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independent sample of starting events designed to study the inelasticity distribution [14]. Figure 1
shows the best fit flux normalization and spectral index for the through-going track sample, the
starting event sample, and also the sample of contained cascades presented in 2017 [15]. There is
no evidence of the prompt atmospheric neutrino component in the sample; work to place an upper
limit on the prompt neutrino flux is ongoing. A global fit of the diffuse samples is forthcoming.

Figure 1: Best fit flux normalization and spectral index for a single power law fit to through-going tracks
(blue), contained cascades (green) and starting tracks + cascades (yellow). Inner/outer contours are 68%
and 99% uncertainties respectively. Note that the all-flavor flux normalization of the starting event sample is
divided by 3 to compare to single-flavor normalizations.

2.3 Tau Neutrino Searches

Assuming that the flavor ratio at the source is 1:2:0::ne :nµ :nt , standard neutrino oscillation
physics predicts a flavor ratio of 1:1:1 in IceCube. Even in extreme cases such as pure ne or pure nµ
composition at the source, the flavor ratio in IceCube will still include a significant fraction of nt
after standard oscillations. Several analyses of the flavor ratio in IceCube have been performed [14,
16, 17] but a limiting factor has been the lack of clearly identified tau neutrino candidates. Most nt
appear as single cascades in IceCube, and therefore the experimental signal is degenerate with that
of neutral current events and ne charged current events. The signature of a high energy nt charged
current event is a cascade from the neutrino deep inelastic scattering interaction, followed by a
signature from the decay of the tau lepton. The tau lepton decays 65% of the time to hadrons and
18% to electrons. In both cases a second cascade is seen, producing a double cascade signature [18].
The remaining decays are to muons; this decay mode is not considered here. In some cases, even
if the event appears as a single cascade, the two cascades may be distinguished as double pulses in
individual IceCube DOMs, thanks to the digitized PMT signal (waveform) captured by the DOM.
A search for double pulses was published by IceCube using three years of data [19] with negative
results.

The 7.5 year starting event sample includes for the first time a double cascade topology iden-
tifier [20]. Each event is fitted to a double cascade likelihood hypothesis and double cascade can-
didates are selected based on the event length, the asymmetry between the two fitted cascade ener-
gies, and the fraction of the total energy deposited close to the fitted cascade vertices. Individual
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Figure 1: Deposited energy and reconstructed cosq distributions. Data are shown as black crosses and
the best-fit expectation as a stacked histogram with each color specifying a flux component: astrophysical
(golden), conventional atmospheric as mentioned above (red), and penetrating muons (purple); the best fit
prompt normalization is zero and is not shown. Left: distributions of observed and expected events as a
function of the reconstructed deposited energy. Events below 60 TeV (light blue vertical line) are not included
in the fit, but one sees good data-MC agreement extending into this energy range. Right: distribution of
observed and expected best-fit events as a function of the cosine of the reconstructed zenith angle.

in the aforementioned frequentist construction. These best-fit parameters are compatible with the
previous analysis using six [4] years of data. Figure 1 shows the data compared to the expected
number of events assuming the best-fit parameters, as a function of the reconstructed deposited
energy (left) and the cosine of the reconstructed zenith angle (right). The relatively flat distribution
in the cosine of the zenith angle cannot be reproduced by the atmospheric background components
alone, leading to the high significance of the astrophysical component reported in previous analyses
with respect to an atmospheric background only hypothesis.

Figure 2: Best fit parameters for the single power
law. Contours in blue represent results from this work,
while the orange contours show results from IceCube’s
9.5yr diffuse numu sample [24], and the purple con-
tours show results from IceCube’s multi-year cascade
sample [25]. Solid contours represent the 68.3% confi-
dence regions, and dashed contours the 95.4% confi-
dence regions.

In figure 2, the confidence regions for three different IceCube data-sets assuming an unbroken
single power law are shown. The three measurements have distinctly different best-fit points, but
appear to be compatible with each other within their 95.4% regions. In light of this we would like to
consider explanations for the different spectral indices beyond pure statistical variations. However,
as the three data-sets make distinctly different energy cuts, select for different morphological classes
of events, and have very different signal to background ratios in the energy ranges common between
them, it is clear that they may be measuring different portions of the neutrino flux. A possible
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Figure 3 Data from 2010 to 2018 together with the best-fit expectation from Monte Carlo simu-
lations. Left: Distribution of the cosine of the reconstructed zenith. Right: Distribution of the
reconstructed muon energy. The brown and blue bands mark the central 68% and 90% spread of
the expectation if all fit-parameters are varied within their posterior distribution ranges, taking their
correlations into account.

Figure 4 Scan of the profile likelihood for the two signal parameters: astrophysical normalization
and spectral index. Note that for each scan point, all other parameters are optimized.
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Two types of searches: contained events and through-going muons
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Standard expectation: 
power-law spectrum

Standard expectation: 
isotropy (diffuse)

Standard expectation: 
equal number of all flavors

Standard expectation: 
same arrival time as photons

Note: Not an exhaustive list of scenarios
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Dark matter decays

Can the highest energy IceCube neutrinos 
be explained by heavy dark matter decays?
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Can ALL IceCube neutrinos be 
explained by heavy dark matter decays?
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Figure 3. Comparison of the energy spectrum of observed events in IceCube with the expectations
from DM decay with flux in figure 1 (red-solid) and generic E�2

⌫ flux (blue-dashed). Both the observed
events and predictions include background events due to atmospheric neutrinos and muons [3].

corrections (which are in fact quite large!): despite the fact that no hard neutrino channel is
present at tree level, a su�ciently hard neutrino spectrum can be still obtained with a 40%
branching ratio in e

�
e
+, thanks to the major role played by cascade radiation of massive

gauge bosons (see [22, 23]). This fact may appear surprising, so we provide in the following
a qualitative justification. First of all, even if one mostly radiates “soft” gauge bosons, in
a splitting process (say e

�
e
+

! e
�
W

+
⌫) both the soft and the hard neutrino spectra are

populated: the low-energy one via the soft (single or multiple) W decay process and the
high-energy one via the ⌫’s which the electrons have converted into. Secondly, while naively
these processes are suppressed by a power of ↵ (weak fine structure) with respect to the
three level, the presence of large logarithmic factor (of the type ↵ log(m2

DM/m
2
W
)) makes

these “corrections” sizable for massive particles, at the level of 10% or larger of the tree-level
result (for more technical details see e.g. [23]). As a consequence, by varying both lifetime
and branching ratio within a factor of only a few with respect to the naive fit obtained
with the ⌫⌫̄ tree-level diagram, one is capable of fitting the spectrum even in the absence of
tree-level neutrino emission. From the model building point of view, a DM decay to e

�
e
+

and ⌫⌫̄ can be naturally constructed from the coupling of DM to the weak SU(2) lepton
doublet (⌫↵, `↵). For an equal decay branching ratio in the two components of the doublet,
the corresponding modification of the parameters {⌧, bH} with respect to the pure ⌫⌫̄ case
best fit parameters is thus less than a factor 2. Other choices for the final states (including
for example massive gauge bosons, top quark and muon/tau leptons) would also produce
spectra roughly compatible with observations, but for illustrative purposes in the following
we shall concentrate on our benchmark case which presents the most marked di↵erences with
respect to a featureless power-law spectrum of astrophysical origin.

The number of events at IceCube can be calculated by convoluting the flux at Earth
with the exposure of the detector, such that the number of events in the bin �iE⌫ is given by

Ni =

Z

�iE⌫

✓
dJh
dE⌫

+
dJeg
dE⌫

◆
E(E⌫) dE⌫ , (3.1)

where for the exposure E we used the 662 days reported exposure in [20]. The result of
our analysis is shown in figure 3. In this figure the red (solid) and blue (dashed) curves
correspond to expected number of events from DM decay with the spectrum of figure 1 and a
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Figure 1. The flux of neutrinos at the Earth form decaying DM with mDM = 3.2PeV and ⌧DM =
2 ⇥ 1027 s and final states ⌫e⌫̄e and qq̄, with 12% and 88% branching ratios, respectively. The blue
(dashed) and red (dot-dashed) curves are for galactic and extragalactic components, respectively.
The black (solid) curves shows sum of the two components. The shown fluxes are (⌫e + ⌫µ + ⌫⌧ )/3,
including antineutrinos.
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Figure 2. The overall flux of neutrinos at the Earth for decaying DM to various channels. The black
curve shows our benchmark DM ! ⌫e⌫̄e, qq̄ with 12% and 88% branching ratios, respectively. The
blue (dashed), red (dot-dashed) and green (dotted) curves represent channels shown in legend with
branching ratios in parentheses. The assumed values for ⌧DM are in the range (1–3) ⇥ 1027 s. The
shown flux is (⌫e + ⌫µ + ⌫⌧ )/3, including antineutrinos.

extragalactic components, respectively; and the black solid curve for the sum of them. The
gray vertical line shows the maximum energy of neutrino at mDM/2. For the branching ratio
of hard channel DM decay (that is DM ! ⌫e⌫̄e for our benchmark), we assumed bH = 0.12.
The requested feature for the interpretation of IceCube data is clear from figure 1: a peaked
shape at E⌫ ⇠ PeV accompanied by a dip in the range ⇠ (0.3–1) PeV and populated spectrum
below ⇠ 0.3 PeV due to the softer qq̄ channel (with cascade corrections) as well as the EW
cascade tail from ⌫⌫̄.

The choice of final states sharing the qualitative features discussed above is by no means
unique. In figure 2 we compare some alternative combinations of spectra presenting energy
spectra similar to our benchmark decay channel (solid, black curve). In particular the soft
channel in eq. (2.9) can be bb̄ or cc̄ final states and the hard channels can be replaced
by e

�
e
+ channel. As can be seen from figure 2, the required shape of energy spectrum

is recurring in all the shown channels. The e
�
e
+ channel shows the importance of EW
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neutrinos from dark matter decays
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Figure 1. All-sky averaged neutrino plus antineutrino flux (averaged over flavors, i.e.,

(⌫e + ⌫µ + ⌫⌧ )/3) from DM decays into various two-body channels and for two DM masses,

mDM = 200 TeV (top panels) and mDM = 4 PeV (bottom panels). For all panels, ⌧DM =

1027 s. Note that the average over neutrino flavors results in fluxes which are identical with

or without neutrino oscillations.

equivalently, on the declination, �, and right ascension, RA, in the equatorial coordi-

nates), and R� = 8.5 kpc is the Sun’s distance to the galactic center. ⇢(r) is the DM

radial density profile of our Galaxy, which we assume to be of Navarro-Frenk-White

type [143, 144], given by

⇢(r) =
⇢0

(r/rs) (1 + r/rs)
2

, (2.5)

with rs = 20 kpc and ⇢0 = 0.33 GeV cm�3, i.e., ⇢(R�) = 0.38 GeV cm�3.

In order to compute the neutrino spectrum of flavor ↵ from DM decays into di↵erent

final state two-body channels, dN⌫↵
/dE⌫ , we use the event generator PYTHIA 8.2 [145],

which includes the weak gauge bosons radiation corrections [146]. In Figure 1 we show

the expected flux of neutrinos (averaged over the neutrino flavors and averaged over all

directions) at Earth for two DM masses mDM = 200 TeV and 4 PeV, with ⌧DM = 1027 s.
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Dark matter decays
Are neutrinos from DM decays compatible with 
the angular distribution of the IceCube events?
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Figure 1. Left panel: the sky map of the neutrinos from decaying DM with an Einasto profile in
eq. (2.1). Right panel: the sky map of the IceCube 53 events after taking into account the angular
resolution. The seven red spots correspond to the seven “track” events.

0.3GeV cm−3 is the approximate DM density in the solar system. The neutrino signal from

DM decay is calculated by the line-of-sight integral along a given direction [18]

dΦν

dEν db dl
=

dN

NdEν

1

τDMmDM

cos b

4π

∫
ds ρDM[r(s)] , (2.2)

where the integral of s is along the line of sight and the relation between r and s is

r2 = s2+ r2"−2s r" cos l cos b, where −90◦ ≤ b < 90◦ and −180◦ ≤ l < 180◦ as the latitude

and longitude angles in the galactic coordinate. τDM is the DM lifetime and mDM is the

DM mass. The normalized neutrino differential spectrum is dN/(NdEν). The integrated

neutrino flux from DM is

Φν = 1.7× 10−12 cm−2 s−1 sr−1 × 1028 s

τDM
× 1 PeV

mDM
. (2.3)

For the integrated time of 1347 days and 10 m2 · sr acceptance area for the energy around

100TeV, there could be around 20 events observed at IceCube.

