ln ln , 2

i
i i i

i

i

A,IC A,IC A,IC A,IC
A,IC

A,IC
$ å= - +

⎡
⎣
⎢⎢

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦
⎥⎥ ( )

where the quantity Ni is the expected number of events that is
compared with the observed number of neutrinos ni, once the
atmospheric background events (conventional neutrinos and
penetrating muons only) have been subtracted in each energy
bin i. Moreover, the index i runs over the energy bins of the
two experiments. According to the cuts considered by the
two Collaborations, we consider only neutrino events with
Eν�20 TeV for ANTARES and Eν�60 TeV for IceCube.
The expected number of events in the energy bin E E,i i 1+[ ] is then
given by

N t d dE
d

dE d
A E4 , 3i

E

E
A,IC A,IC

4
eff
A,IC

i

i 1

ò òp= D W
F
Wp

n
n

n
+ ( ) ( )

where tA,ICD is the exposure time (ΔtA= 2450 days and
ΔtIC= 2078 days), whereas A Eeff

A,IC
n( ) is the effective area

summed over the three neutrino flavors. The ANTARES
effective area has been obtained by using the two cosmic
neutrino spectra reported in Figure1 of Eberl (2016), assuming
a constant effective area in each energy bin. The IceCube
effective area, instead, has been taken from Aartsen
et al. (2013).

The combined fit (IC+A) is obtained by considering the
product of the two likelihoods

n nln , , ln . 4IC A
astro
0

astro
A IC$ $ $gF =( ∣ ) ( · ) ( )

We observe that $ is a function of the astrophysical flux
normalization astro

0F and of the spectral index γastro. The
likelihood $ is maximized with a statistical approach giving the
best values for the two free parameters. The results are shown
in Figures 1 and 2.
Figure 1 shows the neutrino spectrum for ANTARES (upper

panel) and IceCube (lower panel). In the plots, the gray lines
correspond to the sum of the best-fit for the neutrino signal and
of the conventional atmospheric background (blue regions).
The shaded regions represent the lower cuts in energy
considered in the fit. Moreover, in case of ANTARES, we
are forced to consider an upper cut in energy (Eν� 300 TeV)
according to Eberl (2016), as the deduced ANTARES effective
area is only known up to such an energy.
In Figure 2 we show the contour plots for the fit of IceCube

six-year HESE (black) and for the combined fit IceCube
+ANTARES (ocher). The solid (dotted) lines correspond to the
68% (95%) confidence interval contours. The best-fit values
and the 1–2σ ranges of the flux normalization and the spectral

Figure 1. Number of neutrino events as a function of the energy for
ANTARES (upper panel) and IceCube (lower panel). In both plots, the blue
area represents the conventional atmospheric background (neutrinos and
penetrating muons), and the gray line corresponds to the sum of the
background and the combined (IC+A) best-fit power-law with

2.30 10 GeV cm s srastro
0 18 2 1F = ´ - -( ) and γastro=2.85.

3 In case of ANTARES data, we have subtracted the prompt component to the
total background reported in Figure1 of (Eberl 2016) through the neutrino
effective area deduced by the same plot.
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Figure 1: Arrival angles and electromagnetic-equivalent deposited energies of the events. Track-
like events are indicated with crosses whereas shower-like events are shown as filled circles. The
error bars show 68% confidence intervals including statistical and systematic errors. Deposited
energy as shown here is always a lower limit on the primary neutrino energy.

IceCube Preliminary

Figure 2: Best-fit per-flavor neutrino flux results (combined neutrino and anti-neutrino) as a func-
tion of energy. The black points with 1s uncertainties are extracted from a combined likelihood fit
of all background components together with an astrophysical flux component with an independent
normalization in each energy band (assuming an E�2 spectrum within each band). The atmospheric
neutrino and muon fluxes are already subtracted. The best-fit conventional flux and the best-fit up-
per limit on “prompt” neutrinos are shown separately, not taking into account the effect of the
atmospheric self-veto, which will significantly reduce their contribution. The blue band shows the
1s uncertainties on the result of a single power-law fit to the HESE data. The pink band shows
the nµ,up best fit [10] with 1s uncertainties. Its length indicates the approximate sensitive energy
range of the nµ,up analysis.
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atmospheric self-veto, which will significantly reduce their contribution. The blue band shows the
1s uncertainties on the result of a single power-law fit to the HESE data. The pink band shows
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•  only few sigma (about 2.5 sigma) but…  
•  depends on the assumed astrophysical source
•  1-component fit with softer spectral index works
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is it related to the 
Dark Matter problem?
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1 Introduction

The IceCube collaboration has very recently reported a detection of two neutrino

events with energies of 1.1 PeV and 1.3 PeV in an energy range where no more than

0.01 background events was expected from atmospheric neutrinos [1, 2, 3]. These

are stated to be either electron neutrino charged current events, or neutral current

events of any neutrino flavor. It is interesting that the two detected neutrinos have

such similar energies, and indeed, most astrophysical sources are expected to pro-

duce power-law spectra– in particular one might have expected to see additional

events at around 6.8 PeV, where the detector sensitivity is enhanced by the Glashow

resonance [4]. The data may thus suggest a peak, or falloff, in the neutrino spectrum

around 1 PeV. It is possible that such a spectrum could be produced by some astro-

physical sources [5]–[7], including intergalactic interactions of cosmic rays produced

by blazars [8]–[16], but these models rely on some assumptions about the properties

and evolution of the sources, as well as the intergalactic magnetic fields.

The IceCube observations raise a question of whether dark matter could be com-

posed of relic particles whose decays or annihilations into neutrinos produce a feature

in the neutrino spectrum at ∼PeV energy. In this paper we will concentrate on the

possibility that this feature could actually be a monochromatic neutrino line. Sim-

ilar to a line in the gamma ray spectrum, a line in the neutrino spectrum could be

considered a “smoking gun” signature for dark matter. Such line-like neutrino sig-

natures from dark matter have been considered before [17]–[19], but in this paper we

consider the possibility of obtaining such a signal at the PeV scale, where the dark

matter particle cannot be a simple thermal relic. As we will show, the possibilities

for obtaining a neutrino line signal from dark matter at such energies are highly

constrained, but there are nevertheless various viable scenarios. We should note

that due to the low statistics in the present data, power law spectra from cascade

annihilations or decays of dark matter into neutrinos might also give reasonable fits.

We limit ourselves here to the possibility of a line signature since this is the most

exciting case– with further data, a line signature would directly point towards a dark

matter explanation, whereas a power law signature might be difficult to disentangle

from astrophysical sources.

For dark matter with an annihilation cross section into monochromatic neutrinos

saturating the unitarity limit, σAnn ≤ 4π/(m2
DMv

2), the event rate expected at a

neutrino telescope of fiducial volume V and nucleon number density nN is of order

ΓEvents ∼ V LMW nN σN

(

ρDM

mDM

)2

⟨σAnnv⟩ ! 1 per few hundred years, (1)

1

where we have taken the neutrino-nucleon scattering cross section to be σN ∼ 9 ×
10−34 cm2 at Eν ≃ 1.2 PeV [20], and the nucleon number density to be that of ice,

nN ≃ nIce ≃ 5× 1023/cm3. ρDM , v, and LMW are the milky way dark matter density

(taken near the Earth for the purpose of our estimate), the typical dark matter

particle velocity, and the rough linear dimension of our galaxy, where these are fixed

to be 0.4 GeV/cm3, 10−3, and 10 kpc, respectively. The fiducial volume V is set to

be 1 km3, which is roughly the size of the IceCube detector. We see that obtaining

a neutrino line signal from dark matter annihilations at the PeV scale is essentially

not possible. In what follows we will therefore restrict ourselves to the possibility of

a signal from dark matter decays.

For dark matter decays also, obtaining a neutrino line signal at the energies of

interest here turns out to be challenging. Indeed, suppose one wishes to mediate an

appropriate decay via a simple dimension 4 operator such as L ⊃ λψ̄LH , where λ is

a coupling constant, ψ is the dark matter particle, L is a lepton doublet, and H is

the Higgs doublet. Then the decay rate to neutrinos is ΓDM = λ2

16πmDM. Similarly to

the annihilation case above, we may estimate the event rate at a neutrino detector

for mDM ≃ 1.2 PeV as

ΓEvents ∼ V LMW nN σN
ρDM

mDM
ΓDM ∼

(

λ

10−29

)2

/ year. (2)

Clearly an exceptionally tiny coupling is required to obtain an appropriate signal,

and a certain amount of model building would appear necessary.

We may also consider whether or not higher dimension operators, suppressed

by some large mass scale, could give more naturally small event rates. For higher

dimension operators, however, it is a nontrivial constraint that in order to obtain

a line signal, the decay final state must be two-body. Indeed, for many interesting

operators, neutrinos appear in the gauge singlet combination LH , and although

naively this could lead to a neutrino decay withH replaced by its vacuum expectation

value v, this tends not to be the dominant process due to the large dark matter masses

under consideration. For example, if one considers the operator L ⊃ φ(LH)2/Λ for

a scalar dark matter particle φ, and with Λ a heavy mass scale, then the square of

the amplitude for a four-body decay with two neutrinos and two Higgses is larger

than that for a two-body neutrino decay by a factor of ∼ (mDM/v)4. For heavy dark

matter masses, phase space suppressions for multi-body final states are not enough

to prevent the four-body decay from being by far dominant.

In this paper we will comprehensively discuss effective operators which could

mediate the decays of heavy dark matter particles into monochromatic neutrino lines,

2
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Dark Matter substructure
Zavala, PRD 89 2014

Decay seems favorite with respect to annihilation  
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Credits:		Hambye	•  photon stable because massless (for gauge symmetry motivation)

•  neutrino stable because is lightest fermion (Lorentz invariance)

•  electron stable because is lightest charged particle (electric charge conservation)

•  proton (?) stable if baryon number exactly conserved   

To have a stable particle on top of SM without any extra symmetry
is not automatic even if not impossible…. BUT quite baroque  

What is the symmetry that stabilize DM? 
(R)-parity, mirror world,….but so far no evidence 
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In addition to the atmospheric background, we assume two-component flux: 

The Dark Matter contribution mainly depends on: 

• halo density profile of Milky Way 

• Leptonic/hadronic final states

Neutrino flux: our assumption
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=

d�bkg

dE⌫d⌦
+

d�Astro

dE⌫d⌦
+

d�DM

dE⌫d⌦

� ! ⌧+⌧� /� ! tt

7

Analysis on 

angular distribution

Analysis on 

energy spectrum

decay annihilation

⇢DM

mDM

✓
⇢DM
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◆2d�DM

dE⌫d⌦
/

1) Atmospheric neutrino
        Honda, Kajita, Kasahara, Midorikawa, Sanuki, PRD (2007)
         Enberg,Reno,Sarcevic, PRD (2008)

three  componets are assumed:    	

2) Astrophysical isotropic neutrino flux 

2. Analysis with a Single Power-law

In this study, we perform a combined analysis of the diffuse
neutrino flux observed by ANTARES (nine-year showers; Eberl
2016) and by IceCube (six-year HESE showers and tracks;
Kopper 2016), assuming a single astrophysical component
parametrized in terms of the following unbroken power-law per
neutrino flavor

d
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We consider an equal flavor composition at the Earth, as
expected for standard astrophysical sources due to neutrino
oscillations, and an isotropic flux in angular coordinates. In
particular, we show how much the fit on the parameters

,astro
0

astrogF( ) with the IceCube data changes by including also
the ANTARES observations in the analysis. Moreover, we also
statistically characterize the low-energy excess as a function of
the spectral index γastro by considering both ANTARES and
IceCube measurements.

In addition to the astrophysical flux described by
Equation (1), we consider the conventional atmospheric
background that consists of penetrating muons and neutrinos
produced by the π/K decays in the atmosphere(Honda
et al. 2007). On the other hand, we do not take into account
the prompt atmospheric background (neutrinos produced by the
decays of charmed mesons; Enberg et al. 2008), according to
the IceCube conclusions contained in (Aartsen et al. 2014a,
2015b, 2016).3

In the present analysis, the combined fit is performed by
maximizing the binned multi-Poisson likelihoods A,IC$ , with
expressions that are given by Baker & Cousins (1984)
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where the quantity Ni is the expected number of events that is
compared with the observed number of neutrinos ni, once the
atmospheric background events (conventional neutrinos and
penetrating muons only) have been subtracted in each energy
bin i. Moreover, the index i runs over the energy bins of the
two experiments. According to the cuts considered by the
two Collaborations, we consider only neutrino events with
Eν�20 TeV for ANTARES and Eν�60 TeV for IceCube.
The expected number of events in the energy bin E E,i i 1+[ ] is then
given by
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where tA,ICD is the exposure time (ΔtA= 2450 days and
ΔtIC= 2078 days), whereas A Eeff

A,IC
n( ) is the effective area

summed over the three neutrino flavors. The ANTARES
effective area has been obtained by using the two cosmic
neutrino spectra reported in Figure1 of Eberl (2016), assuming
a constant effective area in each energy bin. The IceCube
effective area, instead, has been taken from Aartsen
et al. (2013).

The combined fit (IC+A) is obtained by considering the
product of the two likelihoods

n nln , , ln . 4IC A
astro
0

astro
A IC$ $ $gF =( ∣ ) ( · ) ( )

We observe that $ is a function of the astrophysical flux
normalization astro

0F and of the spectral index γastro. The
likelihood $ is maximized with a statistical approach giving the
best values for the two free parameters. The results are shown
in Figures 1 and 2.
Figure 1 shows the neutrino spectrum for ANTARES (upper

panel) and IceCube (lower panel). In the plots, the gray lines
correspond to the sum of the best-fit for the neutrino signal and
of the conventional atmospheric background (blue regions).
The shaded regions represent the lower cuts in energy
considered in the fit. Moreover, in case of ANTARES, we
are forced to consider an upper cut in energy (Eν� 300 TeV)
according to Eberl (2016), as the deduced ANTARES effective
area is only known up to such an energy.
In Figure 2 we show the contour plots for the fit of IceCube

six-year HESE (black) and for the combined fit IceCube
+ANTARES (ocher). The solid (dotted) lines correspond to the
68% (95%) confidence interval contours. The best-fit values
and the 1–2σ ranges of the flux normalization and the spectral

Figure 1. Number of neutrino events as a function of the energy for
ANTARES (upper panel) and IceCube (lower panel). In both plots, the blue
area represents the conventional atmospheric background (neutrinos and
penetrating muons), and the gray line corresponds to the sum of the
background and the combined (IC+A) best-fit power-law with

2.30 10 GeV cm s srastro
0 18 2 1F = ´ - -( ) and γastro=2.85.

3 In case of ANTARES data, we have subtracted the prompt component to the
total background reported in Figure1 of (Eberl 2016) through the neutrino
effective area deduced by the same plot.
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flux of a flavour ↵ at the Earth is composed by two contributions
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where the first term refers to the Galactic (G) contribution of the Milky Way, while the
second one represents the Extragalactic (EG) component. In this case, since the flavour
ratio at the source depends on the particular Dark Matter model considered as well as on the
energy, we take into account the neutrino flavour oscillations during the propagation, which
are represented by the mixing probabilities P↵� that a neutrino of flavour � is converted into
a neutrino of flavour ↵. For long baseline oscillations, the mixing probabilities are equal to

Pee = 0.573 , Peµ = 0.348 , Pe⌧ = 0.150 ,

Pµµ = 0.348 , Pµ⌧ = 0.375 , P⌧⌧ = 0.475 ,
(2.4)

where the values have been taken from ref. [21]. In case of decaying (dec.) DM particles, the
Galactic and the Extragalactic fluxes in eq. (2.3) have, respectively, the expressions
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Here, the quantities mDM and ⌧DM denote the mass and the lifetime of DM particles, re-
spectively. The Galactic term is proportional to the integral over the line-of-sight s of the
galactic DM halo density ⇢h (r) where r =

p
s2 +R2 � 2sR cos ` cos b with R = 8.5 kpc and

(b, `) being the Galactic coordinates. The EG flux is instead obtained by integrating over the
redshift z (the absorption of neutrinos in the intergalactic medium is negligible). Moreover,
in the second expression ⇢c = 5.5 ⇥ 10�6GeV cm�3 is the critical energy density, H (z) =

H0

q
⌦⇤ + ⌦m (1 + z)3 is the Hubble expansion rate with h = H0/100 km s�1Mpc�1 =

0.6711, ⌦DM = 0.2685, ⌦⇤ = 0.6825 and ⌦m = 0.3175 according to Planck analysis [56].
Finally, the quantity dN�/dE⌫ is the energy spectrum of �-flavour neutrinos produced by
DM particles. This quantity depends on the particular DM interaction with the SM particles
and, in general, is obtained by means of a Monte Carlo procedure.

