Dark Matter scenarios at IceCube
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The recent study on the the 6-year up-going muon neutrinos by the IceCube Collaboration and
the multi-messenger analyses support the hypothesis of a two-component scenario explaining the
diffuse TeV–PeV neutrino flux. Depending on the steepness of the astrophysical power-law, an
excess in the IceCube data is shown in the energy range 10–100 TeV (low-energy excess) or at
PeV (high-energy excess). In both cases, we characterize a two-component neutrino flux where
decaying Dark Matter particles provide a contribution to the IceCube observations.
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1. Introduction

where γ is called spectral index and φ0Astro is the normalization of the neutrino flux at 100 TeV. The
astrophysical neutrino flux is assumed to be isotropic and it is characterized by an equal flavour ratio (1 : 1 : 1) at the Earth. While the standard Fermi acceleration mechanism at shock fronts implies
γ = 2.0 at first order, the spectral index can assume larger values depending on the astrophysical
source considered. Indeed, in case of neutrinos produced by hadronuclear p–p interactions then
γ . 2.2 [5] (see also Ref. [6]), while for photohadronic p–γ interactions the spectral index has to
be larger than 2.3 [7].
The IceCube observations of different data samples have revealed a preference for a soft
power-law spectrum and the IceCube combined analysis has provided the best-fit γbest = 2.50 ±
0.09 [1]. However, very recently, the analysis on the 6-year up-going muon neutrinos shows that
at high energy (Eν ≥ 100 TeV) the best-fit spectral index is γ = 2.13, value that is disfavoured by
3.3σ with respect to γbest . As also stated by the IceCube collaboration, this tension may indicate
the presence of a second galactic component in the diffuse neutrino flux.
The tension with the assumption of a single power-law is further strengthened by considering the multi-messenger analyses. Indeed, the contributions of different astrophysical sources to
the IceCube spectrum are strongly constrained if one assumes a correlation between the diffuse
neutrino flux and the isotropic diffuse gamma-ray background measured by Fermi-LAT [8]. For
instance, it has been pointed out that the contribution of star-forming galaxies (p–p sources) has to
be smaller than ∼ 30% at 100 TeV and ∼ 60% at 1 PeV [9] (see also Ref. [10]). On the other hand,
gamma-ray bursts [11] and blazars [12] (p–γ sources) can only provide a contribution of ∼ 1% and
∼ 20% to the IceCube neutrino spectrum, respectively. Therefore, the multi-messenger analyses
suggest that a hard neutrino spectrum is preferred with respect to a soft one.
As discussed in Ref.s [13, 14], once a hard neutrino spectrum Eν−2.0 is considered according
to the multi-messenger analyses, the IceCube data show an excess in the 10–100 TeV range (lowenergy excess) with a maximum local statistical significance of 2.3σ (2.0σ ) in the 2-year MESE
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The recent discovery of a diffuse neutrino flux at the TeV–PeV range by the IceCube collaboration [1] has ushered us into a new era for astroparticle physics. Due to the very feeble interaction
with the other Standard Model particles, neutrinos represent the best messenger for observing and
studying the cosmos. Indeed, the observation of extraterrestrial neutrinos provides an important
tool that can be adopted to examine the acceleration mechanisms of hadronic cosmic-rays and the
properties of both galactic and extragalactic astrophysical environments. Moreover, the IceCube
Neutrino Telescope has measured the most energetic neutrinos, offering us the possibility to explore
the neutrino physics at energies where phenomena beyond the Standard Model can be relevant.
The origin of the diffuse neutrino flux is still unknown. In the last few years, the scientific
community has proposed a variety of astrophysical sources (extragalactic Supernovae and Hypernovae remnants [2], blazars [3], and gamma-ray bursts [4]) as potential candidates for the IceCube
observations. In general, under the reasonable assumption of a correlation with the spectrum of
hadronic cosmic-rays, one expects that the differential neutrino flux has a power-law behavior

−γ
dφ Astro
Eν
Astro
,
(1.1)
= φ0
dEν dΩ
100 TeV
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(4-year HESE) data (see Fig. 1 for the residuals in the 2-year MESE data). However, as the spectral
index increases, the excess moves towards PeV energies (high-energy excess) [15].
All the above considerations lead to the conclusion that the IceCube measurements are explained in terms of a two-component neutrino flux. In particular, we have studied in detail the
intriguing two-component scenario where, in addition to the neutrino background, one component
is related to astrophysical sources and one is originated from Dark Matter [13, 14, 15] (see also
Ref. [16]). In this case, the total differential neutrino flux takes the following expression
dφ
dφ Astro
dφ DM
=
+
.
dEν dΩ dEν dΩ dEν dΩ

(1.2)

Here, the first term is given by the astrophysical power-law of Eq. (1.1). The Dark Matter second
term (see Ref. [13] for its detailed expression) depends on the particular interaction with the Standard Model particles (Dark Matter particles decaying or annihilating into leptonic or hadronic final
states) and on the halo density distribution of our galaxy.

2. Two-component Neutrino Flux and Dark Matter
The proposed two-component interpretation of the IceCube data is depicted in left and right
panels of Fig. 2 for the low-energy excess [13, 14] and the high-energy one [15], respectively.1
The low-energy excess is explained in terms of the decay channel DM → τ + τ − , while the excess at high energy is fitted by the leptophilic model predicting DM → `+ `− ν. In both cases, the
Navarro-Frenk-White halo density distribution has been considered. The low-energy excess has
been characterized by analyzing the 2-year MESE data, since they have a lower energy threshold
with respect to the HESE ones (see the different energy scale in the two plots).
Regarding the PeV neutrinos, the leptophilic model proposed in Ref. [15] has two peculiar
characteristics: the neutrino spectrum is spread differently from the case of two-body decays and it
is peaked in a particular energy range due to the absence of quarks in the final states. Such a model
is also able to account for the Dark Matter production in the early Universe through a freeze-in
mechanism [17]. It is worth observing that considering the unrealistic behavior Eν−3.0 of the astrophysical component is equivalent to assume a power-law with γ = 2.0 exponentially suppressed for
Eν ≥ 100 TeV (neutrino spectrum expected for extragalactic Supernovae remnants [2]).
1 See

references cited in Ref.s [13, 14, 15] for other Dark Matter interpretations of IceCube measurements.
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Figure 1: Residuals in the number of neutrino events (2-year MESE) with respect to a single astrophysical
power-law with spectral index 2.0, in the southern and northern hemispheres (see Ref. [13]).
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Figure 2: Best-fit of the two-component hypothesis for the IceCube diffuse neutrino flux in case of 2-year
MESE (left panel) and 3-year HESE (right panel) data (see Ref.s [13] and [15], respectively). The Dark
Matter contribution is respectively obtained by considering Dark Matter decaying into tau leptons (lowenergy excess) and leptophilic three-body decays at PeV energies (high-energy excess).

3. Conclusions
The tension of the IceCube observations with the assumption of a single power-law flux indicates the presence of a second contribution to the diffuse neutrino flux. Therefore, we have
examined the case where this second component is related to Dark Matter. A likelihood-ratio statistical test has shown that two-component scenario of Eq. (1.2) is favoured by 2σ –4σ with respect
to a single power-law [13]. The statistical significance depends on the Dark Matter model and the
slope of the astrophysical contribution. In general, the leptophilic decaying Dark Matter models are
preferred by both IceCube and Fermi-LAT measurements, while the other cases are disfavoured by
multi-messenger studies. Better statistics could confirm the presence of an excess in the neutrino
spectrum and this would potentially shed light on some of the deepest mysteries in contemporary
physics: the nature of Dark Matter.
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