The geometric distribution of the IceCube events is represented in the equatorial co-

ordinate. We, therefore, translate the DM generated event distribution from the galactic

coordinate in the latitude and longitude angles (b, l) to the equatorial coordinate in the

declination angle and the right ascension angle (δ,α) (see ref. [39] for details). We define

the DM probability distribution using the normalized flux

pDM(δ,α) =
1

Φν

dΦν(δ,α)

dδ dα
, (2.4)

with the DM event sky map shown in the left panel of figure 1. For all or subsets of the

observed 53 events from IceCube, we construct the data probability distribution using the

solid-angular error σi for each event by assuming a Gaussian distribution

pN events
data (δ,α) =

1

N

∑

i∈N

1

2πσ2
i

exp

[
−∆R(δi,αi; δ,α)2

2πσ2
i

]
, (2.5)
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Figure 2. Left panel: the TS distribution for the Einasto model with ᾱ = 0.17 (pvalue = 18.9%)
against random sky maps with random right-ascension angles for the 53 events. Right panel: the
TS distribution for a isotropic distribution (pvalue = 46.4%). The TS value for the data is shown
on the red lines.

ᾱ = 0.17 ᾱ = 0.25 Isotropic

all 53 events 18.9% 15.2% 46.4%

34 events with E ! 50TeV 11% 17.8% 69.4%

39 cascade events 34.1% 28.9% 74.2%

Table 1. The p-value’s for three different hypothesis’s using all the events, only the events with
E ! 50TeV and only the cascade events.

test statistics TS(DM) of DM against the observed 53 events at IceCube. The p-value, or

the probability of having TS(DM) smaller than the TS value from a random event map, is

36.8% for the Einasto model with ᾱ = 0.17. To test how good the observed 53 events agree

with a isotropic geometrical distribution, we perform the same calculation by assuming a

isotropic model (in the right panel of figure 2) and found that the p-value for a isotropic

distribution is 49.8% for all 53 events.

Since the atmospheric backgrounds are dominated in lower energies [8, 9], a bigger

fraction of the observed events could be from DM signals if only relatively high energy

events are selected. Therefore, we also test the geometric distributions for the 34 events

with E ! 50TeV. We show the p-values for all 53 events and the 34 events with E ! 50TeV

in table 1. One can see that the p-values are fairly insensitive to the energy cut. In the

last row of table 1, we also show the p-values for only the cascade events considering the

fact that the track events could have an origin from the atmospheric muon background.

From table 1, one can already see that there is no dramatic difference between ᾱ = 0.25

and ᾱ = 0.17 cases. This is due to the poor angular resolution of cascade events such that

the peaked center of the DM profiles can not be resolved. The increase of the p-values for

the isotropic distribution from all 53 events to 39 cascade events is due to the extremely

good resolution of the 14 track events.
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Figure 3. Comparison of DM (red solid) and isotropic (blue dashed) CDFs with the EDF of IceCube
data (black solid).

where � and ⌘ are given respectively in eqs. (2.5) and (2.7); and r, given in eq. (2.2),

takes the following form: r(s,#) =
q
s2 +R

2
� � 2sR� cos# .

Notice that for both the above PDFs, we have the normalization
R ⇡
0 p(#) sin# d# = 1. The

KS test compares the empirical distribution function (EDF) of data with the cumulative
distribution function (CDF) of the distribution being tested. The EDF of data is given by

EDFdata(#) =
1

N

NX

i=1

⇥(#� #i) (3.7)

where N is the number of signal events and ⇥ is the Heaviside step function. The CDF of
DM and isotropic distributions can be calculated as:

CDFDM(#) =

Z #

0
p
DM(#0) sin#0

d#
0
, (3.8)

and,

CDFiso(#) =

Z #

0
p
iso(#0) sin#0

d#
0 =

1� cos#

2
. (3.9)

For illustration, figure 3 shows the CDF for DM (red solid) and isotropic (blue dashed)
distributions, and EDF for all the data, i.e. including the background events. Graphically
data show a preference for DM distribution; however, as we discussed in section 3.1, the
contribution of background events to the EDF should be taken into account. The statistical
estimator used for the KS test consists in the maximal distance between the EDF and the
theoretical CDF of tested distribution. For instance, for the case of DM the test statistics is
defined as

TSKS = max
1iN

⇢
CDFDM(#i)�

i� 1

N
,
i

N
� CDFDM(#i)

�
. (3.10)

An analogous definition holds for the isotropic case by replacing CDFDM
! CDFiso. To

account for the fraction of background events, we follow the same procedure as for the
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SEARCH FOR THE GALACTIC DISK AND HALO COMPONENTS 787

Fig. 2. (Solid grey line) Kolmogorov–Smirnov probability
PKS that the observed distribution of events in the Galactic
latitude b is a f luctuation of a model distribution in which
the signal is a mixture of the disk fraction ξd and the isotro-
pic fraction 1 – ξd versus ξd. Horizontal straight lines indi-
cate 1 – PKS = (solid) 0.68 and (dashed) 0.95: the values of
ξd for which the curve is below the lines are excluded at the
68 and 95% C.L., respectively.

Fig. 3. (Color online) Distribution of arrival directions in
the angular distance Θ to the Galactic Center. The solid
(red online) line shows the data, the shaded histogram
gives the background plus an isotropic signal, the hatched
histogram is the background plus a signal from dark-mat-
ter annihilation in the Milky Way, and the dashed (blue
online) line is the background plus a signal from dark-mat-
ter decays in the Milky Way.

Fig. 4. (Color online) Distribution of arrival directions in
the angular distance to the Galactic Center. The solid (red
online) line shows the data, the shaded histogram gives the
background plus an isotropic signal, and the hatched his-
togram is the background plus a signal from cosmic-ray
interactions with the halo of circumgalactic gas.

Fig. 5. Kolmogorov–Smirnov probability PKS that the
observed distribution of events in the angular distance to
the Galactic Center is a f luctuation of a model distribution
in which the signal is a mixture of the fraction ξh coming
from halo and the remaining fraction 1 – ξh isotropic ver-
sus ξh (solid grey line corresponds to cosmic-ray interac-
tions with circumgalactic gas, the dashed line shows dark-
matter annihilation, and the dash-dotted line presents
dark matter decays). Horizontal lines indicate 1 – PKS =
(solid) 0.68 and (dashed) 0.95: the values of ξh for which a
curve is below the lines are excluded at the 68 and 95%
C.L., respectively.

as one can see from Fig. 2, all values, 0 ≤ ξd ≤ 1, are
allowed with PKS > 0.1, that is at least at the 90% C.L.

For the halo scenarios, a similar analysis was per-
formed in terms of the angular distance Θ between the
arrival direction and the Galactic Center. The distri-
butions of data and simulated event sets in Θ are
shown in Figs. 3 and 4. The data favors the dipole
anisotropy, either in the dark-matter decay or in the
circumgalactic gas halo scenario, over isotropy (see
Fig. 5). For the isotropic distribution, PKS ≈ 0.02,
while PKS > 0.5 for all three pure halo scenarios.

To summarize, the sample of 40 IceCube events
with E ≳ 100 TeV, of which ~9 are background, neither
shows a statistically significant evidence for nor

excludes the Galactic disk component. The Galactic
Center–Anticenter dipole, contrary, is favored over
isotropy at the 98% C.L., which may be a signal of the
Galactic halo component related either to dark-matter
decays (annihilation) or to cosmic-ray interactions
with circumgalactic gas. Further studies of high-
energy neutrinos are mandatory to make stronger con-
clusions. In particular, more uniform full-sky statistics
is important for global anisotropy studies, and will be
provided in coming years with joint efforts of the

Y. Bai, R. Lu and J. Salvado, JHEP 1601:161, 2016
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where !2
0 is equal to 104, 106 and 108 corresponding to an extra-

galactic contribution that is sub-dominant, comparable and domi-
nant with respect to the galactic one, respectively. However, recent 
studies like [43] state that the clumpiness factor !2

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

In our analysis, we consider two different DM galactic halo pro-
files [41]: the Navarro–Frenk–White distribution

ρNFW
h ! ρh

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

where rc ! 20 kpc and ρh = 0.33 GeV cm−3, and the Isothermal 
distribution

ρ Isoth.
h ! ρh

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

where rc ! 4.38 kpc and ρh = 1.39 GeV cm−3.
Since in each case the distributions depend on one angle only, 

we can perform a one-dimensional statistical test. In particular, we 
use two different non-parametric statistical tests: the Kolmogorov–
Smirnov test (KS) [45] and the Anderson–Darling test (AD) [46]. 
These statistical tests make a comparison between the cumula-
tive distribution function (CDF) of the null hypothesis distribution 
function and the empirical cumulative distribution function (EDF), 
given by

EDF(cos θ) = 1
n

n∑

i=1

$ (cos θ − cos θi) , (12)

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

TSKS ≡ supθ |EDF(cos θ) − CDF(cos θ)| , (13)

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

TSAD ≡ −n − 1
n

n∑

i=1

(2i − 1) [ln (CDF(cos θi))

+ ln (1 − CDF(cos θn+1−i)] . (14)

In particular, this expression is very sensitive to the difference be-
tween the functions EDF and CDF at the two endpoints, suggesting 
that the Anderson–Darling test is a suitable test for our analysis 
(note that the Galactic Center is in correspondence of cos θ = 1).

To take into account the atmospheric background, we consider 
all possible different choices of 5 background events among 12, 
namely 12!/(5! 7!) = 792 combinations. Moreover, we include in 
our analysis the angular uncertainty affecting the reconstruction 
of the arrival direction for IC events, which for the shower-like 
topology is very large, namely of the order of 15◦ . In particular, 
we treat the uncertainties on declination and right ascension as 
maximum errors, and propagate them on the quantity cos θ . Note 
that for galactic plane scenario the variable to be considered is the 
Galactic latitude b.

To consider in our statistical tests the above angular uncer-
tainty, for each choice of 5 background events, we consider 100 
possible extractions of the 7 remaining events from their maxi-
mum error intervals using a uniform probability. In this way, for 
the 100 different choices of observed events we compute the cor-
responding TS values, which once compared with the null hypoth-
esis TS distribution, provide a range of p-values. Such a range is 
finally averaged on the 792 different background combinations. In 

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

Scenario KS AD

Astrophysics Gal. plane 0.007–0.008 Not defined
Iso. dist. 0.20–0.55 0.17–0.54

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

DM annih. 
!2

0 = 104
NFW (0.3–0.9) × 10−4 (0.3–3.8) × 10−4

Isoth. (0.9–2.8) × 10−3 (1.0–5.0) × 10−3

DM annih. 
!2

0 = 106
NFW 0.02–0.05 0.02–0.07
Isoth. 0.10–0.28 0.08–0.29

DM annih. 
!2

0 = 108
NFW 0.19–0.54 0.17–0.53
Isoth. 0.20–0.55 0.17–0.54

Table 1 we report such an average range for each test. As we can 
see from Table 1, the IC data indicate that a correlation with the 
galactic plane is disfavored. Note that in this case, the Anderson–
Darling test is not well defined since its CDF is vanishing within 
the region b < bgal (see Eq. (14)). It is worth observing that vary-
ing the angular size bgal in the range [2◦,4◦] does not signifi-
cantly change the p-value range reported in the Table. Moreover, 
the DM annihilation scenario is already excluded from IC data for 
both DM halo density profiles in case of a small clumpiness fac-
tor (!2

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

0 = 108) we get a result similar to the one of the astrophysical 
isotropic distribution. This is due to the fact that in this case the 
annihilating DM angular distribution is almost isotropic. It is worth 
observing that due to a certain lack of events from the Galactic 
Center, the NFW DM profile that is more peaked in this central re-
gion results to be more in tension with the observations than the 
Isothermal profile. This results in smaller p-values for NFW with 
respect to Isothermal as shown in the Table, such difference is ex-
acerbated for annihilating DM scenario.