In case of annihilating (ann.) DM particles instead, the two contributions to the neutrino
flux of eq. (2.3) are equal to

dJG
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. (2.8)

In the previous expressions, the quantity h�vi is the thermally averaged cross section and
B (z) is the boost factor (or clumpiness factor), which parametrizes the e↵ect of the inho-
mogeneities of the DM distribution in the intergalactic medium. In the present study, we
adopt the cosmological boost factor reported in ref. [57], which is obtained by considering a
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where the first term refers to the Galactic (G) contribution of the Milky Way, while the
second one represents the Extragalactic (EG) component. In this case, since the flavour
ratio at the source depends on the particular Dark Matter model considered as well as on the
energy, we take into account the neutrino flavour oscillations during the propagation, which
are represented by the mixing probabilities P↵� that a neutrino of flavour � is converted into
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Here, the quantities mDM and ⌧DM denote the mass and the lifetime of DM particles, re-
spectively. The Galactic term is proportional to the integral over the line-of-sight s of the
galactic DM halo density ⇢h (r) where r =
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0.6711, ⌦DM = 0.2685, ⌦⇤ = 0.6825 and ⌦m = 0.3175 according to Planck analysis [56].
Finally, the quantity dN�/dE⌫ is the energy spectrum of �-flavour neutrinos produced by
DM particles. This quantity depends on the particular DM interaction with the SM particles
and, in general, is obtained by means of a Monte Carlo procedure.

In case of annihilating (ann.) DM particles instead, the two contributions to the neutrino
flux of eq. (2.3) are equal to
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In the previous expressions, the quantity h�vi is the thermally averaged cross section and
B (z) is the boost factor (or clumpiness factor), which parametrizes the e↵ect of the inho-
mogeneities of the DM distribution in the intergalactic medium. In the present study, we
adopt the cosmological boost factor reported in ref. [57], which is obtained by considering a
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where the first term refers to the Galactic (G) contribution of the Milky Way, while the
second one represents the Extragalactic (EG) component. In this case, since the flavour
ratio at the source depends on the particular Dark Matter model considered as well as on the
energy, we take into account the neutrino flavour oscillations during the propagation, which
are represented by the mixing probabilities P↵� that a neutrino of flavour � is converted into
a neutrino of flavour ↵. For long baseline oscillations, the mixing probabilities are equal to

Pee = 0.573 , Peµ = 0.348 , Pe⌧ = 0.150 ,

Pµµ = 0.348 , Pµ⌧ = 0.375 , P⌧⌧ = 0.475 ,
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Here, the quantities mDM and ⌧DM denote the mass and the lifetime of DM particles, re-
spectively. The Galactic term is proportional to the integral over the line-of-sight s of the
galactic DM halo density ⇢h (r) where r =
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(b, `) being the Galactic coordinates. The EG flux is instead obtained by integrating over the
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in the second expression ⇢c = 5.5 ⇥ 10�6GeV cm�3 is the critical energy density, H (z) =
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0.6711, ⌦DM = 0.2685, ⌦⇤ = 0.6825 and ⌦m = 0.3175 according to Planck analysis [56].
Finally, the quantity dN�/dE⌫ is the energy spectrum of �-flavour neutrinos produced by
DM particles. This quantity depends on the particular DM interaction with the SM particles
and, in general, is obtained by means of a Monte Carlo procedure.

In case of annihilating (ann.) DM particles instead, the two contributions to the neutrino
flux of eq. (2.3) are equal to
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In the previous expressions, the quantity h�vi is the thermally averaged cross section and
B (z) is the boost factor (or clumpiness factor), which parametrizes the e↵ect of the inho-
mogeneities of the DM distribution in the intergalactic medium. In the present study, we
adopt the cosmological boost factor reported in ref. [57], which is obtained by considering a
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flux and a neutrino flux originated by Dark Matter decays. Hence, the total di↵erential
extraterrestrial neutrino flux for each neutrino flavor ↵ is given by
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+

d�DM
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The astrophysical contribution is parametrized by a power-law
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, (4.2)

where �Astro
0 is the normalization of the flux at 100TeV and � is the spectral index. According

to the 8-year through-going muon neutrinos data and the recent measurements related to the
blazar TXS 0506+056, we fix the spectral index to the benchmark value � = 2.2. Therefore,
only the normalization �Astro

0 is taken as free parameter. We note that the astrophysical flux
is isotropic and independent on the neutrino flavor ↵.

The Dark Matter neutrino flux in eq. (4.1) is instead given by the sum of a Galactic
(G) contribution and an Extragalactic (EG) one. Hence, taking into account the neutrino
oscillations through mixing probabilities P↵� [17], we have
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Both contributions are inversely proportional to the Dark Matter mass m� and its total
lifetime ⌧�. The quantity dN�/dE⌫ is the e↵ective energy spectrum of neutrinos produced
by each Dark Matter decay. It is given by the sum of the energy spectra of each Dark Matter
decay channel (di↵erent neutrino flavors) multiplied by the corresponding branching ratio.
To evaluate such a quantity, we use the tables provided by ref. [83].6 The Galactic flux is
proportional to the integral over the line-of-sight s of the Dark Matter halo density profile
of the Milky Way ⇢NFW, which we assume to be the standard Navarro-Frenk-White (NFW)
distribution [84]. The Extragalactic flux is instead obtained by integrating over the redshift z
the energy spectrum evaluated at the energy E (1 + z) and divided by the Hubble parameter
H (z). For the cosmological parameters, we take the ⇤CDM parameters provided by the
Planck Collaboration [75]. Finally, it is worth noticing that the Galactic term depends on
the Galactic angular coordinates (b, `) through the Dark Matter halo density profile, while
the Extragalactic one is isotropic.

Hence, the two-component neutrino flux defined in eq. (4.1) depends on three free
parameters: the astrophysical flux normalization �Astro

0 , the Dark Matter mass m� and its

6The energy spectra have been extrapolated up to a Dark Matter mass of 10 PeV by using the same
approach discussed in ref. [17].
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Hence, the two-component neutrino flux defined in eq. (4.1) depends on three free
parameters: the astrophysical flux normalization �Astro

0 , the Dark Matter mass m� and its

6The energy spectra have been extrapolated up to a Dark Matter mass of 10 PeV by using the same
approach discussed in ref. [17].
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�⇡/2  b  ⇡/2 and �⇡  l < ⇡). The Galactic component of neutrino flux originates from
the decay of DM particles in the Milky Way halo with the following differential flux:

dJ
h

dE⌫
(l, b) =

1

4⇡m
DM

⌧
DM

dN⌫

dE⌫

Z 1

0

ds ⇢
h

[r (s, l, b)] , (2.1)

where m
DM

and ⌧
DM

are the DM mass and lifetime, respectively, and ⇢
h

(r) is the density
profile of DM particles in our Galaxy as a function of distance from the Galactic center (GC),
r. The dN⌫/dE⌫ factor is the energy spectrum of neutrinos produced in the decay of a DM
particle. The dependence of Galactic neutrino flux on the Galactic coordinates originates from
the off-center position of the Sun with respect to the center of DM halo, which is located at
the GC. The neutrino flux at Earth is given by the line-of-sight integration over the parameter
s, which is related to r by

r(s, l, b) =
q

s2 +R2

� � 2sR� cos b cos l , (2.2)

where R� ' 8.5 kpc is the Sun-GC distance.
The extragalactic component of the neutrino flux, which originates from the DM decay at

cosmological distances, is isotropic to the leading order and thus independent of the Galactic
coordinates. The differential flux with respect to the neutrino energy measured at Earth, E⌫ ,
is given by

dJ
eg

dE⌫
=

⌦

DM

⇢
c

4⇡m
DM

⌧
DM

Z 1

0

dz
1

H(z)

dN⌫

dE⌫
[(1 + z)E⌫ ] , (2.3)

where H(z) = H
0

p
⌦

⇤

+ ⌦

m

(1 + z)3 is the Hubble expansion rate as a function of redshift
z and ⇢

c

= 5.5⇥ 10

�6

GeV cm

�3 is the critical density of the Universe. For the cosmological
parameters we take the values derived from the Planck temperature map data [36]: ⌦

⇤

=

0.6825, ⌦
m

= 0.3175, ⌦
DM

= 0.2685 and h ⌘ H
0

/100 km s

�1

Mpc

�1

= 0.6711.
Apart from a relative normalization factor of order unity, the spectral shapes of the

Galactic and extragalactic contributions are typically similar (see for instance Fig. 1 in [27]).
To a first approximation, this means that the angular and energy dependences are basically
factorized. In the following we shall perform the analyses of the two observables indepen-
dently; i.e., by integrating over energy we obtain the angular distribution for the angular
analysis of data and by integration over the solid angle we derive the energy distribution for
the energy analysis of data. An ideal analysis should include both the energy and angular
distributions simultaneously; but performing this analysis requires detailed information of
the detector (such as the declination dependence of effective area, etc.) which is anyway
unavailable now.

The theoretical angular probability distribution function (PDF) from decaying DM is
given by

pDM

(b, l) = 

✓Z 1

0

ds ⇢
h

[r(s, l, b)] + ⌦

DM

⇢c�

◆
, (2.4)

where
� =

Z 1

0

dz

(1 + z)H(z)
, (2.5)

and, from the normalization condition, one has

 =

1

4⇡ (⌘ + ⌦

DM

⇢c�)
, (2.6)
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flux of a flavour ↵ at the Earth is composed by two contributions

d�DM
↵

dE⌫d⌦
=

X

�

P↵�

"
d�G

�

dE⌫d⌦
+

d�EG
�

dE⌫d⌦

#
, (2.3)

where the first term refers to the Galactic (G) contribution of the Milky Way, while the
second one represents the Extragalactic (EG) component. In this case, since the flavour
ratio at the source depends on the particular Dark Matter model considered as well as on the
energy, we take into account the neutrino flavour oscillations during the propagation, which
are represented by the mixing probabilities P↵� that a neutrino of flavour � is converted into
a neutrino of flavour ↵. For long baseline oscillations, the mixing probabilities are equal to

Pee = 0.573 , Peµ = 0.348 , Pe⌧ = 0.150 ,

Pµµ = 0.348 , Pµ⌧ = 0.375 , P⌧⌧ = 0.475 ,
(2.4)

where the values have been taken from ref. [21]. In case of decaying (dec.) DM particles, the
Galactic and the Extragalactic fluxes in eq. (2.3) have, respectively, the expressions

d�G
�

dE⌫d⌦

�����
dec.

=
1

4⇡mDM ⌧DM

dN�

dE⌫

Z 1

0
ds ⇢h [r (s, `, b)] , (2.5)

d�EG
�

dE⌫d⌦

�����
dec.

=
⌦DM⇢c

4⇡mDM ⌧DM

Z 1

0
dz

1

H (z)

dN�

dE⌫

����
E0=E(1+z)

. (2.6)

Here, the quantities mDM and ⌧DM denote the mass and the lifetime of DM particles, re-
spectively. The Galactic term is proportional to the integral over the line-of-sight s of the
galactic DM halo density ⇢h (r) where r =

p
s2 +R2 � 2sR cos ` cos b with R = 8.5 kpc and

(b, `) being the Galactic coordinates. The EG flux is instead obtained by integrating over the
redshift z (the absorption of neutrinos in the intergalactic medium is negligible). Moreover,
in the second expression ⇢c = 5.5 ⇥ 10�6GeV cm�3 is the critical energy density, H (z) =

H0

q
⌦⇤ + ⌦m (1 + z)3 is the Hubble expansion rate with h = H0/100 km s�1Mpc�1 =

0.6711, ⌦DM = 0.2685, ⌦⇤ = 0.6825 and ⌦m = 0.3175 according to Planck analysis [56].
Finally, the quantity dN�/dE⌫ is the energy spectrum of �-flavour neutrinos produced by
DM particles. This quantity depends on the particular DM interaction with the SM particles
and, in general, is obtained by means of a Monte Carlo procedure.

In case of annihilating (ann.) DM particles instead, the two contributions to the neutrino
flux of eq. (2.3) are equal to

dJG
�

dE⌫d⌦

�����
ann.

=
1

2

h�vi
4⇡m2

DM

dN�

dE⌫

Z 1

0
ds ⇢2h [r (s, `, b)] , (2.7)
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�

dE⌫d⌦

�����
ann.

=
1

2

h�vi (⌦DM⇢c)
2

4⇡m2
DM

Z 1

0
dz

B (z) (1 + z)3

H (z)

dN�

dE⌫

����
E0=E(1+z)

. (2.8)

In the previous expressions, the quantity h�vi is the thermally averaged cross section and
B (z) is the boost factor (or clumpiness factor), which parametrizes the e↵ect of the inho-
mogeneities of the DM distribution in the intergalactic medium. In the present study, we
adopt the cosmological boost factor reported in ref. [57], which is obtained by considering a
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flux and a neutrino flux originated by Dark Matter decays. Hence, the total di↵erential
extraterrestrial neutrino flux for each neutrino flavor ↵ is given by

d�↵

dE⌫d⌦
=

d�Astro
↵

dE⌫d⌦
+

d�DM
↵

dE⌫d⌦
. (4.1)

The astrophysical contribution is parametrized by a power-law

d�Astro
↵

dE⌫d⌦
= �Astro

0

✓
E⌫

100 TeV

◆��

, (4.2)

where �Astro
0 is the normalization of the flux at 100TeV and � is the spectral index. According

to the 8-year through-going muon neutrinos data and the recent measurements related to the
blazar TXS 0506+056, we fix the spectral index to the benchmark value � = 2.2. Therefore,
only the normalization �Astro

0 is taken as free parameter. We note that the astrophysical flux
is isotropic and independent on the neutrino flavor ↵.

The Dark Matter neutrino flux in eq. (4.1) is instead given by the sum of a Galactic
(G) contribution and an Extragalactic (EG) one. Hence, taking into account the neutrino
oscillations through mixing probabilities P↵� [17], we have

d�DM
↵

dE⌫d⌦
=

X

�

P↵�

"
d�G

�

dE⌫d⌦
+

d�EG
�

dE⌫d⌦

#
, (4.3)

with

d�G
�

dE⌫d⌦
=

1

4⇡m� ⌧�

dN�

dE⌫

Z 1

0
ds ⇢NFW (s, `, b) , (4.4)

d�EG
�

dE⌫d⌦
=

⌦�⇢c
4⇡m� ⌧�

Z 1

0
dz

1

H (z)

dN�

dE⌫

����
E(1+z)

. (4.5)

Both contributions are inversely proportional to the Dark Matter mass m� and its total
lifetime ⌧�. The quantity dN�/dE⌫ is the e↵ective energy spectrum of neutrinos produced
by each Dark Matter decay. It is given by the sum of the energy spectra of each Dark Matter
decay channel (di↵erent neutrino flavors) multiplied by the corresponding branching ratio.
To evaluate such a quantity, we use the tables provided by ref. [83].6 The Galactic flux is
proportional to the integral over the line-of-sight s of the Dark Matter halo density profile
of the Milky Way ⇢NFW, which we assume to be the standard Navarro-Frenk-White (NFW)
distribution [84]. The Extragalactic flux is instead obtained by integrating over the redshift z
the energy spectrum evaluated at the energy E (1 + z) and divided by the Hubble parameter
H (z). For the cosmological parameters, we take the ⇤CDM parameters provided by the
Planck Collaboration [75]. Finally, it is worth noticing that the Galactic term depends on
the Galactic angular coordinates (b, `) through the Dark Matter halo density profile, while
the Extragalactic one is isotropic.

Hence, the two-component neutrino flux defined in eq. (4.1) depends on three free
parameters: the astrophysical flux normalization �Astro

0 , the Dark Matter mass m� and its

6The energy spectra have been extrapolated up to a Dark Matter mass of 10 PeV by using the same
approach discussed in ref. [17].
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flux and a neutrino flux originated by Dark Matter decays. Hence, the total di↵erential
extraterrestrial neutrino flux for each neutrino flavor ↵ is given by

d�↵

dE⌫d⌦
=

d�Astro
↵

dE⌫d⌦
+

d�DM
↵

dE⌫d⌦
. (4.1)

The astrophysical contribution is parametrized by a power-law
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, (4.2)

where �Astro
0 is the normalization of the flux at 100TeV and � is the spectral index. According

to the 8-year through-going muon neutrinos data and the recent measurements related to the
blazar TXS 0506+056, we fix the spectral index to the benchmark value � = 2.2. Therefore,
only the normalization �Astro

0 is taken as free parameter. We note that the astrophysical flux
is isotropic and independent on the neutrino flavor ↵.

The Dark Matter neutrino flux in eq. (4.1) is instead given by the sum of a Galactic
(G) contribution and an Extragalactic (EG) one. Hence, taking into account the neutrino
oscillations through mixing probabilities P↵� [17], we have

d�DM
↵

dE⌫d⌦
=

X
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P↵�
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+
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#
, (4.3)

with
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=

1

4⇡m� ⌧�

dN�

dE⌫

Z 1

0
ds ⇢NFW (s, `, b) , (4.4)
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H (z)
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E(1+z)

. (4.5)

Both contributions are inversely proportional to the Dark Matter mass m� and its total
lifetime ⌧�. The quantity dN�/dE⌫ is the e↵ective energy spectrum of neutrinos produced
by each Dark Matter decay. It is given by the sum of the energy spectra of each Dark Matter
decay channel (di↵erent neutrino flavors) multiplied by the corresponding branching ratio.
To evaluate such a quantity, we use the tables provided by ref. [83].6 The Galactic flux is
proportional to the integral over the line-of-sight s of the Dark Matter halo density profile
of the Milky Way ⇢NFW, which we assume to be the standard Navarro-Frenk-White (NFW)
distribution [84]. The Extragalactic flux is instead obtained by integrating over the redshift z
the energy spectrum evaluated at the energy E (1 + z) and divided by the Hubble parameter
H (z). For the cosmological parameters, we take the ⇤CDM parameters provided by the
Planck Collaboration [75]. Finally, it is worth noticing that the Galactic term depends on
the Galactic angular coordinates (b, `) through the Dark Matter halo density profile, while
the Extragalactic one is isotropic.

Hence, the two-component neutrino flux defined in eq. (4.1) depends on three free
parameters: the astrophysical flux normalization �Astro

0 , the Dark Matter mass m� and its

6The energy spectra have been extrapolated up to a Dark Matter mass of 10 PeV by using the same
approach discussed in ref. [17].
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�⇡/2  b  ⇡/2 and �⇡  l < ⇡). The Galactic component of neutrino flux originates from
the decay of DM particles in the Milky Way halo with the following differential flux:

dJ
h

dE⌫
(l, b) =

1

4⇡m
DM

⌧
DM

dN⌫

dE⌫

Z 1

0

ds ⇢
h

[r (s, l, b)] , (2.1)

where m
DM

and ⌧
DM

are the DM mass and lifetime, respectively, and ⇢
h

(r) is the density
profile of DM particles in our Galaxy as a function of distance from the Galactic center (GC),
r. The dN⌫/dE⌫ factor is the energy spectrum of neutrinos produced in the decay of a DM
particle. The dependence of Galactic neutrino flux on the Galactic coordinates originates from
the off-center position of the Sun with respect to the center of DM halo, which is located at
the GC. The neutrino flux at Earth is given by the line-of-sight integration over the parameter
s, which is related to r by

r(s, l, b) =
q

s2 +R2

� � 2sR� cos b cos l , (2.2)

where R� ' 8.5 kpc is the Sun-GC distance.
The extragalactic component of the neutrino flux, which originates from the DM decay at

cosmological distances, is isotropic to the leading order and thus independent of the Galactic
coordinates. The differential flux with respect to the neutrino energy measured at Earth, E⌫ ,
is given by

dJ
eg

dE⌫
=

⌦

DM

⇢
c

4⇡m
DM

⌧
DM

Z 1

0

dz
1

H(z)

dN⌫

dE⌫
[(1 + z)E⌫ ] , (2.3)

where H(z) = H
0

p
⌦

⇤

+ ⌦

m

(1 + z)3 is the Hubble expansion rate as a function of redshift
z and ⇢

c

= 5.5⇥ 10

�6

GeV cm

�3 is the critical density of the Universe. For the cosmological
parameters we take the values derived from the Planck temperature map data [36]: ⌦

⇤

=

0.6825, ⌦
m

= 0.3175, ⌦
DM

= 0.2685 and h ⌘ H
0

/100 km s

�1

Mpc

�1

= 0.6711.
Apart from a relative normalization factor of order unity, the spectral shapes of the

Galactic and extragalactic contributions are typically similar (see for instance Fig. 1 in [27]).
To a first approximation, this means that the angular and energy dependences are basically
factorized. In the following we shall perform the analyses of the two observables indepen-
dently; i.e., by integrating over energy we obtain the angular distribution for the angular
analysis of data and by integration over the solid angle we derive the energy distribution for
the energy analysis of data. An ideal analysis should include both the energy and angular
distributions simultaneously; but performing this analysis requires detailed information of
the detector (such as the declination dependence of effective area, etc.) which is anyway
unavailable now.

The theoretical angular probability distribution function (PDF) from decaying DM is
given by

pDM

(b, l) = 

✓Z 1

0

ds ⇢
h

[r(s, l, b)] + ⌦

DM

⇢c�

◆
, (2.4)

where
� =

Z 1

0

dz

(1 + z)H(z)
, (2.5)

and, from the normalization condition, one has

 =

1

4⇡ (⌘ + ⌦

DM

⇢c�)
, (2.6)
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flux of a flavour ↵ at the Earth is composed by two contributions

d�DM
↵

dE⌫d⌦
=

X

�

P↵�

"
d�G

�

dE⌫d⌦
+

d�EG
�

dE⌫d⌦

#
, (2.3)

where the first term refers to the Galactic (G) contribution of the Milky Way, while the
second one represents the Extragalactic (EG) component. In this case, since the flavour
ratio at the source depends on the particular Dark Matter model considered as well as on the
energy, we take into account the neutrino flavour oscillations during the propagation, which
are represented by the mixing probabilities P↵� that a neutrino of flavour � is converted into
a neutrino of flavour ↵. For long baseline oscillations, the mixing probabilities are equal to

Pee = 0.573 , Peµ = 0.348 , Pe⌧ = 0.150 ,

Pµµ = 0.348 , Pµ⌧ = 0.375 , P⌧⌧ = 0.475 ,
(2.4)

where the values have been taken from ref. [21]. In case of decaying (dec.) DM particles, the
Galactic and the Extragalactic fluxes in eq. (2.3) have, respectively, the expressions

d�G
�

dE⌫d⌦

�����
dec.

=
1

4⇡mDM ⌧DM

dN�

dE⌫

Z 1

0
ds ⇢h [r (s, `, b)] , (2.5)

d�EG
�

dE⌫d⌦

�����
dec.

=
⌦DM⇢c

4⇡mDM ⌧DM

Z 1

0
dz

1

H (z)

dN�

dE⌫

����
E0=E(1+z)

. (2.6)

Here, the quantities mDM and ⌧DM denote the mass and the lifetime of DM particles, re-
spectively. The Galactic term is proportional to the integral over the line-of-sight s of the
galactic DM halo density ⇢h (r) where r =

p
s2 +R2 � 2sR cos ` cos b with R = 8.5 kpc and

(b, `) being the Galactic coordinates. The EG flux is instead obtained by integrating over the
redshift z (the absorption of neutrinos in the intergalactic medium is negligible). Moreover,
in the second expression ⇢c = 5.5 ⇥ 10�6GeV cm�3 is the critical energy density, H (z) =

H0

q
⌦⇤ + ⌦m (1 + z)3 is the Hubble expansion rate with h = H0/100 km s�1Mpc�1 =

0.6711, ⌦DM = 0.2685, ⌦⇤ = 0.6825 and ⌦m = 0.3175 according to Planck analysis [56].
Finally, the quantity dN�/dE⌫ is the energy spectrum of �-flavour neutrinos produced by
DM particles. This quantity depends on the particular DM interaction with the SM particles
and, in general, is obtained by means of a Monte Carlo procedure.

In case of annihilating (ann.) DM particles instead, the two contributions to the neutrino
flux of eq. (2.3) are equal to

dJG
�

dE⌫d⌦

�����
ann.

=
1

2

h�vi
4⇡m2

DM

dN�

dE⌫

Z 1

0
ds ⇢2h [r (s, `, b)] , (2.7)

dJEG
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dE⌫d⌦

�����
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=
1

2

h�vi (⌦DM⇢c)
2

4⇡m2
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Z 1

0
dz

B (z) (1 + z)3

H (z)

dN�

dE⌫

����
E0=E(1+z)

. (2.8)

In the previous expressions, the quantity h�vi is the thermally averaged cross section and
B (z) is the boost factor (or clumpiness factor), which parametrizes the e↵ect of the inho-
mogeneities of the DM distribution in the intergalactic medium. In the present study, we
adopt the cosmological boost factor reported in ref. [57], which is obtained by considering a
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flux and a neutrino flux originated by Dark Matter decays. Hence, the total di↵erential
extraterrestrial neutrino flux for each neutrino flavor ↵ is given by

d�↵

dE⌫d⌦
=

d�Astro
↵

dE⌫d⌦
+

d�DM
↵

dE⌫d⌦
. (4.1)

The astrophysical contribution is parametrized by a power-law

d�Astro
↵

dE⌫d⌦
= �Astro

0

✓
E⌫

100 TeV

◆��

, (4.2)

where �Astro
0 is the normalization of the flux at 100TeV and � is the spectral index. According

to the 8-year through-going muon neutrinos data and the recent measurements related to the
blazar TXS 0506+056, we fix the spectral index to the benchmark value � = 2.2. Therefore,
only the normalization �Astro

0 is taken as free parameter. We note that the astrophysical flux
is isotropic and independent on the neutrino flavor ↵.

The Dark Matter neutrino flux in eq. (4.1) is instead given by the sum of a Galactic
(G) contribution and an Extragalactic (EG) one. Hence, taking into account the neutrino
oscillations through mixing probabilities P↵� [17], we have

d�DM
↵

dE⌫d⌦
=

X

�

P↵�

"
d�G

�

dE⌫d⌦
+

d�EG
�

dE⌫d⌦

#
, (4.3)

with

d�G
�

dE⌫d⌦
=

1

4⇡m� ⌧�

dN�

dE⌫

Z 1

0
ds ⇢NFW (s, `, b) , (4.4)

d�EG
�

dE⌫d⌦
=

⌦�⇢c
4⇡m� ⌧�

Z 1

0
dz

1

H (z)

dN�

dE⌫

����
E(1+z)

. (4.5)

Both contributions are inversely proportional to the Dark Matter mass m� and its total
lifetime ⌧�. The quantity dN�/dE⌫ is the e↵ective energy spectrum of neutrinos produced
by each Dark Matter decay. It is given by the sum of the energy spectra of each Dark Matter
decay channel (di↵erent neutrino flavors) multiplied by the corresponding branching ratio.
To evaluate such a quantity, we use the tables provided by ref. [83].6 The Galactic flux is
proportional to the integral over the line-of-sight s of the Dark Matter halo density profile
of the Milky Way ⇢NFW, which we assume to be the standard Navarro-Frenk-White (NFW)
distribution [84]. The Extragalactic flux is instead obtained by integrating over the redshift z
the energy spectrum evaluated at the energy E (1 + z) and divided by the Hubble parameter
H (z). For the cosmological parameters, we take the ⇤CDM parameters provided by the
Planck Collaboration [75]. Finally, it is worth noticing that the Galactic term depends on
the Galactic angular coordinates (b, `) through the Dark Matter halo density profile, while
the Extragalactic one is isotropic.

Hence, the two-component neutrino flux defined in eq. (4.1) depends on three free
parameters: the astrophysical flux normalization �Astro

0 , the Dark Matter mass m� and its

6The energy spectra have been extrapolated up to a Dark Matter mass of 10 PeV by using the same
approach discussed in ref. [17].
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flux and a neutrino flux originated by Dark Matter decays. Hence, the total di↵erential
extraterrestrial neutrino flux for each neutrino flavor ↵ is given by

d�↵

dE⌫d⌦
=

d�Astro
↵

dE⌫d⌦
+

d�DM
↵

dE⌫d⌦
. (4.1)

The astrophysical contribution is parametrized by a power-law

d�Astro
↵

dE⌫d⌦
= �Astro

0

✓
E⌫

100 TeV

◆��

, (4.2)

where �Astro
0 is the normalization of the flux at 100TeV and � is the spectral index. According

to the 8-year through-going muon neutrinos data and the recent measurements related to the
blazar TXS 0506+056, we fix the spectral index to the benchmark value � = 2.2. Therefore,
only the normalization �Astro

0 is taken as free parameter. We note that the astrophysical flux
is isotropic and independent on the neutrino flavor ↵.