3. Forecast

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

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

By varying in the set of 105 data samples we get a distribu-
tion of p-value for which it can be defined the p-value at 68% 
Confidence Level (C.L.). This value represents the upper bound for 
p-values in 68% of cases. In Fig. 3 we report the p-value at 68% 
C.L. as function of the number of signal events (no background) 
in case of decaying DM scenario. As expected, the Anderson–
Darling statistical test (solid lines) is more appropriate than the 
Kolmogorov–Smirnov one (dashed lines). Indeed, the p-value falls 
down to zero very rapidly. Assuming that the p-value required to 
exclude a model is O(10−3), we see that the decaying DM sce-
nario will be completely excluded only when a O(200) number 
of signal events is collected in the energy bin 60–100 TeV. It is 

M. Chianese, G. Miele, S. Morisi and  
E. Vitagliano, Phys. Lett. B757:251, 2016
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Figure 1. Region of mDM− τDM parameter space consistent with IC data if the total neutrino flux
is a composition of flux from DM decay and astrophysical flux at the IC best-fit (see eq. (3.3)). The
hatched and red shaded regions are ruled out at 90% and 99% C.L. respectively, while the green
patch shows the region of parameter space consistent with data at 3σ. To compare with existing
bounds on lifetimes from gamma ray observations, we show the bound obtained in [21] when the DM
decays to a W± pair (black dotted curve) in the top panel plots (DM → Z0Z0 and DM → W+W−),
and that obtained when the DM decays to µ+µ− (black dot-dashed curve) in plots in the bottom
panel (DM → τ+τ− and DM → µ+µ−), with the region below the curves excluded in both cases.

and vary the DM mass and lifetime over the following ranges

100 !
(mDM

1TeV

)

! 1000 , 1 !
( τDM

1026 s

)

! 1000 (3.5)

respectively.3 Thus considering each decay channel in turn, we calculate the number of

events expected due to a sum total of the astrophysical flux and that from the decay. The

resulting best fits and χ2 representing the degree of match are shown in table 1. Event

rates corresponding to the best-fit parameters are shown in figure 3. It is evident from the

figure that, especially, at the lower energies, i.e., 30TeV ! E ! 100TeV, the combined

DM and astrophysical flux gives a better fit to the observed data than the IC best-fit

astrophysical E−2 flux. To provide a reasonable quantitative measure of the comparative

3Although τDM does not have an observed or theoretically motivated upper bound, the neutrino flux from

DM decay falls with increasing decay lifetimes, and when as large as 1029s, it already leads to unobservably

small event rates at IC. Here, we set the upper bound for the τDM parameter space scan to 1029s for

computational purposes — for the purposes of the analysis, taking even larger values of τDM is equivalent

to assuming the neutrino events seen at IC are solely due to the astrophysical power-law flux.
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Low energies: DM+astro (index=2) 
and the next lower energy bin. As a reminder the IceCube
analysis energy bins spread 0.2 in log of the energy. Hence,
half of the neutrino energy of E at the center of an energy
bin would correspond to the lower edge of the adjacent
lower energy. We point out that a full analysis should be
performed by the IceCube collaboration taking the recon-
structed energies and corresponding uncertainties on an
event by event basis into account. We only attempt here
to get an approximation of the bound. Following our
assumption tau neutrino events will largely be contained
in the two adjacent energy bins of the IceCube analysis, and
we assume that 50% of the tau neutrinos are observed in
these bins. We then compare the expected signal flux to the
sum of observed events of the corresponding energy bin
and the next lower bin.
The expected number of neutrino events per flavor is

given by

N ¼ 1

τ
J4π

Rscρsc
4πmχ

4πAeffðE ¼ mχ=2ÞT life
Nν

3
; ð5Þ

where Rsc and ρsc are scale factors [28], mχ is the dark
matter particle mass, Aeff is the neutrino affective area of
the corresponding flavor, and T life is the lifetime of the
experiment. J4π is the angle average line-of-sight integral
over the dark matter density distribution per solid angle. Nν
is the average number of neutrinos produced at the line
signal per DM decay. For the assumed branching fraction
of 100% into χ → νh, Nν is 1. The factor 1=3 indicates
the fraction of each neutrino flavor. We use the neutrino
flux from the Milky Way halo assuming a NFW profile
(J4π ≈ 2.0) [23].
We compute a 90% C.L. limit on the number of signal

events, N90, using the observed events and expected
background. The observed events and their background
are computed by taking the sum of the bin corresponding to
Mχ=2 and the adjacent lower bin. This value is compared to
the expected neutrino event numbers for a specific decay
time. As background estimate we use the prediction from
IceCube, including cascade and track events. The limit is
then obtained by τ90 ¼ τ · N

N90
. Figure 2 shows our derived

bound, following IceCube event binning in neutrino energy
[17] in comparison to previous limits from the partially
instrumented IceCube detector [21] which investigated the
decay of DM into two neutrinos. Note that the large
improvement of our derived limit to the IceCube
Collaboration result is dominated by the fact that we make
use of the neutrino energy, justified by the good energy
resolution for cascade events, which is typically better than
15% [17]. The IceCube Collaboration analysis relied on the
partially instrumented detector and used the up-going muon
neutrino event sample and performed a counting experi-
ment of the total number of tracks in the signal region
closer to the Galactic center compared to a background
region. The increase in sensitivity can be simply

understood by the fact that the IceCube analysis was not
sensitive to neutrino energies as it just counted muon
neutrino induced tracks. This counting experiment
observed 1389 events in the off-source region and 1367
events in the on-source region, consistent with the null
hypothesis. In our analysis we are sensitive to neutrino
energies by exploiting contained cascades events. As such
we can hence compute the N90 energy binwise. The N90 in
this analysis is closer to 2, compared to about 50 in the
IceCube halo analysis, hence a factor of 20 improvement at
100 TeV.
Further shown in Fig. 2 are bounds derived from the

Fermi-LAT analysis of gamma-ray emission from the
Milky Way halo [12] and from PAMELA observations
of the antiproton flux [13] based on the assumed DM decay
into bb̄. The derived limit for the Fermi-LAT gamma-ray
line search is justified as bb̄ is the dominant Higgs decay
channel, and further the gamma-ray yield fromW-bosons is
similar. Overall our neutrino bound is conservative with
respect to the gamma-ray limit as bb̄ would result in the
strongest limit from gamma rays. The observed three PeV
neutrinos are seen as a “dip” in the two bins covering
masses 2–5 PeV in the limit plot as the flux shows an
“excess” over the expectation. The excess needs further
investigation, but an extremely interesting interpretation
would be the signal from DM. We would invite more
dedicated study for further clarification. A complete analy-
sis could further benefit from the less dominant extraga-
lactic redshifted line spectrum smeared to lower neutrino
energies and a potential continuum neutrino spectrum
from secondary particle decays. A dedicated IceCube

FIG. 2 (color online). Derived limit using the high-energy
neutrino flux observed by IceCube in comparison to the previous
experimental constraints from IceCube, Fermi-LAT, and PAMELA
and derived limits from neutrino data [24]. Excluded are regions
below the pictured lines. The decay χ → νx includes νZ and νH
channels thanks to the Goldstone equivalence theorem.

CARSTEN ROTT, KAZUNORI KOHRI, AND SEONG CHAN PARK PHYSICAL REVIEW D 92, 023529 (2015)
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limits on monochromatic decays

C. Rott, K. Kohri and S. C. Park,  
Phys. Rev. D92:023529, 2015See also: C. S. Fong et al., JHEP 1502:189, 2015

M. Chianese, G. Miele and S. Morisi, JCAP 1701:007, 2017

Low energies (MESE), fixing astro index

D. Search for a ν-line signal and improved bounds

1. Method

Besides setting the best possible bounds on the DM
lifetime, it is also of interest to search for any hint of a line
signal in the data. We propose a novel methodology for
neutrino-line(-like) searches: a profile log-likelihood study
of the energy spectrum including proper energy disper-
sions. This differs from previous studies that used
Kolmogorov-Smirnov tests or approaches with no detailed
spectral shape analysis [18,23,31,34,36–41,58,59]. The
method is similar to, e.g., the Fermi-LAT gamma-ray line
search [11] (briefly summarized in Ref. [60]). This
approach will enable us to search for line (and line-like)
signals and further improve the DM bounds of the previous
section.
To claim a detection of a monochromatic line requires

enough statistics and energy resolution to distinguish such
a feature in the spectrum from an assumed background
model. A simple model to fit the neutrino flux that exceeds
the expected muon and atmospheric backgrounds is an
isotropic astrophysical signal with a single power-law
energy spectrum, with equal parts of each flavor as well
as of neutrinos and antineutrinos,

dϕastro

dEνdΩ
¼ 3 × 10−18 × ϕ0

!
Eν

E0

"−γ
; ð9Þ

where E0 ¼ 105 GeV. Such a power-law spectrum
can be expected from conventional astrophysics
contributions such as, e.g., active galactic nuclei and start
burst galaxies with 2.0≲ γ ≲ 2.6 [61,62]. The best-fit
values from Ref. [32] are γ ¼ 2.46$ 0.12 and
ϕ0 ¼ 2.06þ0.35

−0.26 GeV−1 cm−2 sr−1 s−1. To quantify the good-
ness of fit, we performed a Pearson χ2 test [63],

χ2 ¼
X

bins i

ðNi
obs − piNtotÞ2

piNtot
: ð10Þ

Here, the set of pi ¼ Ni
IC=Ntot gives the deposit-energy

probability distribution of the model. The Ni
IC ¼ Ni

μ þ
Ni

ν þ Ni
astro are represented by the upper edge of the blue

region in Fig. 1. This will be our NULL model for
generating Monte Carlo data. The IceCube data gives χ2 ¼
12.7 for this NULL model when we include all the 20
energy bins from Ref. [32]. Pseudoexperiments on 105

Monte Carlo-generated data sets show that this corresponds
to a P-value of 0.42.7 The conclusion is that this model
gives a good fit and there is no apparent need for a
contribution from a DM signal in the current IceCube
spectrum.
Given that such a simple background model fits the data

well, we construct a test statistic (TS) by comparing the
maximum log-likelihood of this type of background model
to the hypothesis of a monochromatic neutrino-line signal
on top of the background [64]. Hence, to study if a line
signal improves the fit, we evaluate

TS ¼ 2 ln
Lðnsig ¼ nsig;bestÞ

Lðnsig ¼ 0Þ
; ð11Þ

where the Poisson likelihood function is

L ¼
Y

bins i

ðNi
modelÞN

i
obs

Ni
obs!

e−N
i
model ð12Þ

FIG. 3 (color online). 95% C.L. limits on the lifetime of DM
particle decay into monochromatic neutrinos. Solid (black, blue
and red) curves are for DM decay into pure neutrino flavor states
(νe, νμ and ντ, respectively) at production, which after propaga-
tion to the Earth are no longer pure flavor states. The companion
final state X in the DM decay DM → να þ X is assumed to be
light compared to the DM particle mass mDM. The dashed red
curve shows the limit for DM → ντ þ X if no atmospheric
background subtraction is made. For comparison, we show the
limits by Rott, Kohri and Park [23] (90% C.L., green dotted
curve) as well as Esmaili, Kang and Serpico [34] (90% C.L.,
green dashed-dotted curve) who analyzed the 3-year high-energy
data set from Ref. [35]. Equal parts of ν and ν̄ are assumed for the
DM signals.

7A direct assumption of a χ2 distribution, with Nbin − 5 ¼ 15
d.o.f., for the quantity in Eq. (10) would instead have given a
P-value of 0.63 for the NULL model. However, because of low
statistics this assumption is not fully valid, and we generated data
realizations from Poisson distributions of the number of events in
each deposited-energy bin to calculate P-values. All fits to
Monte Carlo data were done with an adjustable single power-
law astrophysical component Ni

astroðϕ0; γÞ together with free
normalization of the two atmospheric background components
Ni

μ and Ni
ν—as in Eq. (13). In Ref. [32] the goodness-of-fit

P-value was instead found to be 0.2 for this model, but they
considered three observables (not only reconstructed deposited
energy, but also directional and track property information) in
their fits.

NEW SEARCH FOR MONOCHROMATIC NEUTRINOS FROM … PHYSICAL REVIEW D 92, 123515 (2015)

123515-5

C. El Aisati, M. Gustafsson and T. Hambye,  
Phys. Rev. D92:123515, 2015

A. Bhattacharya, M. H. Reno and I. Sarcevic, JHEP 1406:110, 2014

JCAP01(2017)007Figure 2. Number of standard deviations in � in the mDM-⌧DM plane in case of decaying DM into SM
quarks, � ! bb (upper panels) and � ! tt (lower panels), once the spectral index of the astrophysical
power-law has been fixed to 2.0 (left panels) and 2.2 (right panels). The white contours refer to 2�
(solid) and 3� (dashed) significance level, and the white dot is the best-fit. The red line bounds from
below the allowed region according to IceCube data, while the black one delimits from above the
region excluded by Fermi-LAT data (see section 3).

respect to the NFW distribution. We observe that, in case of quarks in the final states
(figure 2), smaller values for the lifetime ⌧DM and larger DM masses mDM are favoured
with respect to the case of leptonic final states (figures 3 and 4). Moreover, the models with
quarks as final states are more in tension with the Fermi-LAT data with respect to the models
involving leptons. In particular, in case of quark decay channels IceCube data prefer values of
mDM and ⌧DM close to the 100% IGRB bound. This corresponds to the unrealistic situation
where Fermi-LAT gamma-rays are completely explained in terms of a DM signal and not of
astrophysical sources. On the other hand, in the case of a leptophilic DM, the most significant
region in the parameter space mDM-⌧DM corresponds to a IGRB contribution smaller than
10%, situation implying that the Fermi-LAT gamma-ray observations are dominated by the
astrophysical sources. Therefore, we can already conclude that in general the leptophilic
scenarios are in fair agreement with both neutrinos and gamma-ray observations under the
assumption of a two-components flux.