The Dark Matter neutrino flux in eq. (4.1) is instead given by the sum of a Galactic
(G) contribution and an Extragalactic (EG) one. Hence, taking into account the neutrino
oscillations through mixing probabilities P↵� [17], we have
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Both contributions are inversely proportional to the Dark Matter mass m� and its total
lifetime ⌧�. The quantity dN�/dE⌫ is the e↵ective energy spectrum of neutrinos produced
by each Dark Matter decay. It is given by the sum of the energy spectra of each Dark Matter
decay channel (di↵erent neutrino flavors) multiplied by the corresponding branching ratio.
To evaluate such a quantity, we use the tables provided by ref. [83].6 The Galactic flux is
proportional to the integral over the line-of-sight s of the Dark Matter halo density profile
of the Milky Way ⇢NFW, which we assume to be the standard Navarro-Frenk-White (NFW)
distribution [84]. The Extragalactic flux is instead obtained by integrating over the redshift z
the energy spectrum evaluated at the energy E (1 + z) and divided by the Hubble parameter
H (z). For the cosmological parameters, we take the ⇤CDM parameters provided by the
Planck Collaboration [75]. Finally, it is worth noticing that the Galactic term depends on
the Galactic angular coordinates (b, `) through the Dark Matter halo density profile, while
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6The energy spectra have been extrapolated up to a Dark Matter mass of 10 PeV by using the same
approach discussed in ref. [17].
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�⇡/2  b  ⇡/2 and �⇡  l < ⇡). The Galactic component of neutrino flux originates from
the decay of DM particles in the Milky Way halo with the following differential flux:
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where m
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are the DM mass and lifetime, respectively, and ⇢
h

(r) is the density
profile of DM particles in our Galaxy as a function of distance from the Galactic center (GC),
r. The dN⌫/dE⌫ factor is the energy spectrum of neutrinos produced in the decay of a DM
particle. The dependence of Galactic neutrino flux on the Galactic coordinates originates from
the off-center position of the Sun with respect to the center of DM halo, which is located at
the GC. The neutrino flux at Earth is given by the line-of-sight integration over the parameter
s, which is related to r by

r(s, l, b) =
q

s2 +R2

� � 2sR� cos b cos l , (2.2)

where R� ' 8.5 kpc is the Sun-GC distance.
The extragalactic component of the neutrino flux, which originates from the DM decay at

cosmological distances, is isotropic to the leading order and thus independent of the Galactic
coordinates. The differential flux with respect to the neutrino energy measured at Earth, E⌫ ,
is given by
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(1 + z)3 is the Hubble expansion rate as a function of redshift
z and ⇢

c
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GeV cm

�3 is the critical density of the Universe. For the cosmological
parameters we take the values derived from the Planck temperature map data [36]: ⌦
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=

0.6825, ⌦
m

= 0.3175, ⌦
DM

= 0.2685 and h ⌘ H
0

/100 km s
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Mpc
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= 0.6711.
Apart from a relative normalization factor of order unity, the spectral shapes of the

Galactic and extragalactic contributions are typically similar (see for instance Fig. 1 in [27]).
To a first approximation, this means that the angular and energy dependences are basically
factorized. In the following we shall perform the analyses of the two observables indepen-
dently; i.e., by integrating over energy we obtain the angular distribution for the angular
analysis of data and by integration over the solid angle we derive the energy distribution for
the energy analysis of data. An ideal analysis should include both the energy and angular
distributions simultaneously; but performing this analysis requires detailed information of
the detector (such as the declination dependence of effective area, etc.) which is anyway
unavailable now.

The theoretical angular probability distribution function (PDF) from decaying DM is
given by

pDM

(b, l) = 

✓Z 1

0

ds ⇢
h

[r(s, l, b)] + ⌦

DM

⇢c�

◆
, (2.4)

where
� =

Z 1

0

dz

(1 + z)H(z)
, (2.5)

and, from the normalization condition, one has

 =

1

4⇡ (⌘ + ⌦

DM

⇢c�)
, (2.6)
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flux of a flavour ↵ at the Earth is composed by two contributions
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dE⌫d⌦
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#
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where the first term refers to the Galactic (G) contribution of the Milky Way, while the
second one represents the Extragalactic (EG) component. In this case, since the flavour
ratio at the source depends on the particular Dark Matter model considered as well as on the
energy, we take into account the neutrino flavour oscillations during the propagation, which
are represented by the mixing probabilities P↵� that a neutrino of flavour � is converted into
a neutrino of flavour ↵. For long baseline oscillations, the mixing probabilities are equal to

Pee = 0.573 , Peµ = 0.348 , Pe⌧ = 0.150 ,

Pµµ = 0.348 , Pµ⌧ = 0.375 , P⌧⌧ = 0.475 ,
(2.4)

where the values have been taken from ref. [21]. In case of decaying (dec.) DM particles, the
Galactic and the Extragalactic fluxes in eq. (2.3) have, respectively, the expressions

d�G
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dE⌫d⌦

�����
dec.

=
1

4⇡mDM ⌧DM

dN�

dE⌫

Z 1

0
ds ⇢h [r (s, `, b)] , (2.5)

d�EG
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�����
dec.

=
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4⇡mDM ⌧DM

Z 1

0
dz

1

H (z)

dN�

dE⌫

����
E0=E(1+z)

. (2.6)

Here, the quantities mDM and ⌧DM denote the mass and the lifetime of DM particles, re-
spectively. The Galactic term is proportional to the integral over the line-of-sight s of the
galactic DM halo density ⇢h (r) where r =

p
s2 +R2 � 2sR cos ` cos b with R = 8.5 kpc and

(b, `) being the Galactic coordinates. The EG flux is instead obtained by integrating over the
redshift z (the absorption of neutrinos in the intergalactic medium is negligible). Moreover,
in the second expression ⇢c = 5.5 ⇥ 10�6GeV cm�3 is the critical energy density, H (z) =

H0

q
⌦⇤ + ⌦m (1 + z)3 is the Hubble expansion rate with h = H0/100 km s�1Mpc�1 =

0.6711, ⌦DM = 0.2685, ⌦⇤ = 0.6825 and ⌦m = 0.3175 according to Planck analysis [56].
Finally, the quantity dN�/dE⌫ is the energy spectrum of �-flavour neutrinos produced by
DM particles. This quantity depends on the particular DM interaction with the SM particles
and, in general, is obtained by means of a Monte Carlo procedure.

In case of annihilating (ann.) DM particles instead, the two contributions to the neutrino
flux of eq. (2.3) are equal to

dJG
�

dE⌫d⌦

�����
ann.

=
1

2

h�vi
4⇡m2

DM

dN�

dE⌫

Z 1

0
ds ⇢2h [r (s, `, b)] , (2.7)

dJEG
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dE⌫d⌦

�����
ann.

=
1

2

h�vi (⌦DM⇢c)
2

4⇡m2
DM

Z 1

0
dz

B (z) (1 + z)3

H (z)

dN�

dE⌫

����
E0=E(1+z)

. (2.8)

In the previous expressions, the quantity h�vi is the thermally averaged cross section and
B (z) is the boost factor (or clumpiness factor), which parametrizes the e↵ect of the inho-
mogeneities of the DM distribution in the intergalactic medium. In the present study, we
adopt the cosmological boost factor reported in ref. [57], which is obtained by considering a
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Galactic	 Extra-Galactic	

(a) PDF of DM decay (b) PDF of IceCube data

Figure 1. Illustrative sky map of: (a) DM PDF from eq. (2.4); (b) PDF of the IceCube data from
eq. (3.1). Both figures are in Galactic coordinates. The ⇥ and + in panel (b) correspond to track and
shower events, respectively. The color codes (linear scale) in both panels are scaled for illustration
purpose.

decaying DM distribution can only be performed within the IceCube collaboration. We show
in the following that a number of tests are possible with the currently available information,
under different simplifying approximations. Our preliminary conclusions are the following:
Either a likelihood method, see section 3.1, or a Kolmorogov-Smirnov test, see section 3.2
(including its Anderson-Darling variant in section 3.3), suggest that data prefer a DM-like
distribution with respect to an isotropic one at the confidence level ranging from 89% to 98%
C.L.; i.e., roughly at the “2�” level. In section 3.4 we discuss some of the possible limitations
of our treatments. We argue that, while an improved treatment of the angular resolution
or background-signal separation might degrade somewhat these figures, some preference for
a DM-like distribution (i.e. for some excess toward the inner Galaxy) persists. We also
perform a KS forecast analysis of the number of events needed to reject the DM distribution,
if the distribution were isotropic. This forecast does suggest that current diagnostic power
of a KS test is not better than 1 to 2 � level, and that a statistics of about 120 events is
needed to reach a ⇠ 99% C.L.. This appears within reach of the lifetime of the IceCube
detector, which suggests that more conclusive tests should be within reach even with the
current experiment. Definitely, a better diagnostic power can be attained by the planned
next generation of neutrino detectors.

3.1 Likelihood analysis

A first test consists in checking how well the event distribution follows a DM-like distribution
as opposed to an isotropic one, via a likelihood test. For each event we can define a probability
distribution function pi. We follow here the same “flat sky” approximation common in neutrino
telescopes for point source analyses [39], namely

pi(b, l) =
1

2⇡�2

i

exp


� |~xi � ~x|2

2�2

i

�
, (3.1)

where |~xi�~x| is the angular distance between two points and �i is the error in the reconstruc-
tion of direction reported by IceCube. In this paper we analyze 35 events collected during
three years at IceCube detector2 [3]. Out of this 35 events, 7 are track events (with small un-

2IceCube observed 37 events in the search region. But two of these events have characteristics so similar
to background events that they are excluded from the analysis.
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where the first term refers to the Galactic (G) contribution of the Milky Way, while the
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energy, we take into account the neutrino flavour oscillations during the propagation, which
are represented by the mixing probabilities P↵� that a neutrino of flavour � is converted into
a neutrino of flavour ↵. For long baseline oscillations, the mixing probabilities are equal to

Pee = 0.573 , Peµ = 0.348 , Pe⌧ = 0.150 ,

Pµµ = 0.348 , Pµ⌧ = 0.375 , P⌧⌧ = 0.475 ,
(2.4)

where the values have been taken from ref. [21]. In case of decaying (dec.) DM particles, the
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decaying DM distribution can only be performed within the IceCube collaboration. We show
in the following that a number of tests are possible with the currently available information,
under different simplifying approximations. Our preliminary conclusions are the following:
Either a likelihood method, see section 3.1, or a Kolmorogov-Smirnov test, see section 3.2
(including its Anderson-Darling variant in section 3.3), suggest that data prefer a DM-like
distribution with respect to an isotropic one at the confidence level ranging from 89% to 98%
C.L.; i.e., roughly at the “2�” level. In section 3.4 we discuss some of the possible limitations
of our treatments. We argue that, while an improved treatment of the angular resolution
or background-signal separation might degrade somewhat these figures, some preference for
a DM-like distribution (i.e. for some excess toward the inner Galaxy) persists. We also
perform a KS forecast analysis of the number of events needed to reject the DM distribution,
if the distribution were isotropic. This forecast does suggest that current diagnostic power
of a KS test is not better than 1 to 2 � level, and that a statistics of about 120 events is
needed to reach a ⇠ 99% C.L.. This appears within reach of the lifetime of the IceCube
detector, which suggests that more conclusive tests should be within reach even with the
current experiment. Definitely, a better diagnostic power can be attained by the planned
next generation of neutrino detectors.

3.1 Likelihood analysis

A first test consists in checking how well the event distribution follows a DM-like distribution
as opposed to an isotropic one, via a likelihood test. For each event we can define a probability
distribution function pi. We follow here the same “flat sky” approximation common in neutrino
telescopes for point source analyses [39], namely
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where |~xi�~x| is the angular distance between two points and �i is the error in the reconstruc-
tion of direction reported by IceCube. In this paper we analyze 35 events collected during
three years at IceCube detector2 [3]. Out of this 35 events, 7 are track events (with small un-

2IceCube observed 37 events in the search region. But two of these events have characteristics so similar
to background events that they are excluded from the analysis.
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Figure 5: Arrival directions of the events in galactic coordinates. Shower-like events are marked
with a + and those containing tracks with a ⇥. The new events of table 1 are shown in black. Colors
show the test statistics (TS) for the point-source clustering test at each location. No significant
clustering was found.

observations by other experiments. IceCube is already sending public alerts using the HESE chan-
nel for track-like events [13] with the plan to extend this to the full HESE selection including
cascade-like events soon.
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where the first term refers to the Galactic (G) contribution of the Milky Way, while the
second one represents the Extragalactic (EG) component. In this case, since the flavour
ratio at the source depends on the particular Dark Matter model considered as well as on the
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a neutrino of flavour ↵. For long baseline oscillations, the mixing probabilities are equal to

Pee = 0.573 , Peµ = 0.348 , Pe⌧ = 0.150 ,

Pµµ = 0.348 , Pµ⌧ = 0.375 , P⌧⌧ = 0.475 ,
(2.4)

where the values have been taken from ref. [21]. In case of decaying (dec.) DM particles, the
Galactic and the Extragalactic fluxes in eq. (2.3) have, respectively, the expressions

d�G
�

dE⌫d⌦

�����
dec.

=
1

4⇡mDM ⌧DM

dN�

dE⌫

Z 1

0
ds ⇢h [r (s, `, b)] , (2.5)

d�EG
�

dE⌫d⌦

�����
dec.

=
⌦DM⇢c

4⇡mDM ⌧DM

Z 1

0
dz

1

H (z)

dN�

dE⌫

����
E0=E(1+z)

. (2.6)

Here, the quantities mDM and ⌧DM denote the mass and the lifetime of DM particles, re-
spectively. The Galactic term is proportional to the integral over the line-of-sight s of the
galactic DM halo density ⇢h (r) where r =

p
s2 +R2 � 2sR cos ` cos b with R = 8.5 kpc and

(b, `) being the Galactic coordinates. The EG flux is instead obtained by integrating over the
redshift z (the absorption of neutrinos in the intergalactic medium is negligible). Moreover,
in the second expression ⇢c = 5.5 ⇥ 10�6GeV cm�3 is the critical energy density, H (z) =

H0

q
⌦⇤ + ⌦m (1 + z)3 is the Hubble expansion rate with h = H0/100 km s�1Mpc�1 =

0.6711, ⌦DM = 0.2685, ⌦⇤ = 0.6825 and ⌦m = 0.3175 according to Planck analysis [56].
Finally, the quantity dN�/dE⌫ is the energy spectrum of �-flavour neutrinos produced by
DM particles. This quantity depends on the particular DM interaction with the SM particles
and, in general, is obtained by means of a Monte Carlo procedure.

In case of annihilating (ann.) DM particles instead, the two contributions to the neutrino
flux of eq. (2.3) are equal to

dJG
�

dE⌫d⌦

�����
ann.

=
1

2

h�vi
4⇡m2

DM

dN�

dE⌫

Z 1

0
ds ⇢2h [r (s, `, b)] , (2.7)

dJEG
�

dE⌫d⌦

�����
ann.

=
1

2

h�vi (⌦DM⇢c)
2

4⇡m2
DM

Z 1

0
dz

B (z) (1 + z)3

H (z)

dN�

dE⌫

����
E0=E(1+z)

. (2.8)

In the previous expressions, the quantity h�vi is the thermally averaged cross section and
B (z) is the boost factor (or clumpiness factor), which parametrizes the e↵ect of the inho-
mogeneities of the DM distribution in the intergalactic medium. In the present study, we
adopt the cosmological boost factor reported in ref. [57], which is obtained by considering a
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(a) PDF of DM decay (b) PDF of IceCube data

Figure 1. Illustrative sky map of: (a) DM PDF from eq. (2.4); (b) PDF of the IceCube data from
eq. (3.1). Both figures are in Galactic coordinates. The ⇥ and + in panel (b) correspond to track and
shower events, respectively. The color codes (linear scale) in both panels are scaled for illustration
purpose.

decaying DM distribution can only be performed within the IceCube collaboration. We show
in the following that a number of tests are possible with the currently available information,
under different simplifying approximations. Our preliminary conclusions are the following:
Either a likelihood method, see section 3.1, or a Kolmorogov-Smirnov test, see section 3.2
(including its Anderson-Darling variant in section 3.3), suggest that data prefer a DM-like
distribution with respect to an isotropic one at the confidence level ranging from 89% to 98%
C.L.; i.e., roughly at the “2�” level. In section 3.4 we discuss some of the possible limitations
of our treatments. We argue that, while an improved treatment of the angular resolution
or background-signal separation might degrade somewhat these figures, some preference for
a DM-like distribution (i.e. for some excess toward the inner Galaxy) persists. We also
perform a KS forecast analysis of the number of events needed to reject the DM distribution,
if the distribution were isotropic. This forecast does suggest that current diagnostic power
of a KS test is not better than 1 to 2 � level, and that a statistics of about 120 events is
needed to reach a ⇠ 99% C.L.. This appears within reach of the lifetime of the IceCube
detector, which suggests that more conclusive tests should be within reach even with the
current experiment. Definitely, a better diagnostic power can be attained by the planned
next generation of neutrino detectors.

3.1 Likelihood analysis

A first test consists in checking how well the event distribution follows a DM-like distribution
as opposed to an isotropic one, via a likelihood test. For each event we can define a probability
distribution function pi. We follow here the same “flat sky” approximation common in neutrino
telescopes for point source analyses [39], namely

pi(b, l) =
1

2⇡�2

i

exp


� |~xi � ~x|2

2�2

i

�
, (3.1)

where |~xi�~x| is the angular distance between two points and �i is the error in the reconstruc-
tion of direction reported by IceCube. In this paper we analyze 35 events collected during
three years at IceCube detector2 [3]. Out of this 35 events, 7 are track events (with small un-

2IceCube observed 37 events in the search region. But two of these events have characteristics so similar
to background events that they are excluded from the analysis.
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Figure 5: Arrival directions of the events in galactic coordinates. Shower-like events are marked
with a + and those containing tracks with a ⇥. The new events of table 1 are shown in black. Colors
show the test statistics (TS) for the point-source clustering test at each location. No significant
clustering was found.

observations by other experiments. IceCube is already sending public alerts using the HESE chan-
nel for track-like events [13] with the plan to extend this to the full HESE selection including
cascade-like events soon.
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Neutrino spectrum from DM decay  (weak corrections)
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Figure 1: DM annihilation/decay initially produces a hard positron-electron pair. The spectrum

of the hard objects is altered by electroweak virtual corrections (green photon line) and real Z

emission. The Z decays hadronically through a qq̄ pair and produces a great number of much

softer objects, among which an antiproton and two pions; the latter cascade decay to softer �s

and leptons.

are not present in QED and QCD and this e↵ect has been baptized “Bloch-Nordsieck Theorem

Violation” [14]. We refer the reader to the relevant literature [14, 15, 16] for details. In the case

at hand, since the initial DM particles are nonrelativistic, radiation related to the initial legs

does not produce log-enhanced terms. Therefore, we only need to examine soft EW radiation

related to the final state particles.

The hard scale in the case we examine here is provided by the DM massM >⇠ 1 TeV while the

soft scale is the typical energy where the spectra of the final products of DM decay/annihilation

are measured, E <⇠ 100 GeV. Even bearing in mind that weak interactions are not so weak

at the TeV scale, one might wonder whether such “strong” electroweak e↵ects are relevant

for measurements with uncertainties very far from the precision reachable by ground-based

experiments at colliders. In this context, and in view of our ignorance about the physics

responsible for DM cross sections, it might seem that even a O(30)% relative e↵ect should

have a minor impact. This is by no means the case: including electroweak corrections has a

huge impact on the measured energy spectra from DM decay/annihilation. There are two basic

reasons for this rather surprising result.

• In the first place, since energy is conserved, but the total number of particles is not,

because of electroweak radiation a small number of highly energetic particles is converted

into a great number of low energy particles, thus enhancing the low energy (<⇠ 100 GeV)

part of the spectrum, which is the one of relevance from the experimental point of view.

5
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flux and a neutrino flux originated by Dark Matter decays. Hence, the total di↵erential
extraterrestrial neutrino flux for each neutrino flavor ↵ is given by

d�↵

dE⌫d⌦
=

d�Astro
↵

dE⌫d⌦
+

d�DM
↵

dE⌫d⌦
. (4.1)

The astrophysical contribution is parametrized by a power-law

d�Astro
↵

dE⌫d⌦
= �Astro

0

✓
E⌫

100 TeV

◆��

, (4.2)

where �Astro
0 is the normalization of the flux at 100TeV and � is the spectral index. According

to the 8-year through-going muon neutrinos data and the recent measurements related to the
blazar TXS 0506+056, we fix the spectral index to the benchmark value � = 2.2. Therefore,
only the normalization �Astro

0 is taken as free parameter. We note that the astrophysical flux
is isotropic and independent on the neutrino flavor ↵.

The Dark Matter neutrino flux in eq. (4.1) is instead given by the sum of a Galactic
(G) contribution and an Extragalactic (EG) one. Hence, taking into account the neutrino
oscillations through mixing probabilities P↵� [17], we have

d�DM
↵

dE⌫d⌦
=

X

�

P↵�

"
d�G

�

dE⌫d⌦
+

d�EG
�

dE⌫d⌦

#
, (4.3)

with

d�G
�

dE⌫d⌦
=

1

4⇡m� ⌧�

dN�

dE⌫

Z 1

0
ds ⇢NFW (s, `, b) , (4.4)

d�EG
�

dE⌫d⌦
=

⌦�⇢c
4⇡m� ⌧�

Z 1

0
dz

1

H (z)

dN�

dE⌫

����
E(1+z)

. (4.5)

Both contributions are inversely proportional to the Dark Matter mass m� and its total
lifetime ⌧�. The quantity dN�/dE⌫ is the e↵ective energy spectrum of neutrinos produced
by each Dark Matter decay. It is given by the sum of the energy spectra of each Dark Matter
decay channel (di↵erent neutrino flavors) multiplied by the corresponding branching ratio.
To evaluate such a quantity, we use the tables provided by ref. [83].6 The Galactic flux is
proportional to the integral over the line-of-sight s of the Dark Matter halo density profile
of the Milky Way ⇢NFW, which we assume to be the standard Navarro-Frenk-White (NFW)
distribution [84]. The Extragalactic flux is instead obtained by integrating over the redshift z
the energy spectrum evaluated at the energy E (1 + z) and divided by the Hubble parameter
H (z). For the cosmological parameters, we take the ⇤CDM parameters provided by the
Planck Collaboration [75]. Finally, it is worth noticing that the Galactic term depends on
the Galactic angular coordinates (b, `) through the Dark Matter halo density profile, while
the Extragalactic one is isotropic.

Hence, the two-component neutrino flux defined in eq. (4.1) depends on three free
parameters: the astrophysical flux normalization �Astro

0 , the Dark Matter mass m� and its

6The energy spectra have been extrapolated up to a Dark Matter mass of 10 PeV by using the same
approach discussed in ref. [17].
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Fig. 3 Cascade Analysis: Best-fit energy distribution for the sig-
nal hypothesis (components stacked to illustrate the dark matter
component), with the best fit parameters listed in Table 2. The
fit is performed on un-binned data, but for visualization purposes
a binning is applied in the figure.

are listed in Table 2. The fits of the background-only hy-
pothesis agree well with the results in Refs. [2] and [51].
Small differences arise due to a different choice of bins
(tracks) and the altered selection (cascades).

Table 2 Best-fit results assuming the decay channels DM !
H+⌫ (cascades) and DM ! Z+⌫ (tracks). Background p-values
are stated in brackets.

Tracks Cascades
Bg. Signal+Bg. Bg. Signal+Bg.

mDM / PeV - 1.3 - 0.1
⌧DM / 1027s - 22 - 8.3
Astroph. norm.1 0.97 0.16 2.15 1.62
Spectr. index 2.16 1.99 2.75 2.81
TS = 2 ⇥ �LLH 6.7 (p = 0.035) 3.4 (p = 0.55)

The corresponding best-fit distributions in recon-
structed energy are shown in Figures 3 and 4 together
with the experimental data. Note that different energy
estimators are used in the sub-samples (data-taking
seasons) of the track analysis [66]. It is therefore not
possible to show the experimental data in one histogram.

4.2 Interpretation of the fit results

Although the best-fit result in both analyses includes
a non-zero dark matter component, the results are not
significant (as both p-values are above 1%). More de-
grees of freedom in the modelling of the astrophysical
flux, e.g. adding a second component, would further re-
duce the significance. Thus, the result is not interpreted
as a signal of dark matter decay. Furthermore, a dark
1Normalization in units of 10�18GeV�1cm�2sr�1s�1.

Fig. 4 Track Analysis: Best-fit energy distribution. While the
low-energy events are well described by the conventional atmo-
spheric component, the high-energy events are modelled by a
combination of a weak diffuse astrophysical flux and a compo-
nent from decaying dark matter (best-fit parameters in Table 2).
The figure shows data recorded between 2012 and 2014 as they
are based on the same energy estimator (see [66] for more de-
tails). The remaining years are fitted simultaneously but are not
shown here.

matter signal should be constant in time but the fit
of the track-like events shows fluctuations; see Fig. 5:
While those bins contributing most strongly in the fit
to the data from the first three years (e.g., 2010) coin-
cide with the approximate direction of the dark matter
halo, such a correlation is disfavoured by the data from
2012-2014.

Fig. 5 Track Analysis: TS per bin to illustrate the time-
dependency of the fit result: blue bins show agreement with the
signal hypothesis, red bins favour a purely diffuse astrophysical
flux. The gray line indicates the direction where most of the dark
matter signal is expected (line-of-sight integral at half of the cen-
tral value).

Another interesting observation is the interplay of
the diffuse astrophysical flux and the dark matter com-
ponent in the fit of track-like events: Fig. 6 shows the
profile likelihood of the respective normalizations to-
gether with the fit result of other selected parameters.
The best-fit astrophysical normalization is significantly
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•  the two analysis give very different DM mass
•  but not surprising: different data
•  p-value above 1%

Although best fit includes a non-zero DM component
the result is not significant, no DM signal

IceCube Collaboration EPJC  2018 	

Energy/GeV Energy/GeV

2010-2012	

2009-2015

E>200TeV

x



Other analysis 1

Stefano	Morisi	 22	WIN		-		June	2019		-		Bari	

Figure 3. DM decays (single channel) plus astrophysical power-law flux: Corre-

lations between all fit parameters for the overall best-fit channel DM ! W+W�.

The contours indicated by the solid black curves represent the 1� CL preferred regions around

the best fit (indicated by a white ‘?’ sign), while the corresponding 2� CL regions are indi-

cated by the dashed black curves. We express ⌧
DM

in units of 1028 s, m
DM

in PeV and �
astro

in units of 10�18 GeV�1 cm�2 s�1 sr�1.

sub-PeV energies. The flatter astrophysical spectrum then fills in the missing events,
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of this nature. In particular, the correlation between m
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and ⌧
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flat spectrum (1� CL region lies below � = 3) and a large DM contribution (close to
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around low m
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). It is interesting to compare these results to those obtained with

the 4-year HESE data [70]. Then, there were two 1� CL regions in the (m
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Figure 2. DM decays (single channel) plus astrophysical power-law flux: Event

spectra in the IceCube detector after 2078 days for the best fits for two DM decay chan-

nels: DM ! W+ W� (left) and DM ! ⌫e⌫̄e (right). In all panels: atmospheric muon events

(red histogram), conventional atmospheric neutrino events (blue histogram), astrophysical

neutrino events (green histogram), neutrino events from DM decays (black histogram), and

total event spectrum (purple histogram). We indicate the best fit values of the DM life-

time and mass [⌧
28

(m
DM

)] in units of 1028 s and TeV, and the per-flavor normalization of

the power-law flux (�
astro

) in units of 10�18 GeV�1 cm�2 s�1 sr�1. We also show the spec-

trum obtained using the 6-year IceCube best fit for a single power-law flux (gray histogram),

E2

⌫ d�/dE⌫ = 2.46 ⇥ 10�8 (E⌫/100 TeV)�0.92 GeV cm�2 s�1 sr�1 (per flavor) and the binned

high-energy neutrino event data (black dots) [6] with Feldman-Cousins errors [82].

the high-energy part of the event spectrum and thus, with a very soft astrophysical

spectrum to describe the low-energy side.

3.1.1 Parameter correlations and preferred regions

Here we discuss the correlations between the parameters and compute the preferred

region of parameter space to the statistical 1� and 2� CL against the corresponding

best-fit point (Figures 3 and 4). Correlations between two parameters corresponding to

di↵erent flux components (e.g., between ⌧
DM

and �) demonstrate the careful balancing

act performed by these two complementary fluxes while fitting to the data. On the

other hand, correlations between parameters representing the same flux (e.g., ⌧
DM

and

m
DM

) reflect the sensitivity of the corresponding flux component to the best fit.

As noted above, for a decay channel like DM ! W+W�, the majority of the

total signal events comes from DM decays, with all of these events populating the
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Decay channel ⌧
DM

[1028 s] (N
DM

) m
DM

[TeV] �
astro

(N
astro

) �

uū 0.11 (28.4) 1761 0.52 (13.0) 2.34

bb̄ 0.07 (26.9) 1103 0.58 (14.3) 2.35

tt̄ 0.11 (28.7) 598 0.45 (12.5) 2.27

W+W� 0.37 (28.5) 412 0.47 (12.6) 2.29

ZZ 0.43 (27.8) 407 0.52 (13.3) 2.32

hh 0.12 (28.8) 611 0.45 (12.6) 2.27

e+e� 2.20 ( 4.0) 4160 3.53 (37.3) 3.36

µ+µ� 9.77 ( 4.9) 6583 3.51 (36.5) 3.39

⌧+⌧� 0.89 (27.4) 472 0.59 (14.3) 2.36

⌫e⌫̄e 4.12 ( 3.6) 4062 3.52 (37.7) 3.33

⌫µ⌫̄µ 4.63 ( 5.0) 4196 3.52 (36.4) 3.41

⌫⌧ ⌫̄⌧ 0.96 (16.6) 341 1.58 (24.9) 2.74

Table 1. DM decays (single channel) plus astrophysical power-law flux: Best-fit

values for ✓ = {⌧
DM

(N
DM

), m
DM

, �
astro

(N
astro

), �}, where ⌧
DM

is expressed in units of 1028 s,

m
DM

in TeV and �
astro

in units of 10�18 GeV�1 cm�2 s�1 sr�1. The corresponding numbers

of DM and astrophysical events are also indicated in parenthesis, as N
DM

and N
astro

. The

overall best fit for all those channels is highlighted.

explains the low-energy data (DM ! W+W�) while in the other it explains the PeV

events (DM ! ⌫e⌫̄e).

The overall best fit comes from decays to bosons W, Z, and h (also top quarks),

which prefer m
DM

⇠ (400 � 650) TeV, thereby contributing only to the sub-PeV spec-

trum. In these cases, a relatively flat astrophysical flux, with � ⇠ 2.3, accounts for

the high-energy events (left panel of Figure 2) and supplements the contribution from

DM decays to sub-PeV energies therefore, making the total sub-PeV spectrum steeply

falling.

Fits to hard channels with DM mass in the high PeV (e.g., decays to charged

lepton pairs and neutrinos) do comparatively worse, yet the statistical significance is

weak. In these cases, for the best fits (except DM ! ⌧+⌧�), events from DM decays

explain the higher end of the spectrum, while a soft astrophysical power-law flux fills

in the sub-PeV part of the event spectrum, falling quickly to have no impact on the

high energy events (right panel of Figure 2).4 As in the 4-year HESE analysis [70], the

4From the comparison of the two panels of Figure 2, it might seem that the fit for DM ! ⌫e⌫̄e

is slightly better. However, a note of caution is in order. The event spectra is shown in bins, so a
particular choice of binning can have a misleading impact. We avoid this problem we perform an

– 6 –

Bhattacharya, Esmaili, Ruiz, Sarcevic, 1903.12623



Other analysis 2

Stefano	Morisi	 23	WIN		-		June	2019		-		Bari	

JCAP12(2018)016

Figure 1. Profile of the likelihood in the plane m�–⌧�. The white contours delimit the regions at
68% (short dashed), 95% (long dashed) and 99% (solid) C.L., while the red solid line bounds from
above the regions excluded at more than 5�. The white star corresponds to the best-fit point. The
green line represents the limit on the decaying Dark Matter neutrino line deduced by the Fermi-LAT
data [57].

total lifetime ⌧�. For each choice of these three quantities, the expected number of neutrino
events in a given energy bin [Ei, Ei+1] of the IceCube HESE data sample is obtained as

Ni = �t

Z Ei+1

Ei

dE⌫

Z
d⌦

X

↵

d�↵

dE⌫d⌦
A↵ (E⌫ ,⌦) , (4.6)

where �t = 2078 days is the exposure time of the 6-years HESE data and the quantity
A↵ (E⌫ ,⌦) is the e↵ective area of the IceCube detector per neutrino flavor ↵ [85]. In order
to provide the allowed regions for the Dark Matter parameters, m� and ⌧�, the expected
number of neutrinos has to be compared with the observed one in each energy bin. This is
done by means of a binned multi-Poisson likelihood [86], whose expression is

lnL =
X

i


ni �Ni + ni ln

✓
Ni

ni

◆�
, (4.7)

where ni is the observed number of neutrinos once the background events have been sub-
tracted in each bin i. In particular, we consider only the conventional atmospheric back-
ground (atmospheric neutrinos and penetrating muons) [87], while the prompt atmospheric
background (neutrinos produced by the charmed mesons decays) [88] is assumed to be neg-
ligible, according to IceCube results reported in ref.s [1, 89, 90].