– 10 –

JCAP01(2017)007Figure 3. Number of standard deviations in � in the mDM-⌧DM plane in case of decaying DM into
SM leptons, � ! µ

+
µ
� (upper panels) and � ! ⌧

+
⌧
� (lower panels). The description of the plots is

the same of figure 2.

The significance in � as a function of DM mass mDM is explicitly depicted in figure 5
for all the studied decaying cases. The curves shown in the plots have been obtained by
considering the best-fit value of the DM lifetime for each DM model and each DM mass.
As it is clear from the plots, the maximum value of

p
TS is almost independent on the

decay channel considered and it results to be 3.7–3.9� and 2.2–2.4� in case of spectral index
2.0 and 2.2, respectively. Moreover, it is worth observing that the maximum significance is
reached for mDM ' 140TeV for a DM decaying mainly in leptons, while it is maximized
at mDM ' 200TeV and mDM ' 300TeV for the cases � ! tt and � ! bb, respectively.
This is because neutrinos are mainly produced at low energy in the hadronic cascades, while
in the leptonic channels their energy can be as large as mDM/4. This consideration also
explains why DM masses larger than about 1PeV (700GeV) are excluded by IC data for
the leptonic decay channels for � = 2.0 (� = 2.2), while no constraints are found in case of
hadronic channels. Moreover, the smallest DM mass for the best-fit is obtained in case of the
leptophilic three-bodies decays (dotdashed purple line in figure 5). This is due to fact that
in such a case primary neutrinos are produced up to an energy of mDM/2.
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Figure 1. Region of mDM− τDM parameter space consistent with IC data if the total neutrino flux
is a composition of flux from DM decay and astrophysical flux at the IC best-fit (see eq. (3.3)). The
hatched and red shaded regions are ruled out at 90% and 99% C.L. respectively, while the green
patch shows the region of parameter space consistent with data at 3σ. To compare with existing
bounds on lifetimes from gamma ray observations, we show the bound obtained in [21] when the DM
decays to a W± pair (black dotted curve) in the top panel plots (DM → Z0Z0 and DM → W+W−),
and that obtained when the DM decays to µ+µ− (black dot-dashed curve) in plots in the bottom
panel (DM → τ+τ− and DM → µ+µ−), with the region below the curves excluded in both cases.

and vary the DM mass and lifetime over the following ranges

100 !
(mDM

1TeV

)

! 1000 , 1 !
( τDM

1026 s

)

! 1000 (3.5)

respectively.3 Thus considering each decay channel in turn, we calculate the number of

events expected due to a sum total of the astrophysical flux and that from the decay. The

resulting best fits and χ2 representing the degree of match are shown in table 1. Event

rates corresponding to the best-fit parameters are shown in figure 3. It is evident from the

figure that, especially, at the lower energies, i.e., 30TeV ! E ! 100TeV, the combined

DM and astrophysical flux gives a better fit to the observed data than the IC best-fit

astrophysical E−2 flux. To provide a reasonable quantitative measure of the comparative

3Although τDM does not have an observed or theoretically motivated upper bound, the neutrino flux from

DM decay falls with increasing decay lifetimes, and when as large as 1029s, it already leads to unobservably

small event rates at IC. Here, we set the upper bound for the τDM parameter space scan to 1029s for

computational purposes — for the purposes of the analysis, taking even larger values of τDM is equivalent

to assuming the neutrino events seen at IC are solely due to the astrophysical power-law flux.
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Low energies: DM+astro (index=2) 
and the next lower energy bin. As a reminder the IceCube
analysis energy bins spread 0.2 in log of the energy. Hence,
half of the neutrino energy of E at the center of an energy
bin would correspond to the lower edge of the adjacent
lower energy. We point out that a full analysis should be
performed by the IceCube collaboration taking the recon-
structed energies and corresponding uncertainties on an
event by event basis into account. We only attempt here
to get an approximation of the bound. Following our
assumption tau neutrino events will largely be contained
in the two adjacent energy bins of the IceCube analysis, and
we assume that 50% of the tau neutrinos are observed in
these bins. We then compare the expected signal flux to the
sum of observed events of the corresponding energy bin
and the next lower bin.
The expected number of neutrino events per flavor is

given by

N ¼ 1

τ
J4π

Rscρsc
4πmχ

4πAeffðE ¼ mχ=2ÞT life
Nν

3
; ð5Þ

where Rsc and ρsc are scale factors [28], mχ is the dark
matter particle mass, Aeff is the neutrino affective area of
the corresponding flavor, and T life is the lifetime of the
experiment. J4π is the angle average line-of-sight integral
over the dark matter density distribution per solid angle. Nν
is the average number of neutrinos produced at the line
signal per DM decay. For the assumed branching fraction
of 100% into χ → νh, Nν is 1. The factor 1=3 indicates
the fraction of each neutrino flavor. We use the neutrino
flux from the Milky Way halo assuming a NFW profile
(J4π ≈ 2.0) [23].
We compute a 90% C.L. limit on the number of signal

events, N90, using the observed events and expected
background. The observed events and their background
are computed by taking the sum of the bin corresponding to
Mχ=2 and the adjacent lower bin. This value is compared to
the expected neutrino event numbers for a specific decay
time. As background estimate we use the prediction from
IceCube, including cascade and track events. The limit is
then obtained by τ90 ¼ τ · N

N90
. Figure 2 shows our derived

bound, following IceCube event binning in neutrino energy
[17] in comparison to previous limits from the partially
instrumented IceCube detector [21] which investigated the
decay of DM into two neutrinos. Note that the large
improvement of our derived limit to the IceCube
Collaboration result is dominated by the fact that we make
use of the neutrino energy, justified by the good energy
resolution for cascade events, which is typically better than
15% [17]. The IceCube Collaboration analysis relied on the
partially instrumented detector and used the up-going muon
neutrino event sample and performed a counting experi-
ment of the total number of tracks in the signal region
closer to the Galactic center compared to a background
region. The increase in sensitivity can be simply

understood by the fact that the IceCube analysis was not
sensitive to neutrino energies as it just counted muon
neutrino induced tracks. This counting experiment
observed 1389 events in the off-source region and 1367
events in the on-source region, consistent with the null
hypothesis. In our analysis we are sensitive to neutrino
energies by exploiting contained cascades events. As such
we can hence compute the N90 energy binwise. The N90 in
this analysis is closer to 2, compared to about 50 in the
IceCube halo analysis, hence a factor of 20 improvement at
100 TeV.
Further shown in Fig. 2 are bounds derived from the

Fermi-LAT analysis of gamma-ray emission from the
Milky Way halo [12] and from PAMELA observations
of the antiproton flux [13] based on the assumed DM decay
into bb̄. The derived limit for the Fermi-LAT gamma-ray
line search is justified as bb̄ is the dominant Higgs decay
channel, and further the gamma-ray yield fromW-bosons is
similar. Overall our neutrino bound is conservative with
respect to the gamma-ray limit as bb̄ would result in the
strongest limit from gamma rays. The observed three PeV
neutrinos are seen as a “dip” in the two bins covering
masses 2–5 PeV in the limit plot as the flux shows an
“excess” over the expectation. The excess needs further
investigation, but an extremely interesting interpretation
would be the signal from DM. We would invite more
dedicated study for further clarification. A complete analy-
sis could further benefit from the less dominant extraga-
lactic redshifted line spectrum smeared to lower neutrino
energies and a potential continuum neutrino spectrum
from secondary particle decays. A dedicated IceCube

FIG. 2 (color online). Derived limit using the high-energy
neutrino flux observed by IceCube in comparison to the previous
experimental constraints from IceCube, Fermi-LAT, and PAMELA
and derived limits from neutrino data [24]. Excluded are regions
below the pictured lines. The decay χ → νx includes νZ and νH
channels thanks to the Goldstone equivalence theorem.
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D. Search for a ν-line signal and improved bounds

1. Method

Besides setting the best possible bounds on the DM
lifetime, it is also of interest to search for any hint of a line
signal in the data. We propose a novel methodology for
neutrino-line(-like) searches: a profile log-likelihood study
of the energy spectrum including proper energy disper-
sions. This differs from previous studies that used
Kolmogorov-Smirnov tests or approaches with no detailed
spectral shape analysis [18,23,31,34,36–41,58,59]. The
method is similar to, e.g., the Fermi-LAT gamma-ray line
search [11] (briefly summarized in Ref. [60]). This
approach will enable us to search for line (and line-like)
signals and further improve the DM bounds of the previous
section.
To claim a detection of a monochromatic line requires

enough statistics and energy resolution to distinguish such
a feature in the spectrum from an assumed background
model. A simple model to fit the neutrino flux that exceeds
the expected muon and atmospheric backgrounds is an
isotropic astrophysical signal with a single power-law
energy spectrum, with equal parts of each flavor as well
as of neutrinos and antineutrinos,

dϕastro

dEνdΩ
¼ 3 × 10−18 × ϕ0

!
Eν

E0

"−γ
; ð9Þ

where E0 ¼ 105 GeV. Such a power-law spectrum
can be expected from conventional astrophysics
contributions such as, e.g., active galactic nuclei and start
burst galaxies with 2.0≲ γ ≲ 2.6 [61,62]. The best-fit
values from Ref. [32] are γ ¼ 2.46$ 0.12 and
ϕ0 ¼ 2.06þ0.35

−0.26 GeV−1 cm−2 sr−1 s−1. To quantify the good-
ness of fit, we performed a Pearson χ2 test [63],

χ2 ¼
X

bins i

ðNi
obs − piNtotÞ2

piNtot
: ð10Þ

Here, the set of pi ¼ Ni
IC=Ntot gives the deposit-energy

probability distribution of the model. The Ni
IC ¼ Ni

μ þ
Ni

ν þ Ni
astro are represented by the upper edge of the blue

region in Fig. 1. This will be our NULL model for
generating Monte Carlo data. The IceCube data gives χ2 ¼
12.7 for this NULL model when we include all the 20
energy bins from Ref. [32]. Pseudoexperiments on 105

Monte Carlo-generated data sets show that this corresponds
to a P-value of 0.42.7 The conclusion is that this model
gives a good fit and there is no apparent need for a
contribution from a DM signal in the current IceCube
spectrum.
Given that such a simple background model fits the data

well, we construct a test statistic (TS) by comparing the
maximum log-likelihood of this type of background model
to the hypothesis of a monochromatic neutrino-line signal
on top of the background [64]. Hence, to study if a line
signal improves the fit, we evaluate

TS ¼ 2 ln
Lðnsig ¼ nsig;bestÞ

Lðnsig ¼ 0Þ
; ð11Þ

where the Poisson likelihood function is

L ¼
Y

bins i

ðNi
modelÞN

i
obs

Ni
obs!

e−N
i
model ð12Þ

FIG. 3 (color online). 95% C.L. limits on the lifetime of DM
particle decay into monochromatic neutrinos. Solid (black, blue
and red) curves are for DM decay into pure neutrino flavor states
(νe, νμ and ντ, respectively) at production, which after propaga-
tion to the Earth are no longer pure flavor states. The companion
final state X in the DM decay DM → να þ X is assumed to be
light compared to the DM particle mass mDM. The dashed red
curve shows the limit for DM → ντ þ X if no atmospheric
background subtraction is made. For comparison, we show the
limits by Rott, Kohri and Park [23] (90% C.L., green dotted
curve) as well as Esmaili, Kang and Serpico [34] (90% C.L.,
green dashed-dotted curve) who analyzed the 3-year high-energy
data set from Ref. [35]. Equal parts of ν and ν̄ are assumed for the
DM signals.