In figure 1, we report the profile of the likelihood given in eq. (4.7) in the plane m�–⌧�.
The confidence contour levels (C.L.) have been obtained by considering the astrophysical
flux normalization as nuisance parameter. According to the Wilks’ theorem, the quantity
�2� lnL follows a chi-squared distribution with two degrees of freedom. In the plot, the
regions at 68% (short dashed), 95% (long dashed) and 99% (solid) C.L. are delimited by
the white contours. The region of Dark Matter parameters excluded at more than 5� is
bounded from above by the red solid line. Moreover, the green solid line shows instead the
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Figure 3. Significance of the Dark Matter neutrino line signal as a function of the Dark Matter mass,
for di↵erent values of the spectral index.

Moreover, we statistically quantify how the fit is improved by including a Dark Matter
neutrino line component on top of a hard astrophysical power-law. This is done by means of
the following test statistics

TS (m�) = �2 ln
L �

�Astro
0 , ⌧� ! 1�

L �
�Astro
0 , ⌧�,m�

� . (4.8)

For each value of the Dark Matter mass, we compare the maximum likelihood of the null-
hypothesis (astrophysical power-law flux only corresponding to ⌧� ! 1) with respect to
the one of the signal hypothesis (two-component neutrino flux). According to the Wilks’
theorem, this test statistics follows the distribution 1

2� (TS) +
1
2�

2
1 (TS) through which we

compute the significance of the Dark Matter signal (see figure 3). Hence, we find that a Dark
Matter signal is favored at more than 3� with respect to the only astrophysical power-law
with spectral index � = 2.2.

Finally, we comment on what happens if one relaxes the assumption of fixing the spec-
tral index of the astrophysical power-law to the benchmark value 2.2. In particular, figure 3
shows that the significance of the Dark Matter signal ranges from 2� to 4� as a function
of the spectral index. Here, the range 2.0 ÷ 2.4 just covers the best-fit values of di↵erent
analyses of the TXS 0506+056 blazar and it is also in agreement with the through-going
muon neutrinos data sample. On the other hand, if one takes the spectral index as a com-
pletely free parameter, the best-fit two-component neutrino flux would be a soft power-law
(spectral index larger than 3.0) plus a Dark Matter contribution that explains the three PeV
neutrino events. Hence, the best-fit value for the Dark Matter mass would be m� = O(PeV).
We note that the features of a Dark Matter neutrino line flux are indeed in perfect agree-
ment with observation of the three PeV neutrinos, that are the most statistically events
having no background. However, we stress once again that a soft power-law is disfavored by
astrophysical observations.
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Figure 1. Profile of the likelihood in the plane m�–⌧�. The white contours delimit the regions at
68% (short dashed), 95% (long dashed) and 99% (solid) C.L., while the red solid line bounds from
above the regions excluded at more than 5�. The white star corresponds to the best-fit point. The
green line represents the limit on the decaying Dark Matter neutrino line deduced by the Fermi-LAT
data [57].

total lifetime ⌧�. For each choice of these three quantities, the expected number of neutrino
events in a given energy bin [Ei, Ei+1] of the IceCube HESE data sample is obtained as
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where �t = 2078 days is the exposure time of the 6-years HESE data and the quantity
A↵ (E⌫ ,⌦) is the e↵ective area of the IceCube detector per neutrino flavor ↵ [85]. In order
to provide the allowed regions for the Dark Matter parameters, m� and ⌧�, the expected
number of neutrinos has to be compared with the observed one in each energy bin. This is
done by means of a binned multi-Poisson likelihood [86], whose expression is
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X
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✓
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◆�
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where ni is the observed number of neutrinos once the background events have been sub-
tracted in each bin i. In particular, we consider only the conventional atmospheric back-
ground (atmospheric neutrinos and penetrating muons) [87], while the prompt atmospheric
background (neutrinos produced by the charmed mesons decays) [88] is assumed to be neg-
ligible, according to IceCube results reported in ref.s [1, 89, 90].

In figure 1, we report the profile of the likelihood given in eq. (4.7) in the plane m�–⌧�.
The confidence contour levels (C.L.) have been obtained by considering the astrophysical
flux normalization as nuisance parameter. According to the Wilks’ theorem, the quantity
�2� lnL follows a chi-squared distribution with two degrees of freedom. In the plot, the
regions at 68% (short dashed), 95% (long dashed) and 99% (solid) C.L. are delimited by
the white contours. The region of Dark Matter parameters excluded at more than 5� is
bounded from above by the red solid line. Moreover, the green solid line shows instead the
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Figure 4. DM decays (single channel) plus astrophysical power-law flux: Cor-

relations between all fit parameters for the hard channel DM ! ⌫e⌫̄e. Same as

Figure 3.

events detected around ⇠ 100 TeV, only the region around m
DM

⇡ 400 TeV remains,

which substantially changes the event spectrum corresponding to the best fit for this

channel.

For channels with harder spectra (e.g., DM ! ⌫e⌫̄e), multiple near-degenerate 1�

regions in terms of m
DM

open up (Figure 4). While the best fit for this channel lies in the

high-mass region, comparative 1� CL regions are also allowed in the low-m
DM

region.

This is in contrast to what happened with the 4-year HESE data [70], where only the

high-mass region was preferred at 1� CL. Again, this is a consequence of the increase

in low-energy events in the 6-year HESE data vis-à-vis the 4-year sample, while leaving

the PeV spectrum unchanged. Clearly, the 1� CL contour corresponding to low-m
DM

allows for a flatter astrophysical flux, while the allowed 1� CL contour corresponding to
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Figure 1. Profile of the likelihood in the plane m�–⌧�. The white contours delimit the regions at
68% (short dashed), 95% (long dashed) and 99% (solid) C.L., while the red solid line bounds from
above the regions excluded at more than 5�. The white star corresponds to the best-fit point. The
green line represents the limit on the decaying Dark Matter neutrino line deduced by the Fermi-LAT
data [57].

total lifetime ⌧�. For each choice of these three quantities, the expected number of neutrino
events in a given energy bin [Ei, Ei+1] of the IceCube HESE data sample is obtained as
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dE⌫d⌦
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where �t = 2078 days is the exposure time of the 6-years HESE data and the quantity
A↵ (E⌫ ,⌦) is the e↵ective area of the IceCube detector per neutrino flavor ↵ [85]. In order
to provide the allowed regions for the Dark Matter parameters, m� and ⌧�, the expected
number of neutrinos has to be compared with the observed one in each energy bin. This is
done by means of a binned multi-Poisson likelihood [86], whose expression is
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X
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, (4.7)

where ni is the observed number of neutrinos once the background events have been sub-
tracted in each bin i. In particular, we consider only the conventional atmospheric back-
ground (atmospheric neutrinos and penetrating muons) [87], while the prompt atmospheric
background (neutrinos produced by the charmed mesons decays) [88] is assumed to be neg-
ligible, according to IceCube results reported in ref.s [1, 89, 90].

In figure 1, we report the profile of the likelihood given in eq. (4.7) in the plane m�–⌧�.
The confidence contour levels (C.L.) have been obtained by considering the astrophysical
flux normalization as nuisance parameter. According to the Wilks’ theorem, the quantity
�2� lnL follows a chi-squared distribution with two degrees of freedom. In the plot, the
regions at 68% (short dashed), 95% (long dashed) and 99% (solid) C.L. are delimited by
the white contours. The region of Dark Matter parameters excluded at more than 5� is
bounded from above by the red solid line. Moreover, the green solid line shows instead the

– 8 –

Figure 3. DM decays (single channel) plus astrophysical power-law flux: Corre-

lations between all fit parameters for the overall best-fit channel DM ! W+W�.

The contours indicated by the solid black curves represent the 1� CL preferred regions around

the best fit (indicated by a white ‘?’ sign), while the corresponding 2� CL regions are indi-

cated by the dashed black curves. We express ⌧
DM

in units of 1028 s, m
DM

in PeV and �
astro

in units of 10�18 GeV�1 cm�2 s�1 sr�1.

sub-PeV energies. The flatter astrophysical spectrum then fills in the missing events,

with most of them lying at high energies. Correlation plots in Figure 3 are indicative

of this nature. In particular, the correlation between m
DM

and ⌧
DM

on one hand and

the astrophysical spectral index � on the other shows the preference for a relatively

flat spectrum (1� CL region lies below � = 3) and a large DM contribution (close to

the lower edge of the illustrated lifetime range) at low energies (narrow 1� CL region

around low m
DM

). It is interesting to compare these results to those obtained with

the 4-year HESE data [70]. Then, there were two 1� CL regions in the (m
DM

, ⌧
DM

)

parameter space, but the best fit was in the high-mass one. Now, with the additional
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Neutrino and gamma: a multimessenger approach 
2

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

2

FIG. 1: Left panel: All-flavor neutrino (thick blue lines) and isotropic diffuse γ-ray (thin red lines) fluxes for pp and minimal
pγ scenarios of Eqs. (4) and (5) that account for the latest IceCube data from ∼ 10 TeV to ∼ 2 PeV energies [5], where
s′ = sob = 2.5 is used. While pp scenarios require εbν = 25 TeV with a strong tension with the Fermi IGRB [13], minimal pγ
scenarios allow the range εbν of 6–25 TeV (shaded regions) as long as the sources are transparent to γ rays (see the main text
for details). Right panel: Same as the left panel, but now showing neutrino fluxes of AGN core and choked jet models from
Refs. [21, 24]. To illustrate the strength of diffuse γ-ray constraints, we pretend that the sources were transparent to γ rays.

may not be directly observable. First, γ rays above TeV
energies initiate electromagnetic cascades in the extra-
galactic background light (EBL) and cosmic microwave
background (CMB) as they propagate over cosmic dis-
tances. As a result, high-energy γ rays are regenerated
at sub-TeV energies [27]. Second, intrasource cascades
via two-photon annihilation, inverse-Compton scattering,
and synchrotron radiation processes can prevent direct γ-
ray escape [28]. To see their importance, we temporarily
assume that the sources are γ-ray transparent. We will
see in the following that this hypothesis leads to strong
tensions with the IGRB, disfavored by the Fermi data.
In pp scenarios, neutrino and generated γ-ray spectra

follow the CR spectrum, assumed to be a power law. In
CR reservoirs such as galaxies and clusters, a spectral
break due to CR diffusion is naturally expected [14, 15].
Thus, the neutrino spectrum is approximately given by

ενQεν ∝

{

ε2−s
ν (εν ≤ εbν)

ε2−s′
ν (εbν < εν)

(pp) , (4)

where εbν is the break energy and the softening of the
spectrum, δ ≡ s′ − s, is expected from the energy depen-
dence of the diffusion tensor [99]. In pp scenarios, the
corresponding generated γ-ray spectrum is also a power
law ε−s

γ into the sub-TeV region [see Eq. (3)], where it
directly contributes to the IGRB [100] and Ref. [12] ob-
tained a limit s ! 2.1–2.2 for generic pp scenarios that
explain the " 100 TeV neutrino data. The limit is tighter
(s ∼ 2.0) if one relaxes this condition by shifting εbν to
! 30 TeV to account for the lower-energy data [29].
Motivated by results of Ref. [5], we calculate the dif-

fuse neutrino spectrum using Eq. (4) with s = 2 and
s′ = 2.5 and the corresponding γ-ray spectrum using

Eq. (3). Following Ref. [25], we numerically solve Boltz-
mann equations to calculate intergalactic cascades, in-
cluding two-photon annihilation, inverse-Compton scat-
tering, and adiabatic losses. In the left panel of Fig. 1 we
show the resulting all-flavor neutrino and γ-ray fluxes as
thick blue and thin red lines, respectively, in comparison
to the Fermi IGRB and IceCube neutrino data [5]. To
explain the ! 100 TeV neutrino data, the contribution to
the IGRB should be at the level of 100% in the 3 GeV to
1 TeV range and softer fluxes with s " 2.0 clearly over-
shoot the data. As pointed out by Ref. [12], this argu-
ment is conservative: the total extragalactic γ-ray back-
ground is dominated by a subclass of AGN, blazars (e.g.,
Refs. [30, 31]), and their main emission is typically vari-
able and unlikely to be of pp origin [32, 33]. Most of the
high-energy IGRB is believed to be accounted for by un-
resolved blazars [34–36]. Although the IGRB should be
decomposed with caution, if this blazar interpretation is
correct, there is little room for CR reservoirs [12].
In pγ scenarios, neutrino and γ-ray spectra depend on

a target photon spectrum. The effective optical depth
to photomeson production (fpγ) typically increases with
CR energy, so that the neutrino spectrum is harder than
the CR spectrum. However, it cannot be too hard since
the decay kinematics of pions gives ενQεν ∝ ε2ν as a low-
energy neutrino spectrum [37]. In minimal pγ scenarios,
where neutrinos with εν ! εbν ! 25 TeV are produced
by CRs at the pion production threshold, the neutrino
spectrum is approximately given by

ενQεν ∝

{

ε2ν (εν ≤ εbν)

ε2−s′
ν (εbν < εν)

(minimal pγ) . (5)

In the left panel of Fig. 1, we show the resulting neu-
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⇣
RSU(2)

⌘

Y
operator final states ratios of BR’s, m� �TeV ⌧ & 1027 [s]

spin 0

(0)0

�H†H hh, Z0Z0,W+W�,ff̄ 1 : 1 : 2 : 16Ncy2f
v2

m2
�

m̄�/⇤̄2 & 9⇥ 1079a

� (LH)2
⌫⌫hh, ⌫⌫Z0Z0, ⌫⌫Z0h, 1 : 1 : 2 :

⇤̄4/m̄5
� & 1

⌫e�hW+, ⌫e�Z0W+, e�e�W+W+, 2 : 2 : 4 :

⌫⌫h, ⌫⌫Z0, ⌫e�W+, ⌫⌫ 24⇡2 v2

m2
�

⇣
1 : 1 : 1 : 768⇡2 v2

m2
�

⌘

�HL̄E h`+`�, Z0`+`�, W±`⌥⌫, `+`� 1 : 1 : 2 : 32⇡2 v2

m2
�

⇤̄2/m̄3
� & 4⇥ 1029

�H̃Q̄U , �HQ̄D hqq̄, Z0qq̄, W±q0q̄, qq̄ 1 : 1 : 2 : 32⇡2 v2

m2
�

⇤̄2/m̄3
� & 1⇥ 1030

�Bµ⌫
(⇠)

B µ⌫ ��, �Z, ZZ c4W : 2c2W s2W : s4W ⇤̄2/m̄3
� & 2⇥ 1031

�Wµ⌫
(⇠)

W µ⌫ ��, �Z0, Z0Z0, W+W� b s4W : 2c2W s2W : c4W : 2 ⇤̄2/m̄3
� & 6⇥ 1031

�Gµ⌫
(⇠)

G µ⌫ hadrons 1 ⇤̄2/m̄3
� & 2⇥ 1032

�DµH†DµH hh, Z0Z0, W+W� c 1 : 1 : 2 ⇤̄2/m̄3
� & 3⇥ 1030

(2)1/2
d

V�̂ [114]e hhh, hZ0Z0, hW+W� 1 : 1 : 2 g2m̄� . 2⇥ 10�53

Vc��↵ [114]e,f hh, Z0Z0, W+W� �
1 + (�T � 2�A)/�

�2
: 1 : 2 m̄�/c2��↵ & 4⇥ 1048

�L̄E `+`� 1 g2m̄� . 2⇥ 10�56

�̃Q̄U , �Q̄D qq̄ 1 g2m̄� . 6⇥ 10�57

(3)0

�aH̃�aH hh, Z0Z0,W+W�,ff̄ 1 : 1 : 2 : 16Ncy2f
v2

m2
�

m̄�/⇤̄2 & 9⇥ 1079

�aWa
µ⌫B

µ⌫ ��, Z0�, Z0Z0 c2W s2W : 2
�
c2W � s2W

�2
: c2W s2W ⇤̄2/m̄3

� & 1⇥ 1031

�aL̄E�aH h`+`�, Z0`+`�, W±`⌥⌫, `+`� 1 : 1 : 2 : 32⇡2 v2

m2
�

⇤̄2/m̄3
� & 4⇥ 1029

�aQ̄U�aH̃, �aQ̄D�aH hqq̄, Z0qq̄, W±q0q̄, qq̄ 1 : 1 : 2 : 32⇡2 v2

m2
�

⇤̄2/m̄3
� & 1⇥ 1030

(3)1 �aLT �a�2L ⌫⌫ 1 g2m̄� . 2⇥ 10�56

spin 1/2

(1)0 H̃L̄ ⌫h, ⌫Z0, `±W⌥ 1 : 1 : 2 g2m̄� . 2⇥ 10�56

(2)1/2 H̃ ̄E ⌫h, ⌫Z0, `±W⌥ 1 : 1 : 2 g2m̄� . 2⇥ 10�56

(3)0 HL̄�a a ⌫h, ⌫Z0, `±W⌥ 1 : 1 : 2 g2m̄� . 2⇥ 10�56

spin 1

(0)0
f̄�µV 0µf ff̄ see text Ncg2m̄� . 2⇥ 10�56

Bµ⌫F 0µ⌫/2 ff̄ see text g2m̄� . 4⇥ 10�56

aThis operator corresponds to the glueball model. However, in that model the coe�cient is naturally suppressed by dimensional trans-
mutation.
bAdditional three- and four-body decays are suppressed.
cZ0Z0hh is further suppressed by four-body phase space factors.
dHere we are assuming that � is a scalar. The pseudo-scalar case can be inferred by making the appropriate replacements to conserve

CP. See the text for details.
eFor brevity, we follow the notation of [114], which studies the Two-Higgs-Doublet model in the decoupling limit. VX denotes that the

potential V which governs the interactions between the heavy state and the SM is dominantly controlled by the coupling X. See text for
details
fThe mixing factor c��↵ ! v2/m2

� in the decoupling limit.

TABLE S2: A summary of the di↵erent operators that couple a decaying DM candidate to the SM fields. f stands for any of
the SM fermions, q(0) stands for quarks and ` for the leptons. We define m̄� = m�/PeV and ⇤̄ = ⇤/mPl .
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aThis operator corresponds to the glueball model. However, in that model the coe�cient is naturally suppressed by dimensional trans-
mutation.
bAdditional three- and four-body decays are suppressed.
cZ0Z0hh is further suppressed by four-body phase space factors.
dHere we are assuming that � is a scalar. The pseudo-scalar case can be inferred by making the appropriate replacements to conserve

CP. See the text for details.
eFor brevity, we follow the notation of [114], which studies the Two-Higgs-Doublet model in the decoupling limit. VX denotes that the

potential V which governs the interactions between the heavy state and the SM is dominantly controlled by the coupling X. See text for
details
fThe mixing factor c��↵ ! v2/m2

� in the decoupling limit.

TABLE S2: A summary of the di↵erent operators that couple a decaying DM candidate to the SM fields. f stands for any of
the SM fermions, q(0) stands for quarks and ` for the leptons. We define m̄� = m�/PeV and ⇤̄ = ⇤/mPl .

15

⇣
RSU(2)

⌘

Y
operator final states ratios of BR’s, m� �TeV ⌧ & 1027 [s]

spin 0

(0)0

�H†H hh, Z0Z0,W+W�,ff̄ 1 : 1 : 2 : 16Ncy2f
v2

m2
�

m̄�/⇤̄2 & 9⇥ 1079a

� (LH)2
⌫⌫hh, ⌫⌫Z0Z0, ⌫⌫Z0h, 1 : 1 : 2 :

⇤̄4/m̄5
� & 1

⌫e�hW+, ⌫e�Z0W+, e�e�W+W+, 2 : 2 : 4 :

⌫⌫h, ⌫⌫Z0, ⌫e�W+, ⌫⌫ 24⇡2 v2

m2
�

⇣
1 : 1 : 1 : 768⇡2 v2

m2
�

⌘

�HL̄E h`+`�, Z0`+`�, W±`⌥⌫, `+`� 1 : 1 : 2 : 32⇡2 v2

m2
�

⇤̄2/m̄3
� & 4⇥ 1029

�H̃Q̄U , �HQ̄D hqq̄, Z0qq̄, W±q0q̄, qq̄ 1 : 1 : 2 : 32⇡2 v2

m2
�

⇤̄2/m̄3
� & 1⇥ 1030

�Bµ⌫
(⇠)

B µ⌫ ��, �Z, ZZ c4W : 2c2W s2W : s4W ⇤̄2/m̄3
� & 2⇥ 1031

�Wµ⌫
(⇠)

W µ⌫ ��, �Z0, Z0Z0, W+W� b s4W : 2c2W s2W : c4W : 2 ⇤̄2/m̄3
� & 6⇥ 1031

�Gµ⌫
(⇠)

G µ⌫ hadrons 1 ⇤̄2/m̄3
� & 2⇥ 1032

�DµH†DµH hh, Z0Z0, W+W� c 1 : 1 : 2 ⇤̄2/m̄3
� & 3⇥ 1030

(2)1/2
d

V�̂ [114]e hhh, hZ0Z0, hW+W� 1 : 1 : 2 g2m̄� . 2⇥ 10�53

Vc��↵ [114]e,f hh, Z0Z0, W+W� �
1 + (�T � 2�A)/�

�2
: 1 : 2 m̄�/c2��↵ & 4⇥ 1048

�L̄E `+`� 1 g2m̄� . 2⇥ 10�56

�̃Q̄U , �Q̄D qq̄ 1 g2m̄� . 6⇥ 10�57

(3)0

�aH̃�aH hh, Z0Z0,W+W�,ff̄ 1 : 1 : 2 : 16Ncy2f
v2

m2
�

m̄�/⇤̄2 & 9⇥ 1079

�aWa
µ⌫B

µ⌫ ��, Z0�, Z0Z0 c2W s2W : 2
�
c2W � s2W

�2
: c2W s2W ⇤̄2/m̄3

� & 1⇥ 1031

�aL̄E�aH h`+`�, Z0`+`�, W±`⌥⌫, `+`� 1 : 1 : 2 : 32⇡2 v2

m2
�

⇤̄2/m̄3
� & 4⇥ 1029

�aQ̄U�aH̃, �aQ̄D�aH hqq̄, Z0qq̄, W±q0q̄, qq̄ 1 : 1 : 2 : 32⇡2 v2

m2
�

⇤̄2/m̄3
� & 1⇥ 1030

(3)1 �aLT �a�2L ⌫⌫ 1 g2m̄� . 2⇥ 10�56

spin 1/2

(1)0 H̃L̄ ⌫h, ⌫Z0, `±W⌥ 1 : 1 : 2 g2m̄� . 2⇥ 10�56

(2)1/2 H̃ ̄E ⌫h, ⌫Z0, `±W⌥ 1 : 1 : 2 g2m̄� . 2⇥ 10�56

(3)0 HL̄�a a ⌫h, ⌫Z0, `±W⌥ 1 : 1 : 2 g2m̄� . 2⇥ 10�56

spin 1

(0)0
f̄�µV 0µf ff̄ see text Ncg2m̄� . 2⇥ 10�56

Bµ⌫F 0µ⌫/2 ff̄ see text g2m̄� . 4⇥ 10�56

aThis operator corresponds to the glueball model. However, in that model the coe�cient is naturally suppressed by dimensional trans-
mutation.
bAdditional three- and four-body decays are suppressed.
cZ0Z0hh is further suppressed by four-body phase space factors.
dHere we are assuming that � is a scalar. The pseudo-scalar case can be inferred by making the appropriate replacements to conserve

CP. See the text for details.
eFor brevity, we follow the notation of [114], which studies the Two-Higgs-Doublet model in the decoupling limit. VX denotes that the

potential V which governs the interactions between the heavy state and the SM is dominantly controlled by the coupling X. See text for
details
fThe mixing factor c��↵ ! v2/m2

� in the decoupling limit.

TABLE S2: A summary of the di↵erent operators that couple a decaying DM candidate to the SM fields. f stands for any of
the SM fermions, q(0) stands for quarks and ` for the leptons. We define m̄� = m�/PeV and ⇤̄ = ⇤/mPl .

spin 0 spin 1/2

spin 1

Cohen, Murase, Rodd, Safdi, Soreq,PRL 2017 



Neutrinophilic  Dark Matter model

Stefano	Morisi	 28	WIN		-		June	2019		-		Bari	

JCAP12(2018)016

could alleviate the tension between the HESE and through-going muon neutrino data sam-
ples [16–18]. On the other hand, annihilating Dark Matter is not a viable scenario since
the interpretation of the neutrino flux would require too large cross-sections that are in gen-
eral not allowed by unitarity [17, 27]. Depending on the specific Dark Matter decay channel,
namely on the particular model, there is also the production of charged particles and gamma-
rays. In ref. [57] it has been shown that most of such Dark Matter models, especially the
ones with hadronic final states (see also ref.s [17, 18]), are excluded or in tension with limits
coming from gamma-ray Fermi-LAT data [19]. In particular, the most favorable case is a
Dark Matter decaying only into neutrinos.

In this paper, we study in more detail the production of a neutrino line from Dark Matter
decay from the model building point of view and investigate how such a neutrinophilic Dark
Matter can be produced in the early Universe. Then, we perform a fit of the extraterrestrial
TeV-PeV neutrino flux observed by IceCube after 6-year of data taking.2 Motivated by
the recent measurements related to the blazar TXS 0506+056 and by the IceCube analysis
of through-going muon neutrinos, we consider an astrophysical neutrino flux with spectral
index 2.2 as benchmark. Hence, we provide the allowed regions of the parameter space of
the model in agreement with neutrinos and gamma-rays observations.

The paper is organized as follows. In section 2 we describe the model that provides a
neutrinophilic decaying Dark Matter. In section 3 we discuss how such a heavy Dark Matter
candidate can be produced in the early Universe. In section 4 we analyze the compatibility
of the model with the recent IceCube and Fermi-LAT data. Finally, in section 5 we draw
our conclusions.

2 The model

According to the table S2 of ref. [57], the only renormalizable operator for a Dark Matter
neutrino line is obtained by extending the Standard Model with a scalar SU(2)L-triplet with
hypercharge Y = +1

� =
3X

i=1

�i⌧i =

✓
�+

p
2�++p

2�0 ��+

◆
, (2.1)

where �0 ⌘ 1p
2
(�1 + i�2), �+ ⌘ �3, �++ ⌘ 1p

2
(�1 � i�2) and ⌧i are the Pauli matrices. In

this way the Standard Model Lagrangian is extended with new physics terms given by

L � Lkin + L⌫ + V , (2.2)

where Lkin is the kinetic term for the scalar triplet, V is the scalar potential involving the
Higgs field H, and

L⌫ =
1

2
�ijL

T
i C

�1i⌧2�Lj + h.c. , (2.3)

where

Li =

✓
⌫iL
`�iL

◆
(2.4)

2Here, we prefer to consider the 6-year HESE data sample since the new 7.5-year HESE data sample recently
presented by IceCube during the conference Neutrino 2018 is preliminary and under further investigation.
Moreover, we expect that such new data are not going to change substantially our conclusions.
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L `R H � ⌫R

SU(2)L 2 1 2 3 1

U(1)Y �1/2 �1 1/2 1 0

U(1)L 1 1 0 �2 1

Table 1. Relevant particle content and quantum numbers of the model. Quarks are not reported
being not charged under U(1)L and not used here.

It is worth observing that since the field � does not acquire a v.e.v., the operator in
eq. (2.3) does not generate a mass to the active light neutrinos as in the standard type-II
seesaw mechanism [60–62]. Since the U(1)L charge must remain preserved to have the Dark
Matter neutrino line only, as it is well known, there is no way to generate a Majorana mass
term for neutrinos because it would violate the U(1)L symmetry. Therefore, the only way
to generate a neutrino mass is by introducing right-handed neutrino fields ⌫R with quantum
numbers as reported in table 1 and allowing for the Dirac Yukawa interaction

yijLiH̃⌫Rj + h.c. . (2.8)

Such a neutrino Yukawa coupling is related to neutrino masses and mixing parameters [63–65].
In general, the two couplings �ij and yij are independent on each other, but if one assumes
a flavor symmetry to induce a pattern to the neutrino Yukawa matrix, this would impose a
particular structure to the matrix � as well [58, 66] (see ref. [67] for a review about flavor
symmetries). Hence, a flavor symmetry in the neutrino sector would provide specific branch-
ing ratios in the Dark Matter decays and, consequently, a particular flavor ratio (fe : fµ : f⌧ )
to the Dark Matter neutrino flux. We note that di↵erent flavor ratios at production could
be experimentally discriminated by neutrino telescopes in the near future [68–71].

Let us now study the masses and the couplings of the physical fields by inserting in
the scalar potential and in the kinetic term the expansions given in eq. (2.5). Since � does
not pick up a v.e.v., the study of the scalar potential is simplified providing that the neutral
component G0 does not mix with A0. For the same reason, the components A1,2,3,4 of the
triplet do not mix with G1,2 of the Higgs doublet. Therefore, the three fields G0, G± are the
usual Goldstone bosons of the Standard Model. On the other hand, all the components of
the scalar triplet � are physical and their masses are given by5

m2
� = M2 +

1

2

�
v2 �1 + v2 �4

�
, (2.9)

m2
�+ = M2 +

1

2
v2 �1 +

1

4
v2 �4 , (2.10)

m2
�++ = M2 +

1

2
v2 �1 , (2.11)

in terms of the couplings of the scalar potential. In other words, given the Dark Matter mass
m� and the squared mass splitting �m2 = �v2�4/4, the masses of the charged components
can be cast as

m2
�+ = m2

� +�m2 and m2
�++ = m2

� + 2�m2 . (2.12)

5Note that the scalar and pseudoscalar components are degenerate in mass and both are Dark Matter
candidates.
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Therefore, for �m2 > 0 the neutral component � is the lightest one and, consequently, its
decays into the other components of the triplet are not kinematically allowed.

Finally, the interactions of the Dark Matter particles with scalars and gauge bosons can
be summarized as follows:

• three scalars:
�H+��, |�|2h0

• four scalars:
�H+��h0, ��++����, |�|2H+H�, |�|2h20, |�|2�+��, |�|2�++���

• two scalars and one vector boson:
�W+

µ �µ��, (@µ�⇤ �� �⇤@µ�)Zµ

• two scalars and two vector bosons:
�W+

µ �µ��, �W+W+���, �W+Z��, |�|2W+W�, |�|2ZZ

and the corresponding hermitian conjugates. From these couplings, one can directly read all
annihilation and co-annihilation channels.