7A direct assumption of a χ2 distribution, with Nbin − 5 ¼ 15
d.o.f., for the quantity in Eq. (10) would instead have given a
P-value of 0.63 for the NULL model. However, because of low
statistics this assumption is not fully valid, and we generated data
realizations from Poisson distributions of the number of events in
each deposited-energy bin to calculate P-values. All fits to
Monte Carlo data were done with an adjustable single power-
law astrophysical component Ni

astroðϕ0; γÞ together with free
normalization of the two atmospheric background components
Ni

μ and Ni
ν—as in Eq. (13). In Ref. [32] the goodness-of-fit

P-value was instead found to be 0.2 for this model, but they
considered three observables (not only reconstructed deposited
energy, but also directional and track property information) in
their fits.
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JCAP01(2017)007Figure 2. Number of standard deviations in � in the mDM-⌧DM plane in case of decaying DM into SM
quarks, � ! bb (upper panels) and � ! tt (lower panels), once the spectral index of the astrophysical
power-law has been fixed to 2.0 (left panels) and 2.2 (right panels). The white contours refer to 2�
(solid) and 3� (dashed) significance level, and the white dot is the best-fit. The red line bounds from
below the allowed region according to IceCube data, while the black one delimits from above the
region excluded by Fermi-LAT data (see section 3).

respect to the NFW distribution. We observe that, in case of quarks in the final states
(figure 2), smaller values for the lifetime ⌧DM and larger DM masses mDM are favoured
with respect to the case of leptonic final states (figures 3 and 4). Moreover, the models with
quarks as final states are more in tension with the Fermi-LAT data with respect to the models
involving leptons. In particular, in case of quark decay channels IceCube data prefer values of
mDM and ⌧DM close to the 100% IGRB bound. This corresponds to the unrealistic situation
where Fermi-LAT gamma-rays are completely explained in terms of a DM signal and not of
astrophysical sources. On the other hand, in the case of a leptophilic DM, the most significant
region in the parameter space mDM-⌧DM corresponds to a IGRB contribution smaller than
10%, situation implying that the Fermi-LAT gamma-ray observations are dominated by the
astrophysical sources. Therefore, we can already conclude that in general the leptophilic
scenarios are in fair agreement with both neutrinos and gamma-ray observations under the
assumption of a two-components flux.
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JCAP01(2017)007Figure 3. Number of standard deviations in � in the mDM-⌧DM plane in case of decaying DM into
SM leptons, � ! µ

+
µ
� (upper panels) and � ! ⌧

+
⌧
� (lower panels). The description of the plots is

the same of figure 2.

The significance in � as a function of DM mass mDM is explicitly depicted in figure 5
for all the studied decaying cases. The curves shown in the plots have been obtained by
considering the best-fit value of the DM lifetime for each DM model and each DM mass.
As it is clear from the plots, the maximum value of

p
TS is almost independent on the

decay channel considered and it results to be 3.7–3.9� and 2.2–2.4� in case of spectral index
2.0 and 2.2, respectively. Moreover, it is worth observing that the maximum significance is
reached for mDM ' 140TeV for a DM decaying mainly in leptons, while it is maximized
at mDM ' 200TeV and mDM ' 300TeV for the cases � ! tt and � ! bb, respectively.
This is because neutrinos are mainly produced at low energy in the hadronic cascades, while
in the leptonic channels their energy can be as large as mDM/4. This consideration also
explains why DM masses larger than about 1PeV (700GeV) are excluded by IC data for
the leptonic decay channels for � = 2.0 (� = 2.2), while no constraints are found in case of
hadronic channels. Moreover, the smallest DM mass for the best-fit is obtained in case of the
leptophilic three-bodies decays (dotdashed purple line in figure 5). This is due to fact that
in such a case primary neutrinos are produced up to an energy of mDM/2.
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Fig. 2. Number of standard deviations σ in the mDM–τDM plane in case of decaying 
DM into SM quarks χ → tt , once the spectral index of the astrophysical power-
law has been fixed to 2.0 (upper panel) and 2.2 (lower panel). The white contours 
surround the regions where the significance of the DM component is larger than 
2 σ (dashed line) and 3 σ (solid line). The white stars (black dots) correspond to 
the best-fit deduced by 6-year HESE (2-year MESE) data. The solid (dashed) red 
lines bound from below the allowed region according to 6-year HESE (2-year MESE) 
data, while the black lines represent different contributions of DM decays to the 
gamma-ray spectrum measured by Fermi-LAT (see the text for more details). (For 
interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.)

considering an exposure time of 2078 days (for more details see 
Ref. [32]).

The main results of the present analysis are presented in Figs. 2
and 3. The plots display the number of standard deviations σ in 
the mDM–τDM plane for the decay channels considered, namely 
χ → tt and χ → τ+τ− . In particular, the darker the color, the 
larger the significance in σ of the DM neutrino component. The 
upper and lower panels of both Figures refer to an astrophysi-
cal power-law with spectral index 2.0 and 2.2, respectively. In the 
plots, the best-fit values (maximum significance) is represented by 
white stars (the capital letter “H” refers to 6-year HESE analysis) 
and they are compared to the previous results of Ref. [32] repre-
sented here with black dots (the capital letter “M” refers to 2-year 
MESE analysis). The white solid (dashed) contours enclose the re-
gions in the mDM–τDM plane where the statistical significance is 
larger than 3 σ (2 σ ). As can be seen from the plots, the maximum 
value of 

√
TS depends on the spectral index only, while it is al-

most independent of the decay channel considered. In particular, 
the statistical significance at the best-fit is 3.75 σ and 2.60 σ in 
case of spectral index 2.0 and 2.2, respectively.

Moreover, the present constraints on decaying DM models from 
IceCube observations are presented by the red lines. In particular, 
the solid red lines bound from above the regions that are excluded 
by the 6-year HESE data, while the dashed ones correspond to the 
same limit deduced by the 2-year MESE data. It is worth noting 
that the 6-year HESE data bound the possible DM models in a re-
gion with mDM ≥ 100 TeV. This feature depends on two effects. On 

Fig. 3. Number of standard deviations in σ in the mDM–τDM plane in case of decay-
ing DM into SM tau leptons χ → τ+τ− . The description of the plots is the same of 
Fig. 2.

one side the different energy thresholds for HESE data set (20 TeV) 
and MESE sample (1 TeV) provide different sensitivity of data and 
hence of TS for light χ . On the other side as can be seen from 
Fig. 1, the second energy bin from left, corresponding to almost 
25–40 TeV, shows a defect in the number of events and thus it 
disfavors any additional second component contributing to this en-
ergy. This pushes the possible DM models to higher masses.

Furthermore, the almost horizontal black lines, instead, corre-
spond to the gamma-ray constraints on DM models deduced by 
the Fermi-LAT measurements of the isotropic diffuse gamma-ray 
background (IGRB) spectrum [69]. Such limits have been obtained 
by considering the total electromagnetic energy density ωγ of the 
IGRB integrated in the energy range from 0.1 GeV to the maximum 
energy corresponding to mDM/2. We report the constraints for DM 
contribution ωDM

γ equal to 1%, 10% and 100% of ωγ , respectively. 
In particular, the solid black lines (ωDM

γ = ωexp
γ ) bound from be-

low the allowed region in the mDM–τDM plane. However, since it is 
quite reasonable to assume that the majority of the IGRB spectrum 
is accounted for by standard astrophysical sources, we consider the 
limit ωDM

γ ≤ 0.1 ωexp
γ as a realistic constraint for the DM contribu-

tion to the gamma-ray flux. Therefore, only the regions above the 
short dashed black lines correspond to viable choices of parame-
ters (mDM,τDM) for DM models compatible with both neutrino and 
gamma-ray observations. Such multi-messenger constraints are af-
fected by an uncertainty of about 20%, as discussed in Ref. [32]
(see also Refs. [18,70–72] for different analyses about gamma-rays 
constraints on DM models).

We note that hadronic channel requires smaller values for the 
lifetime τDM and larger DM masses mDM with respect to the chan-
nel with leptons in the final-states in order to account for the 
IceCube data. This implies that the DM models with quarks as 
final-states are more in tension with Fermi-LAT data with re-
spect to the models involving leptons, confirming the previous 
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Moreover, the present constraints on decaying DM models from 
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the solid red lines bound from above the regions that are excluded 
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one side the different energy thresholds for HESE data set (20 TeV) 
and MESE sample (1 TeV) provide different sensitivity of data and 
hence of TS for light χ . On the other side as can be seen from 
Fig. 1, the second energy bin from left, corresponding to almost 
25–40 TeV, shows a defect in the number of events and thus it 
disfavors any additional second component contributing to this en-
ergy. This pushes the possible DM models to higher masses.

Furthermore, the almost horizontal black lines, instead, corre-
spond to the gamma-ray constraints on DM models deduced by 
the Fermi-LAT measurements of the isotropic diffuse gamma-ray 
background (IGRB) spectrum [69]. Such limits have been obtained 
by considering the total electromagnetic energy density ωγ of the 
IGRB integrated in the energy range from 0.1 GeV to the maximum 
energy corresponding to mDM/2. We report the constraints for DM 
contribution ωDM

γ equal to 1%, 10% and 100% of ωγ , respectively. 
In particular, the solid black lines (ωDM

γ = ωexp
γ ) bound from be-

low the allowed region in the mDM–τDM plane. However, since it is 
quite reasonable to assume that the majority of the IGRB spectrum 
is accounted for by standard astrophysical sources, we consider the 
limit ωDM

γ ≤ 0.1 ωexp
γ as a realistic constraint for the DM contribu-

tion to the gamma-ray flux. Therefore, only the regions above the 
short dashed black lines correspond to viable choices of parame-
ters (mDM,τDM) for DM models compatible with both neutrino and 
gamma-ray observations. Such multi-messenger constraints are af-
fected by an uncertainty of about 20%, as discussed in Ref. [32]
(see also Refs. [18,70–72] for different analyses about gamma-rays 
constraints on DM models).

We note that hadronic channel requires smaller values for the 
lifetime τDM and larger DM masses mDM with respect to the chan-
nel with leptons in the final-states in order to account for the 
IceCube data. This implies that the DM models with quarks as 
final-states are more in tension with Fermi-LAT data with re-
spect to the models involving leptons, confirming the previous 
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Figure 1. Region of mDM− τDM parameter space consistent with IC data if the total neutrino flux
is a composition of flux from DM decay and astrophysical flux at the IC best-fit (see eq. (3.3)). The
hatched and red shaded regions are ruled out at 90% and 99% C.L. respectively, while the green
patch shows the region of parameter space consistent with data at 3σ. To compare with existing
bounds on lifetimes from gamma ray observations, we show the bound obtained in [21] when the DM
decays to a W± pair (black dotted curve) in the top panel plots (DM → Z0Z0 and DM → W+W−),
and that obtained when the DM decays to µ+µ− (black dot-dashed curve) in plots in the bottom
panel (DM → τ+τ− and DM → µ+µ−), with the region below the curves excluded in both cases.

and vary the DM mass and lifetime over the following ranges

100 !
(mDM

1TeV

)

! 1000 , 1 !
( τDM

1026 s

)

! 1000 (3.5)

respectively.3 Thus considering each decay channel in turn, we calculate the number of

events expected due to a sum total of the astrophysical flux and that from the decay. The

resulting best fits and χ2 representing the degree of match are shown in table 1. Event

rates corresponding to the best-fit parameters are shown in figure 3. It is evident from the

figure that, especially, at the lower energies, i.e., 30TeV ! E ! 100TeV, the combined

DM and astrophysical flux gives a better fit to the observed data than the IC best-fit

astrophysical E−2 flux. To provide a reasonable quantitative measure of the comparative

3Although τDM does not have an observed or theoretically motivated upper bound, the neutrino flux from

DM decay falls with increasing decay lifetimes, and when as large as 1029s, it already leads to unobservably

small event rates at IC. Here, we set the upper bound for the τDM parameter space scan to 1029s for

computational purposes — for the purposes of the analysis, taking even larger values of τDM is equivalent

to assuming the neutrino events seen at IC are solely due to the astrophysical power-law flux.
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Low energies: DM+astro (index=2) 
and the next lower energy bin. As a reminder the IceCube
analysis energy bins spread 0.2 in log of the energy. Hence,
half of the neutrino energy of E at the center of an energy
bin would correspond to the lower edge of the adjacent
lower energy. We point out that a full analysis should be
performed by the IceCube collaboration taking the recon-
structed energies and corresponding uncertainties on an
event by event basis into account. We only attempt here
to get an approximation of the bound. Following our
assumption tau neutrino events will largely be contained
in the two adjacent energy bins of the IceCube analysis, and
we assume that 50% of the tau neutrinos are observed in
these bins. We then compare the expected signal flux to the
sum of observed events of the corresponding energy bin
and the next lower bin.
The expected number of neutrino events per flavor is

given by

N ¼ 1

τ
J4π

Rscρsc
4πmχ

4πAeffðE ¼ mχ=2ÞT life
Nν

3
; ð5Þ

where Rsc and ρsc are scale factors [28], mχ is the dark
matter particle mass, Aeff is the neutrino affective area of
the corresponding flavor, and T life is the lifetime of the
experiment. J4π is the angle average line-of-sight integral
over the dark matter density distribution per solid angle. Nν
is the average number of neutrinos produced at the line
signal per DM decay. For the assumed branching fraction
of 100% into χ → νh, Nν is 1. The factor 1=3 indicates
the fraction of each neutrino flavor. We use the neutrino
flux from the Milky Way halo assuming a NFW profile
(J4π ≈ 2.0) [23].
We compute a 90% C.L. limit on the number of signal

events, N90, using the observed events and expected
background. The observed events and their background
are computed by taking the sum of the bin corresponding to
Mχ=2 and the adjacent lower bin. This value is compared to
the expected neutrino event numbers for a specific decay
time. As background estimate we use the prediction from
IceCube, including cascade and track events. The limit is
then obtained by τ90 ¼ τ · N

N90
. Figure 2 shows our derived

bound, following IceCube event binning in neutrino energy
[17] in comparison to previous limits from the partially
instrumented IceCube detector [21] which investigated the
decay of DM into two neutrinos. Note that the large
improvement of our derived limit to the IceCube
Collaboration result is dominated by the fact that we make
use of the neutrino energy, justified by the good energy
resolution for cascade events, which is typically better than
15% [17]. The IceCube Collaboration analysis relied on the
partially instrumented detector and used the up-going muon
neutrino event sample and performed a counting experi-
ment of the total number of tracks in the signal region
closer to the Galactic center compared to a background
region. The increase in sensitivity can be simply

understood by the fact that the IceCube analysis was not
sensitive to neutrino energies as it just counted muon
neutrino induced tracks. This counting experiment
observed 1389 events in the off-source region and 1367
events in the on-source region, consistent with the null
hypothesis. In our analysis we are sensitive to neutrino
energies by exploiting contained cascades events. As such
we can hence compute the N90 energy binwise. The N90 in
this analysis is closer to 2, compared to about 50 in the
IceCube halo analysis, hence a factor of 20 improvement at
100 TeV.
Further shown in Fig. 2 are bounds derived from the

Fermi-LAT analysis of gamma-ray emission from the
Milky Way halo [12] and from PAMELA observations
of the antiproton flux [13] based on the assumed DM decay
into bb̄. The derived limit for the Fermi-LAT gamma-ray
line search is justified as bb̄ is the dominant Higgs decay
channel, and further the gamma-ray yield fromW-bosons is
similar. Overall our neutrino bound is conservative with
respect to the gamma-ray limit as bb̄ would result in the
strongest limit from gamma rays. The observed three PeV
neutrinos are seen as a “dip” in the two bins covering
masses 2–5 PeV in the limit plot as the flux shows an
“excess” over the expectation. The excess needs further
investigation, but an extremely interesting interpretation
would be the signal from DM. We would invite more
dedicated study for further clarification. A complete analy-
sis could further benefit from the less dominant extraga-
lactic redshifted line spectrum smeared to lower neutrino
energies and a potential continuum neutrino spectrum
from secondary particle decays. A dedicated IceCube

FIG. 2 (color online). Derived limit using the high-energy
neutrino flux observed by IceCube in comparison to the previous
experimental constraints from IceCube, Fermi-LAT, and PAMELA
and derived limits from neutrino data [24]. Excluded are regions
below the pictured lines. The decay χ → νx includes νZ and νH
channels thanks to the Goldstone equivalence theorem.
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D. Search for a ν-line signal and improved bounds

1. Method

Besides setting the best possible bounds on the DM
lifetime, it is also of interest to search for any hint of a line
signal in the data. We propose a novel methodology for
neutrino-line(-like) searches: a profile log-likelihood study
of the energy spectrum including proper energy disper-
sions. This differs from previous studies that used
Kolmogorov-Smirnov tests or approaches with no detailed
spectral shape analysis [18,23,31,34,36–41,58,59]. The
method is similar to, e.g., the Fermi-LAT gamma-ray line
search [11] (briefly summarized in Ref. [60]). This
approach will enable us to search for line (and line-like)
signals and further improve the DM bounds of the previous
section.
To claim a detection of a monochromatic line requires

enough statistics and energy resolution to distinguish such
a feature in the spectrum from an assumed background
model. A simple model to fit the neutrino flux that exceeds
the expected muon and atmospheric backgrounds is an
isotropic astrophysical signal with a single power-law
energy spectrum, with equal parts of each flavor as well
as of neutrinos and antineutrinos,

dϕastro

dEνdΩ
¼ 3 × 10−18 × ϕ0

!
Eν

E0

"−γ
; ð9Þ

where E0 ¼ 105 GeV. Such a power-law spectrum
can be expected from conventional astrophysics
contributions such as, e.g., active galactic nuclei and start
burst galaxies with 2.0≲ γ ≲ 2.6 [61,62]. The best-fit
values from Ref. [32] are γ ¼ 2.46$ 0.12 and
ϕ0 ¼ 2.06þ0.35

−0.26 GeV−1 cm−2 sr−1 s−1. To quantify the good-
ness of fit, we performed a Pearson χ2 test [63],

χ2 ¼
X

bins i

ðNi
obs − piNtotÞ2

piNtot
: ð10Þ

Here, the set of pi ¼ Ni
IC=Ntot gives the deposit-energy

probability distribution of the model. The Ni
IC ¼ Ni

μ þ
Ni

ν þ Ni
astro are represented by the upper edge of the blue

region in Fig. 1. This will be our NULL model for
generating Monte Carlo data. The IceCube data gives χ2 ¼
12.7 for this NULL model when we include all the 20
energy bins from Ref. [32]. Pseudoexperiments on 105

Monte Carlo-generated data sets show that this corresponds
to a P-value of 0.42.7 The conclusion is that this model
gives a good fit and there is no apparent need for a
contribution from a DM signal in the current IceCube
spectrum.
Given that such a simple background model fits the data

well, we construct a test statistic (TS) by comparing the
maximum log-likelihood of this type of background model
to the hypothesis of a monochromatic neutrino-line signal
on top of the background [64]. Hence, to study if a line
signal improves the fit, we evaluate

TS ¼ 2 ln
Lðnsig ¼ nsig;bestÞ

Lðnsig ¼ 0Þ
; ð11Þ

where the Poisson likelihood function is

L ¼
Y

bins i

ðNi
modelÞN

i
obs

Ni
obs!

e−N
i
model ð12Þ

FIG. 3 (color online). 95% C.L. limits on the lifetime of DM
particle decay into monochromatic neutrinos. Solid (black, blue
and red) curves are for DM decay into pure neutrino flavor states
(νe, νμ and ντ, respectively) at production, which after propaga-
tion to the Earth are no longer pure flavor states. The companion
final state X in the DM decay DM → να þ X is assumed to be
light compared to the DM particle mass mDM. The dashed red
curve shows the limit for DM → ντ þ X if no atmospheric
background subtraction is made. For comparison, we show the
limits by Rott, Kohri and Park [23] (90% C.L., green dotted
curve) as well as Esmaili, Kang and Serpico [34] (90% C.L.,
green dashed-dotted curve) who analyzed the 3-year high-energy
data set from Ref. [35]. Equal parts of ν and ν̄ are assumed for the
DM signals.

7A direct assumption of a χ2 distribution, with Nbin − 5 ¼ 15
d.o.f., for the quantity in Eq. (10) would instead have given a
P-value of 0.63 for the NULL model. However, because of low
statistics this assumption is not fully valid, and we generated data
realizations from Poisson distributions of the number of events in
each deposited-energy bin to calculate P-values. All fits to
Monte Carlo data were done with an adjustable single power-
law astrophysical component Ni

astroðϕ0; γÞ together with free
normalization of the two atmospheric background components
Ni

μ and Ni
ν—as in Eq. (13). In Ref. [32] the goodness-of-fit

P-value was instead found to be 0.2 for this model, but they
considered three observables (not only reconstructed deposited
energy, but also directional and track property information) in
their fits.
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JCAP01(2017)007Figure 2. Number of standard deviations in � in the mDM-⌧DM plane in case of decaying DM into SM
quarks, � ! bb (upper panels) and � ! tt (lower panels), once the spectral index of the astrophysical
power-law has been fixed to 2.0 (left panels) and 2.2 (right panels). The white contours refer to 2�
(solid) and 3� (dashed) significance level, and the white dot is the best-fit. The red line bounds from
below the allowed region according to IceCube data, while the black one delimits from above the
region excluded by Fermi-LAT data (see section 3).

respect to the NFW distribution. We observe that, in case of quarks in the final states
(figure 2), smaller values for the lifetime ⌧DM and larger DM masses mDM are favoured
with respect to the case of leptonic final states (figures 3 and 4). Moreover, the models with
quarks as final states are more in tension with the Fermi-LAT data with respect to the models
involving leptons. In particular, in case of quark decay channels IceCube data prefer values of
mDM and ⌧DM close to the 100% IGRB bound. This corresponds to the unrealistic situation
where Fermi-LAT gamma-rays are completely explained in terms of a DM signal and not of
astrophysical sources. On the other hand, in the case of a leptophilic DM, the most significant
region in the parameter space mDM-⌧DM corresponds to a IGRB contribution smaller than
10%, situation implying that the Fermi-LAT gamma-ray observations are dominated by the
astrophysical sources. Therefore, we can already conclude that in general the leptophilic
scenarios are in fair agreement with both neutrinos and gamma-ray observations under the
assumption of a two-components flux.
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JCAP01(2017)007Figure 3. Number of standard deviations in � in the mDM-⌧DM plane in case of decaying DM into
SM leptons, � ! µ

+
µ
� (upper panels) and � ! ⌧

+
⌧
� (lower panels). The description of the plots is

the same of figure 2.

The significance in � as a function of DM mass mDM is explicitly depicted in figure 5
for all the studied decaying cases. The curves shown in the plots have been obtained by
considering the best-fit value of the DM lifetime for each DM model and each DM mass.
As it is clear from the plots, the maximum value of

p
TS is almost independent on the

decay channel considered and it results to be 3.7–3.9� and 2.2–2.4� in case of spectral index
2.0 and 2.2, respectively. Moreover, it is worth observing that the maximum significance is
reached for mDM ' 140TeV for a DM decaying mainly in leptons, while it is maximized
at mDM ' 200TeV and mDM ' 300TeV for the cases � ! tt and � ! bb, respectively.
This is because neutrinos are mainly produced at low energy in the hadronic cascades, while
in the leptonic channels their energy can be as large as mDM/4. This consideration also
explains why DM masses larger than about 1PeV (700GeV) are excluded by IC data for
the leptonic decay channels for � = 2.0 (� = 2.2), while no constraints are found in case of
hadronic channels. Moreover, the smallest DM mass for the best-fit is obtained in case of the
leptophilic three-bodies decays (dotdashed purple line in figure 5). This is due to fact that
in such a case primary neutrinos are produced up to an energy of mDM/2.
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Fig. 2. Number of standard deviations σ in the mDM–τDM plane in case of decaying 
DM into SM quarks χ → tt , once the spectral index of the astrophysical power-
law has been fixed to 2.0 (upper panel) and 2.2 (lower panel). The white contours 
surround the regions where the significance of the DM component is larger than 
2 σ (dashed line) and 3 σ (solid line). The white stars (black dots) correspond to 
the best-fit deduced by 6-year HESE (2-year MESE) data. The solid (dashed) red 
lines bound from below the allowed region according to 6-year HESE (2-year MESE) 
data, while the black lines represent different contributions of DM decays to the 
gamma-ray spectrum measured by Fermi-LAT (see the text for more details). (For 
interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.)

considering an exposure time of 2078 days (for more details see 
Ref. [32]).

The main results of the present analysis are presented in Figs. 2
and 3. The plots display the number of standard deviations σ in 
the mDM–τDM plane for the decay channels considered, namely 
χ → tt and χ → τ+τ− . In particular, the darker the color, the 
larger the significance in σ of the DM neutrino component. The 
upper and lower panels of both Figures refer to an astrophysi-
cal power-law with spectral index 2.0 and 2.2, respectively. In the 
plots, the best-fit values (maximum significance) is represented by 
white stars (the capital letter “H” refers to 6-year HESE analysis) 
and they are compared to the previous results of Ref. [32] repre-
sented here with black dots (the capital letter “M” refers to 2-year 
MESE analysis). The white solid (dashed) contours enclose the re-
gions in the mDM–τDM plane where the statistical significance is 
larger than 3 σ (2 σ ). As can be seen from the plots, the maximum 
value of 

√
TS depends on the spectral index only, while it is al-

most independent of the decay channel considered. In particular, 
the statistical significance at the best-fit is 3.75 σ and 2.60 σ in 
case of spectral index 2.0 and 2.2, respectively.

Moreover, the present constraints on decaying DM models from 
IceCube observations are presented by the red lines. In particular, 
the solid red lines bound from above the regions that are excluded 
by the 6-year HESE data, while the dashed ones correspond to the 
same limit deduced by the 2-year MESE data. It is worth noting 
that the 6-year HESE data bound the possible DM models in a re-
gion with mDM ≥ 100 TeV. This feature depends on two effects. On 

Fig. 3. Number of standard deviations in σ in the mDM–τDM plane in case of decay-
ing DM into SM tau leptons χ → τ+τ− . The description of the plots is the same of 
Fig. 2.

one side the different energy thresholds for HESE data set (20 TeV) 
and MESE sample (1 TeV) provide different sensitivity of data and 
hence of TS for light χ . On the other side as can be seen from 
Fig. 1, the second energy bin from left, corresponding to almost 
25–40 TeV, shows a defect in the number of events and thus it 
disfavors any additional second component contributing to this en-
ergy. This pushes the possible DM models to higher masses.