3 Dark Matter production in the early Universe

As discussed in the previous section, our Dark Matter candidate has weak interactions and it
is therefore a Weakly Interacting Massive Particle (WIMP). Indeed, in the early Universe the
main processes responsible for the Dark Matter production are the annihilations involving
SU(2)L ⌦ U(1)Y vector bosons, whose s-wave term of the thermally averaged total cross-
section takes the expression [72]

h�vi = 3 g42 + 4 g22 g
2
Y + g4Y

24⇡m2
�

, (3.1)

where g2 and gY are the SU(2)L and U(1)Y gauge couplings, respectively. This interaction
is strong enough to keep the Dark Matter particles in thermal equilibrium with the thermal
bath, which are therefore produced through the standard freeze-out mechanism [73]. In this
framework, the Dark Matter relic abundance is given by [74]

⌦�h
2 ' 7.3⇥ 10�11 1

g
1/2
⇤ (TF,std)

GeV�2

h�vix�1
F,std

, (3.2)

where g⇤ denotes the relativistic degrees of freedom of the thermal bath at the freeze-out
temperature TF,std = m�/xF,std that is approximately given by the equation

xF,std ' ln

2

40.038
g�m�MPl x

1/2
F,std

g
1/2
⇤ (TF,std)

h�vi
3

5 , (3.3)

with g� = 6 and MPl = 1.22⇥ 1019GeV is the Planck mass. By comparing eq. (3.2) with its
experimental value provided by the Planck Collaboration ⌦DMh2 = 0.1186± 0.0020 [75], we
find that the model predicts a Dark Matter mass of about 2TeV for which we have h�vi '
2.8⇥10�26 cm3/s. Larger values for the Dark Matter mass would lead to larger values for the
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relic abundance implying an overclosure of the Universe. Indeed, from eqs. (3.1) and (3.2)
it follows that the Dark Matter relic abundance is proportional to the square of the Dark
Matter mass. Such expressions hold only if the Universe is dominated by radiation during the
epoch of Dark Matter freeze-out. This is true for the standard scenario where it is generally
assumed that the reheating temperature of the Universe, hereafter denoted as TRH, is much
larger than the freeze-out temperature TF. However, the thermal history of the Universe
before the Big Bang Nucleosynthesis is practically unknown and the reheating temperature
could be as low as about 4MeV [76].

In scenarios with very low reheating [77–82], if TRH  TF, the equations (3.2) and (3.3)
become [74]

⌦�h
2 ' 2.3⇥ 10�11 g

1/2
⇤ (TRH)

g⇤ (TF,rh)

T 3
RHGeV�2

m3
� h�vix�4

F,rh

, (3.4)

with

xF,rh ' ln

2

40.015g� g
1/2
⇤ (TRH)

g⇤ (TF,rh)

MPl T
2
RH x

5/2
F,rh

m�
h�vi

3

5 . (3.5)

Therefore, for a given Dark Matter mass the correct relic abundance can be achieved by
assuming a particular value for the reheating temperature. In particular, by numerically
solving such equations in the range 10 TeV  m�  104 TeV, we obtain the following
approximated relation between the Dark Matter mass and the reheating temperature that
provides the exact today’s amount of Dark Matter in the Universe:

TRH ' 660
⇣ m�

100 TeV

⌘1/2
GeV . (3.6)

For example, the correct Dark Matter relic abundance of Dark Matter particles with a mass
of 100TeV is achieved by assuming a reheating temperature of about 660GeV.

A reheating of the Universe can be achieved by including at least an additional long-
lived unstable particle � that decays into radiation at a time of the order of its lifetime ��.
These non-relativistic particles could dominate the energy density of Universe providing a
matter-dominated expansion instead of a radiation-dominated one. Then, the decays of such
particles into relativistic particles of the thermal bath reheat the Universe at a temperature
TRH defined through the equation

�� =

r
4⇡3 g⇤ (TRH)

45

T 2
RH

MPl
. (3.7)

This result generally occurs during the inflation where the particle � is identified with the
inflaton. Hence, it is reasonable to assume that di↵erent reheat events could occur after
inflation, especially in the presence of additional highly decoupled sectors [81, 82].

4 Compatibility with IceCube and Fermi-LAT

Having defined the model that provides a viable Dark Matter candidate that decays into a
neutrino line only, we can now proceed to analyze its compatibility with the IceCube 6-year
HESE data [1]. In particular, in our scenario, the TeV-PeV extraterrestrial neutrino flux has
two contributions, a power-law accounting for neutrinos produced by standard astrophysical
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• three scalars:
�H+��, |�|2h0

• four scalars:
�H+��h0, ��++����, |�|2H+H�, |�|2h20, |�|2�+��, |�|2�++���

• two scalars and one vector boson:
�W+

µ �µ��, (@µ�⇤ �� �⇤@µ�)Zµ

• two scalars and two vector bosons:
�W+

µ �µ��, �W+W+���, �W+Z��, |�|2W+W�, |�|2ZZ

and the corresponding hermitian conjugates. From these couplings, one can directly read all
annihilation and co-annihilation channels.

3 Dark Matter production in the early Universe

As discussed in the previous section, our Dark Matter candidate has weak interactions and it
is therefore a Weakly Interacting Massive Particle (WIMP). Indeed, in the early Universe the
main processes responsible for the Dark Matter production are the annihilations involving
SU(2)L ⌦ U(1)Y vector bosons, whose s-wave term of the thermally averaged total cross-
section takes the expression [72]

h�vi = 3 g42 + 4 g22 g
2
Y + g4Y

24⇡m2
�

, (3.1)

where g2 and gY are the SU(2)L and U(1)Y gauge couplings, respectively. This interaction
is strong enough to keep the Dark Matter particles in thermal equilibrium with the thermal
bath, which are therefore produced through the standard freeze-out mechanism [73]. In this
framework, the Dark Matter relic abundance is given by [74]

⌦�h
2 ' 7.3⇥ 10�11 1

g
1/2
⇤ (TF,std)

GeV�2

h�vix�1
F,std

, (3.2)

where g⇤ denotes the relativistic degrees of freedom of the thermal bath at the freeze-out
temperature TF,std = m�/xF,std that is approximately given by the equation

xF,std ' ln

2

40.038
g�m�MPl x

1/2
F,std

g
1/2
⇤ (TF,std)

h�vi
3

5 , (3.3)

with g� = 6 and MPl = 1.22⇥ 1019GeV is the Planck mass. By comparing eq. (3.2) with its
experimental value provided by the Planck Collaboration ⌦DMh2 = 0.1186± 0.0020 [75], we
find that the model predicts a Dark Matter mass of about 2TeV for which we have h�vi '
2.8⇥10�26 cm3/s. Larger values for the Dark Matter mass would lead to larger values for the
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relic abundance implying an overclosure of the Universe. Indeed, from eqs. (3.1) and (3.2)
it follows that the Dark Matter relic abundance is proportional to the square of the Dark
Matter mass. Such expressions hold only if the Universe is dominated by radiation during the
epoch of Dark Matter freeze-out. This is true for the standard scenario where it is generally
assumed that the reheating temperature of the Universe, hereafter denoted as TRH, is much
larger than the freeze-out temperature TF. However, the thermal history of the Universe
before the Big Bang Nucleosynthesis is practically unknown and the reheating temperature
could be as low as about 4MeV [76].

In scenarios with very low reheating [77–82], if TRH  TF, the equations (3.2) and (3.3)
become [74]

⌦�h
2 ' 2.3⇥ 10�11 g

1/2
⇤ (TRH)

g⇤ (TF,rh)

T 3
RHGeV�2

m3
� h�vix�4

F,rh

, (3.4)

with

xF,rh ' ln

2

40.015g� g
1/2
⇤ (TRH)

g⇤ (TF,rh)

MPl T
2
RH x

5/2
F,rh

m�
h�vi

3

5 . (3.5)

Therefore, for a given Dark Matter mass the correct relic abundance can be achieved by
assuming a particular value for the reheating temperature. In particular, by numerically
solving such equations in the range 10 TeV  m�  104 TeV, we obtain the following
approximated relation between the Dark Matter mass and the reheating temperature that
provides the exact today’s amount of Dark Matter in the Universe:

TRH ' 660
⇣ m�

100 TeV

⌘1/2
GeV . (3.6)

For example, the correct Dark Matter relic abundance of Dark Matter particles with a mass
of 100TeV is achieved by assuming a reheating temperature of about 660GeV.

A reheating of the Universe can be achieved by including at least an additional long-
lived unstable particle � that decays into radiation at a time of the order of its lifetime ��.
These non-relativistic particles could dominate the energy density of Universe providing a
matter-dominated expansion instead of a radiation-dominated one. Then, the decays of such
particles into relativistic particles of the thermal bath reheat the Universe at a temperature
TRH defined through the equation

�� =

r
4⇡3 g⇤ (TRH)

45

T 2
RH

MPl
. (3.7)

This result generally occurs during the inflation where the particle � is identified with the
inflaton. Hence, it is reasonable to assume that di↵erent reheat events could occur after
inflation, especially in the presence of additional highly decoupled sectors [81, 82].

4 Compatibility with IceCube and Fermi-LAT

Having defined the model that provides a viable Dark Matter candidate that decays into a
neutrino line only, we can now proceed to analyze its compatibility with the IceCube 6-year
HESE data [1]. In particular, in our scenario, the TeV-PeV extraterrestrial neutrino flux has
two contributions, a power-law accounting for neutrinos produced by standard astrophysical
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possibility of a low reheating temperature of the Universe has been recently discussed in Ref.

[14]. There it was shown that a low reheating temperature has important implications for

many topics in cosmology such as axion physics, leptogenesis and nucleosynthesis constraints

on decaying particles. In particular, it was shown that stable weakly interacting massive

particles may be produced even if the reheating temperature is much smaller than the freeze-

out temperature of the dark matter particles, TRH < TF , and that the dependence of the

present abundance on the mass and the annihilation cross section of the dark matter particle

may differ drastically from standard results1.

The goal of this paper is twofold: first, we wish to extend the analysis of Ref. [14]

and perform a quantitative study of the case of neutralinos in SUGRA scenarios, analyzing

in detail the impact that a low TRH may have for the present neutralino relic abundance;

secondly, we aim at providing a lower bound on the reheating temperature. The logic is the

following. All matter is produced at the end of inflation [17] when all the vacuum energy

stored into the inflaton field is released and the Universe becomes radiation-dominated with

the initial temperature TRH . During the reheating process, particles are generated through

thermal scatterings and quickly thermalize. Among them, dark matter particles may be also

produced but their final number depends strongly on the reheating temperature. If the latter

is too small, the thermal bath does not give rise to a number of neutralinos large enough to

make them good candidates for dark matter. This leads to a lower limit on TRH . We will

find that the reheating temperature needs to be larger than about 1 GeV for neutralinos to

be good dark matter candidates2.

The plan of the paper is as follows. In Section II we briefly recall the calculation of a

WIMP relic abundance both in the low–reheating scenario and in the standard case. In

Section III the specific supersymmetric models which will be considered in our analysis are

introduced. In Section IV we will discuss our results. Section V is devoted to our conclusions.

II. NEUTRALINO RELIC ABUNDANCE: THE STANDARD SCENARIO AND

THE LOW REHEATING TEMPERATURE SCENARIO

In this section we outline the ingredients which are relevant to the calculation of the

neutralino relic abundance both in the standard radiation–dominated scenario and in the

low reheating early Universe scenario introduced in Ref. [14]. We address the reader to

Refs. [14, 19] for further details.

1 Low reheating scenarios lead as well to a new perspective on baryogenesis [15] and to the possibility that

massive neutrinos may play the role of warm dark matter [16].
2 In this paper we suppose that neutralinos are produced during the reheating process only through thermal

scatterings. Another source might be the direct decay of the inflaton field into neutralinos [18]. This

introduces though another unknown parameter, the decay rate of the inflaton field into neutralinos, and

we do not consider this possibility any further.

3

we have: ⟨σannv⟩int = ã x−1
F + b̃ x−2

F /2. Eq. (5) shows the well know result that the present

abundance of a cold relic particle is inversely proportional to its annihilation cross section:

Ωχh2 ∼ ⟨σannv⟩
−1
int .

A crucial point in this discussion is that, in the standard cosmological scenario, freeze–out

occurs in a phase of the evolution of the Universe when the expansion is adiabatic and the

energy density is dominated by radiation: T ∼ a−1 and H ∼ T 2 ∼ a−2. These relations

between the temperature, the scale factor a and the Hubble parameter are modified in the

reheating phase of the low reheating–temperature scenario discussed in the next Section: if

freeze–out occurs during the reheating phase, a lower neutralino relic abundance at present

time is obtained.

B. A low reheating–temperature scenario

It is by now accepted that during the early epochs of the Universe there was a primordial

stage of inflation [17] responsible for the observed homogeneity and isotropy of the present

Universe as well as for the generation of the cosmological perturbations.

The radiation–dominated era of the Universe is usually assumed to be originated by

the decay of the coherent oscillations of a scalar field, the inflaton field, whose vacuum

energy has driven inflation3. The decay of the scalar field into light degrees of freedom and

their subsequent thermalization, called reheating, leaves the Universe at a temperature TRH ,

which represents the largest temperature of the plasma during the subsequent radiation–

dominated epoch, when temperature is a decreasing function of time. The onset of the

radiation dominated era is in fact placed at the temperature TRH , i.e. at the end of the

reheating phase.

Usually TRH is assumed to be very large and – in any case – larger than the neutralino

freeze-out temperature TF . This fact implies that the present–day relic abundance of any

particle which freezes–out at a temperature TF < TRH is not affected by the history of the

Universe during the reheating phase. However the only information we have on the smallest

value of TRH is from requiring a successful period of primordial nucleosynthesis, TRH >∼ 1

MeV. Therefore, from a phenomenological point of view, TRH is actually a free parameter.

This implies that the situation in which a relic particle decoupled from the plasma before

reheating was completed (i.e.: TF > TRH) could be a viable possibility, with important

implications in the calculation of the cosmological abundance of relic particles.

3 Identifying this scalar field with the inflaton field is not strictly necessary. It might well be identified

with some massive nearly stable particle, such as some light modulus field present in supersymmetric

and (super)string models. In such a case, after inflation the Universe might have been matter dominated

by the energy density of this modulus and then become radiation dominated after its decay. In other

words, there might have been more than one reheating process during the thermal history of the Universe.

Needless to say, the one relevant for us is the latest.
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Therefore, for a given Dark Matter mass the correct relic abundance can be achieved by
assuming a particular value for the reheating temperature. In particular, by numerically
solving such equations in the range 10 TeV  m�  104 TeV, we obtain the following
approximated relation between the Dark Matter mass and the reheating temperature that
provides the exact today’s amount of Dark Matter in the Universe:
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For example, the correct Dark Matter relic abundance of Dark Matter particles with a mass
of 100TeV is achieved by assuming a reheating temperature of about 660GeV.

A reheating of the Universe can be achieved by including at least an additional long-
lived unstable particle � that decays into radiation at a time of the order of its lifetime ��.
These non-relativistic particles could dominate the energy density of Universe providing a
matter-dominated expansion instead of a radiation-dominated one. Then, the decays of such
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This result generally occurs during the inflation where the particle � is identified with the
inflaton. Hence, it is reasonable to assume that di↵erent reheat events could occur after
inflation, especially in the presence of additional highly decoupled sectors [81, 82].

4 Compatibility with IceCube and Fermi-LAT

Having defined the model that provides a viable Dark Matter candidate that decays into a
neutrino line only, we can now proceed to analyze its compatibility with the IceCube 6-year
HESE data [1]. In particular, in our scenario, the TeV-PeV extraterrestrial neutrino flux has
two contributions, a power-law accounting for neutrinos produced by standard astrophysical
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-  Astrophysical exces at hundred TeV?

-  Decaying (annihilating seems disadvantaged) Dark Matter 
     could be a possible explanation

-  Multimessenger analysis can strongly constraint the decay channel

-  A rigorous angular distribution (an time) analysis 
     will discriminate DM hypotesis
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