Furthermore, the almost horizontal black lines, instead, corre-
spond to the gamma-ray constraints on DM models deduced by 
the Fermi-LAT measurements of the isotropic diffuse gamma-ray 
background (IGRB) spectrum [69]. Such limits have been obtained 
by considering the total electromagnetic energy density ωγ of the 
IGRB integrated in the energy range from 0.1 GeV to the maximum 
energy corresponding to mDM/2. We report the constraints for DM 
contribution ωDM

γ equal to 1%, 10% and 100% of ωγ , respectively. 
In particular, the solid black lines (ωDM

γ = ωexp
γ ) bound from be-

low the allowed region in the mDM–τDM plane. However, since it is 
quite reasonable to assume that the majority of the IGRB spectrum 
is accounted for by standard astrophysical sources, we consider the 
limit ωDM

γ ≤ 0.1 ωexp
γ as a realistic constraint for the DM contribu-

tion to the gamma-ray flux. Therefore, only the regions above the 
short dashed black lines correspond to viable choices of parame-
ters (mDM,τDM) for DM models compatible with both neutrino and 
gamma-ray observations. Such multi-messenger constraints are af-
fected by an uncertainty of about 20%, as discussed in Ref. [32]
(see also Refs. [18,70–72] for different analyses about gamma-rays 
constraints on DM models).

We note that hadronic channel requires smaller values for the 
lifetime τDM and larger DM masses mDM with respect to the chan-
nel with leptons in the final-states in order to account for the 
IceCube data. This implies that the DM models with quarks as 
final-states are more in tension with Fermi-LAT data with re-
spect to the models involving leptons, confirming the previous 
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disfavors any additional second component contributing to this en-
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(a) Channel W+
W

�. (b) Channel ⌧+⌧�. (c) Channel ⌫e⌫e.

Figure 5. Likelihood contours for a boson, a lepton and a neutrino channel in the mDM-⌧ plane,
with a likelihood modified to take into account the 10-year through-going muon neutrinos.

(a) Channel bb. (b) Channel tt.

Figure 6. Likelihood contours for two hadronic channels in the mDM-⌧ plane, with a likelihood
modified to take into account the 10-year through-going muon neutrinos.

These plots evidences that the introduction of the through-going muons prior informa-
tion strongly disfavors the PeV region for the DM masses, so that even those channels which
previously had their best fit in that region are moved to the ⇠ 100TeV region. The most
dramatic consequence of this is that the hadronic channels are even more disfavored by the
gamma ray constraints. The reason for this is that, as was mentioned above, the PeV region
requires spectral indices even larger than 3 to obtain a consistent fit of the data. An e�cient
comparison can be made by looking at the best fit parameters obtained in this new analysis:
for the decay channels which have been analyzed these results are given in table 4.

Another important consequence is that for all channels the 1� contours are now closed.
This can also be understood on the grounds that the pure astrophysical hypothesis requires,
as we know, a spectral index near 3, which is therefore relatively far from the through-going
muon neutrinos value. Therefore, the region of large ⌧ has a lower likelihood than before
and is more strongly disfavored. Even with this information, however, the pure astrophysical
spectrum can never be rejected at the 2� level.

The question of the competing maxima, one for a Dark Matter mass of the order of
PeV and one at the order of hundreds of TeV, can be made clearer by comparing the relative
contribution of the astrophysical and Dark Matter spectrum in either of the two cases above
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Probing heavy DM with IC HESE data

Dark matter decays: gamma-ray bounds

However, at energies E > 10-100 TeV, the Universe is opaque to gamma-rays 
due to the interaction with the background radiation field (IR or CMB):  

gamma-rays produce e± pairs, which produce further gamma-rays via 
inverse Compton onto CMB photons, until the energies fall below ~100 GeV

The neutrino spectrum from DM decays is accompanied by a gamma-ray spectrum 
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Figure 5. The �-ray flux from DM decay from various directions, with mDM = 4 PeV and ⌧DM =
1028 s, and branching ratios of decay channels given by eq. (3.4). The solid curves are shows the prompt
flux, including the absorption of �-rays, while in the dot-dashed curves the absorption is neglected.
The dashed curves show the IC flux, for various assumptions for the constant halo magnetic field,
Bhalo, possibly pervading the thick di↵usive halo of the Galaxy up to large distances. The green
and brown bar lines show the upper bound on �-ray flux from CASA-MIA [25] and KASCADE [26],
respectively.

It is worth noting that the CASA-MIA and KASCADE experiments would have already
probed interesting parameter space for DM models, if they had accumulated significant ex-
posure towards inner Galaxy, e.g. if they had been located in the Southern hemisphere.
Unfortunately, their acceptance mostly peaks in regions far away from the GC and hence
they would have been exposed to more modest fluxes, comparable to the orange curve in
figure 5, insu�cient to test the model even for optimistic IC expectations. To illustrate this
point, in the following we briefly describe some notions on the geometrical acceptance of
EAS experiments. An EAS is often classified as �-like event, as opposed to a hadronic-like
event, based on a significantly poorer muon content of the former shower with respect to the
latter (at a fixed primary energy). Only for events which are not too inclined with respect
to the vertical this separation can be done meaningfully, thus imposing a cut on maximum
zenith angle of the shower. Assuming that the detector is continuously operational (i.e., the
acceptance is uniform with respect to azimuth, or right ascension in equatorial coordinate),
the geometrical acceptance e�ciency ! of an EAS experiment located at the latitude � as
function of declination �, can be written as [34]

!(�) / cos� cos � sin↵m + ↵m sin� sin � , (3.9)

where

↵m =

8
<

:

0 ⇣ > 1
⇡ ⇣ < �1
arccos(⇣) �1 < ⇣ < 1

and ⇣ =
cos ✓m � sin� sin �

cos� cos �
,
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different absorption for extragalactic and galactic signals
It may seem to be OK….
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Abstract

Utilizing the Fermi measurement of the gamma-ray spectrum toward the Galactic Center, we derive
some of the strongest constraints to date on the dark matter (DM) lifetime in the mass range from
hundreds of MeV to above an EeV. Our profile-likelihood based analysis relies on 413 weeks of Fermi
Pass 8 data from 200 MeV to 2 TeV, along with up-to-date models for di↵use gamma-ray emission
within the Milky Way. We model Galactic and extragalactic DM decay and include contributions to
the DM-induced gamma-ray flux resulting from both primary emission and inverse-Compton scat-
tering of primary electrons and positrons. For the extragalactic flux, we also calculate the spectrum
associated with cascades of high-energy gamma-rays scattering o↵ of the cosmic background radi-
ation. We argue that a decaying DM interpretation for the 10 TeV-1 PeV neutrino flux observed
by IceCube is disfavored by our constraints. Our results also challenge a decaying DM explanation
of the AMS-02 positron flux. We interpret the results in terms of individual final states and in the
context of simplified scenarios such as a hidden-sector glueball model.

A primary goal of the particle physics program is to
discover the connection between dark matter (DM) and
the Standard Model (SM). While the DM is known to
be stable over cosmological timescales, rare DM decays
may give rise to observable signals in the spectrum of
high-energy cosmic rays. Such decays would be induced
through operators involving both the dark sector and the
SM. In this work, we derive some of the strongest con-
straints to date on decaying DM for masses from ⇠400
MeV to ⇠107 GeV by performing a dedicated analysis of
Fermi gamma-ray data from 200MeV to 2TeV.

The solid red line in Fig. 1 gives an example of our
constraint on the DM (�) lifetime, ⌧ , as a function of
its mass, m�, assuming the DM decays exclusively to a
pair of bottom quarks. Our analysis includes three con-
tributions to the photon spectrum: (1) prompt emission,
(2) gamma-rays that are up-scattered by primary elec-
trons/positions through inverse Compton (IC) within the
Galaxy, and (3) extragalactic contributions.

In addition to deriving some of the strongest limits on
the DM lifetime across many DM decay channels, our re-
sults provide the first dedicated constraints on DM using
the latest Fermi data for m� & 10TeV. To emphasize
this point, we provide a comparison with other limits in
Fig. 1. The dashed red curve indicates our new estimate
of the limits set by high-energy neutrino observations at
the IceCube experiment [1–4]. Our IceCube constraint
dominates in the range from ⇠107 to 109 GeV.

Constraints from previous studies are plotted as solid
grey lines labeled from 1-6. Curve 6 shows that for masses
above ⇠109 GeV, limits from null observations of ultra-
high-energy gamma-rays at air shower experiments [5],
such as the Pierre Auger Observatory (PAO) [6], KAS-
CADE [7], and CASA-MIA [8], surpass our IceCube lim-
its. Curves 2, 5, and 3 are from previous analyses of the
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FIG. 1: Limits derived in this work on DM decays to b b̄,
as compared to previously computed limits using data from
Fermi (2,3,5), AMS-02 (1,4), and PAO/KASCADE/CASA-
MIA (6). The hashed green (blue) region suggests parameter
space where DM decay may provide a ⇠3� improvement to
the description of the combined maximum likelihood (MESE)
IceCube neutrino flux. The best-fit points, marked as stars,
are in strong tension with our gamma-ray results. The red
dotted line provides a limit if we assume a combination of
DM decay and astrophysical sources are responsible for the
spectrum.

extragalactic [9, 10] and Galactic [11] Fermi gamma-ray
flux (for related work see [12–14]). Our results are less
sensitive to astrophysical modeling than [9], which makes
assumptions about the classes of sources and their spec-
tra that contribute to the unresolved component of the
extragalactic gamma-ray background. We improve and
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Dark matter decays: gamma-ray bounds

However, at energies E > 10-100 TeV, the Universe is opaque to gamma-rays 
due to the interaction with the background radiation field (IR or CMB):  

gamma-rays produce e± pairs, which produce further gamma-rays via 
inverse Compton onto CMB photons, until the energies fall below ~100 GeV

The neutrino spectrum from DM decays is accompanied by a gamma-ray spectrum 
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Figure 5. The �-ray flux from DM decay from various directions, with mDM = 4 PeV and ⌧DM =
1028 s, and branching ratios of decay channels given by eq. (3.4). The solid curves are shows the prompt
flux, including the absorption of �-rays, while in the dot-dashed curves the absorption is neglected.
The dashed curves show the IC flux, for various assumptions for the constant halo magnetic field,
Bhalo, possibly pervading the thick di↵usive halo of the Galaxy up to large distances. The green
and brown bar lines show the upper bound on �-ray flux from CASA-MIA [25] and KASCADE [26],
respectively.

It is worth noting that the CASA-MIA and KASCADE experiments would have already
probed interesting parameter space for DM models, if they had accumulated significant ex-
posure towards inner Galaxy, e.g. if they had been located in the Southern hemisphere.
Unfortunately, their acceptance mostly peaks in regions far away from the GC and hence
they would have been exposed to more modest fluxes, comparable to the orange curve in
figure 5, insu�cient to test the model even for optimistic IC expectations. To illustrate this
point, in the following we briefly describe some notions on the geometrical acceptance of
EAS experiments. An EAS is often classified as �-like event, as opposed to a hadronic-like
event, based on a significantly poorer muon content of the former shower with respect to the
latter (at a fixed primary energy). Only for events which are not too inclined with respect
to the vertical this separation can be done meaningfully, thus imposing a cut on maximum
zenith angle of the shower. Assuming that the detector is continuously operational (i.e., the
acceptance is uniform with respect to azimuth, or right ascension in equatorial coordinate),
the geometrical acceptance e�ciency ! of an EAS experiment located at the latitude � as
function of declination �, can be written as [34]

!(�) / cos� cos � sin↵m + ↵m sin� sin � , (3.9)
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Abstract

Utilizing the Fermi measurement of the gamma-ray spectrum toward the Galactic Center, we derive
some of the strongest constraints to date on the dark matter (DM) lifetime in the mass range from
hundreds of MeV to above an EeV. Our profile-likelihood based analysis relies on 413 weeks of Fermi
Pass 8 data from 200 MeV to 2 TeV, along with up-to-date models for di↵use gamma-ray emission
within the Milky Way. We model Galactic and extragalactic DM decay and include contributions to
the DM-induced gamma-ray flux resulting from both primary emission and inverse-Compton scat-
tering of primary electrons and positrons. For the extragalactic flux, we also calculate the spectrum
associated with cascades of high-energy gamma-rays scattering o↵ of the cosmic background radi-
ation. We argue that a decaying DM interpretation for the 10 TeV-1 PeV neutrino flux observed
by IceCube is disfavored by our constraints. Our results also challenge a decaying DM explanation
of the AMS-02 positron flux. We interpret the results in terms of individual final states and in the
context of simplified scenarios such as a hidden-sector glueball model.

A primary goal of the particle physics program is to
discover the connection between dark matter (DM) and
the Standard Model (SM). While the DM is known to
be stable over cosmological timescales, rare DM decays
may give rise to observable signals in the spectrum of
high-energy cosmic rays. Such decays would be induced
through operators involving both the dark sector and the
SM. In this work, we derive some of the strongest con-
straints to date on decaying DM for masses from ⇠400
MeV to ⇠107 GeV by performing a dedicated analysis of
Fermi gamma-ray data from 200MeV to 2TeV.

The solid red line in Fig. 1 gives an example of our
constraint on the DM (�) lifetime, ⌧ , as a function of
its mass, m�, assuming the DM decays exclusively to a
pair of bottom quarks. Our analysis includes three con-
tributions to the photon spectrum: (1) prompt emission,
(2) gamma-rays that are up-scattered by primary elec-
trons/positions through inverse Compton (IC) within the
Galaxy, and (3) extragalactic contributions.

In addition to deriving some of the strongest limits on
the DM lifetime across many DM decay channels, our re-
sults provide the first dedicated constraints on DM using
the latest Fermi data for m� & 10TeV. To emphasize
this point, we provide a comparison with other limits in
Fig. 1. The dashed red curve indicates our new estimate
of the limits set by high-energy neutrino observations at
the IceCube experiment [1–4]. Our IceCube constraint
dominates in the range from ⇠107 to 109 GeV.

Constraints from previous studies are plotted as solid
grey lines labeled from 1-6. Curve 6 shows that for masses
above ⇠109 GeV, limits from null observations of ultra-
high-energy gamma-rays at air shower experiments [5],
such as the Pierre Auger Observatory (PAO) [6], KAS-
CADE [7], and CASA-MIA [8], surpass our IceCube lim-
its. Curves 2, 5, and 3 are from previous analyses of the
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FIG. 1: Limits derived in this work on DM decays to b b̄,
as compared to previously computed limits using data from
Fermi (2,3,5), AMS-02 (1,4), and PAO/KASCADE/CASA-
MIA (6). The hashed green (blue) region suggests parameter
space where DM decay may provide a ⇠3� improvement to
the description of the combined maximum likelihood (MESE)
IceCube neutrino flux. The best-fit points, marked as stars,
are in strong tension with our gamma-ray results. The red
dotted line provides a limit if we assume a combination of
DM decay and astrophysical sources are responsible for the
spectrum.

extragalactic [9, 10] and Galactic [11] Fermi gamma-ray
flux (for related work see [12–14]). Our results are less
sensitive to astrophysical modeling than [9], which makes
assumptions about the classes of sources and their spec-
tra that contribute to the unresolved component of the
extragalactic gamma-ray background. We improve and
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DM decays + Astro: 4-yr HESE analysis
DM ! b b̄ DM ! W

+
W

�

Figure 3. DM lifetime-mass (top panels) and astrophysical normalization-spectral index

(bottom panels) correlation for DM ! b b̄ (left panels) and DM ! W+ W� (right panels).

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 curves. The very di↵erent looking 1� CL preferred regions between the

two channels is representative of the di↵erences between hard-spectrum and soft-spectrum

channels.

to explain the PeV events. Indeed, this is borne out by a similar, and complementary,

1� CL region opening up in the �–�astro correlation plot (bottom panels of Figures 3),

preferring low values of �.

For channels with even harder spectra, e.g., DM decays into leptons (left panels

of Figure 4) or neutrinos (right panels of Figure 4), the low-mass 1� CL preference

disappears, while that at high mDM remains qualitatively similar, except for shrinking
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Figure 2. Event spectra in the IceCube detector after 1347 days. We show the re-

sults corresponding to the best fits in the EM-equivalent deposited energy interval [60 TeV–

10 PeV] for four DM decay channels: DM ! b b̄ (top-left panel), DM ! W+ W� (top-

right panel), DM ! µ+ µ� (bottom-left panel) and DM ! ⌫e ⌫̄e (bottom-right panel).

In all panels: atmospheric muon events (red histogram), conventional atmospheric neu-

trino 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 lifetime and mass [⌧28(mDM)] in units of

1028 s and TeV, and the per-flavor normalization of the power-law flux (�astro) in units

of 10�8 GeV cm�2 s�1 sr�1. We also show the spectrum obtained using the 4-year IceCube

best fit in the EM-equivalent deposited energy interval [60 TeV–3 PeV] (gray histogram),

E2
⌫ d�/dE⌫ = 2.2 ⇥ 10�8 (E⌫/100 TeV)�0.58 GeV cm�2 s�1 sr�1 (per flavor), and the binned

high-energy neutrino event data (black dots) [80] with Feldman-Cousins errors [150].
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Figure 2. Event spectra in the IceCube detector after 1347 days. We show the re-

sults corresponding to the best fits in the EM-equivalent deposited energy interval [60 TeV–

10 PeV] for four DM decay channels: DM ! b b̄ (top-left panel), DM ! W+ W� (top-
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In all panels: atmospheric muon events (red histogram), conventional atmospheric neu-
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We indicate the best fit values of the DM lifetime and mass [⌧28(mDM)] in units of

1028 s and TeV, and the per-flavor normalization of the power-law flux (�astro) in units

of 10�8 GeV cm�2 s�1 sr�1. We also show the spectrum obtained using the 4-year IceCube
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DM ! µ
+
µ
�

DM ! ⌫e⌫̄e

Figure 4. Same as Figure 3, but for DM ! µ+ µ� and DM ! ⌫e ⌫̄e.

slightly in extent. The generic shape of the allowed �–�astro regions bear out the

requirement that a very steep index comes at the cost of lowering the normalization.

While, for the soft-spectrum channels, such as b b̄, the spectral index necessarily has

to be on the lower side, the flux normalization rapidly drops as one goes to indexes

of ⇠ 2 or lower. For hard channels, which generically provide a better fit to the data,

the allowed 1� CL region for � extends from around 2.7 to above 4, for nearly uniform

normalization, thus indicating the necessity of a steeply falling astrophysical flux for

these cases. Qualitatively, the more sharply-peaked event-spectrum the flux from DM

decays generates, the smaller the preferred region is. Thus, very narrow-width decays

directly to neutrinos lead to a more localized 1� CL region in the mDM-⌧DM plane,

whereas for decays to b b̄, with an event spectrum that is distributed over a wide energy

range, the preferred region is much larger. The 2� CL regions in all the correlation
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Figure 2. Event spectra in the IceCube detector after 1347 days. We show the re-

sults corresponding to the best fits in the EM-equivalent deposited energy interval [60 TeV–

10 PeV] for four DM decay channels: DM ! b b̄ (top-left panel), DM ! W+ W� (top-

right panel), DM ! µ+ µ� (bottom-left panel) and DM ! ⌫e ⌫̄e (bottom-right panel).

In all panels: atmospheric muon events (red histogram), conventional atmospheric neu-

trino 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 lifetime and mass [⌧28(mDM)] in units of

1028 s and TeV, and the per-flavor normalization of the power-law flux (�astro) in units

of 10�8 GeV cm�2 s�1 sr�1. We also show the spectrum obtained using the 4-year IceCube

best fit in the EM-equivalent deposited energy interval [60 TeV–3 PeV] (gray histogram),

E2
⌫ d�/dE⌫ = 2.2 ⇥ 10�8 (E⌫/100 TeV)�0.58 GeV cm�2 s�1 sr�1 (per flavor), and the binned

high-energy neutrino event data (black dots) [80] with Feldman-Cousins errors [150].
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Figure 2. Event spectra in the IceCube detector after 1347 days. We show the re-

sults corresponding to the best fits in the EM-equivalent deposited energy interval [60 TeV–

10 PeV] for four DM decay channels: DM ! b b̄ (top-left panel), DM ! W+ W� (top-

right panel), DM ! µ+ µ� (bottom-left panel) and DM ! ⌫e ⌫̄e (bottom-right panel).

In all panels: atmospheric muon events (red histogram), conventional atmospheric neu-

trino 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 lifetime and mass [⌧28(mDM)] in units of

1028 s and TeV, and the per-flavor normalization of the power-law flux (�astro) in units

of 10�8 GeV cm�2 s�1 sr�1. We also show the spectrum obtained using the 4-year IceCube

best fit in the EM-equivalent deposited energy interval [60 TeV–3 PeV] (gray histogram),

E2
⌫ d�/dE⌫ = 2.2 ⇥ 10�8 (E⌫/100 TeV)�0.58 GeV cm�2 s�1 sr�1 (per flavor), and the binned

high-energy neutrino event data (black dots) [80] with Feldman-Cousins errors [150].
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Figure 5. Channel-by-channel comparison of ��
2 at best fit, computed against the astrophysical flux

plus DM ! e
+

e
� channel, which gives the overall best fit. Results for [10 TeV–10 PeV] (brown/left)

and [60 TeV–10 PeV] (green/right) are qualitatively similar and indicate the preference for harder
DM spectra.

For channels with even harder spectra, e.g., DM decays into leptons (left panels of
figure 4) or neutrinos (right panels of figure 4), the low-mass 1� CL preference disappears,
while that at high mDM remains qualitatively similar, except for shrinking slightly in extent.
The generic shape of the allowed �–�astro regions bear out the requirement that a very steep
index comes at the cost of lowering the normalization. While, for the soft-spectrum channels,
such as b b̄, the spectral index necessarily has to be on the lower side, the flux normalization
rapidly drops as one goes to indexes of ⇠ 2 or lower. For hard channels, which generically
provide a better fit to the data, the allowed 1� CL region for � extends from around 2.7 to
above 4, for nearly uniform normalization, thus indicating the necessity of a steeply falling
astrophysical flux for these cases. Qualitatively, the more sharply-peaked event-spectrum the
flux from DM decays generates, the smaller the preferred region is. Thus, very narrow-width
decays directly to neutrinos lead to a more localized 1� CL region in the mDM-⌧DM plane,
whereas for decays to b b̄, with an event spectrum that is distributed over a wide energy
range, the preferred region is much larger. The 2� CL regions in all the correlation plots are
rather large. Thus, no strong claim can be made on this regard at that level of significance,
due to the low statistics of the data under consideration.

When comparing the likelihoods corresponding to the best fits among all the decay
channels, the overall best fits come from the channels with hard spectrum, with the high-
mDM channels giving the best results (figure 5). For instance, of those studied, the overall
best fit in terms of likelihoods is obtained for the flux from DM ! e

+
e
�, while the neutrino

and, to a smaller degree, gauge boson channels provide nearly as good fits. The soft-channel
fits are notably poorer, with decays to quarks disfavored. The lack of high-energy tracks also
appreciably influences the fit, with the flux from DM ! µ µ̄ being also slightly disfavored
compared to other hard channel cases.
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Decay channel NDM(⌧DM[1028 s]) mDM [TeV] Nastro(�astro) �

u ū 14.6 (0.033) 521 22.2 (1.4) 2.48

b b̄ 21.2 (0.082) 1040 14.7 (0.73) 2.29

t t̄ 18.1 (0.59) 11167 18.4 (1.6) 3.64

W
+

W
� 11.9 (1.5) 4864 24.7 (2.2) 3.43

Z Z 11.1 (1.6) 4811 25.5 (2.3) 3.40

h h 18.5 (0.86) 8729 18.1 (1.5) 3.69

e
+

e
� 4.6 (1.3) 4131 31.9 (2.8) 3.20

µ
+

µ
� 5.8 (5.5) 6513 30.9 (2.7) 3.26

⌧
+

⌧
� 7.1 (4.8) 6836 29.6 (2.6) 3.30

⌫e ⌫̄e 3.6 (2.7) 4048 32.6 (2.8) 3.16

⌫µ ⌫̄µ 6.0 (2.6) 4151 30.8 (2.7) 3.27

⌫⌧ ⌫̄⌧ 6.4 (2.4) 4132 30.3 (2.7) 3.29

Table 1. Best-fit values for ✓ = {NDM(⌧DM), mDM, Nastro(�astro), �}, where �astro is given in units
of 10�18 GeV�1 cm�2 s�1 sr�1. The EM-equivalent deposited energy interval is [10 TeV–10 PeV].

Decay channel NDM(⌧DM[1028 s]) mDM [TeV] Nastro(�astro) �

u ū 10.2 (0.021) 522 16.6 (1.2) 2.42

b b̄ 12.9 (0.089) 1066 13.8 (0.83) 2.32

t t̄ 16.1 (0.58) 11134 10.7 (1.9) 3.91

W
+

W
� 11.3 (1.4) 4860 15.5 (2.5) 3.66

Z Z 10.5 (1.6) 4800 16.3 (2.6) 3.61

h h 13.6 (0.17) 606 13.2 (0.76) 2.29

e
+

e
� 5.0 (1.2) 4116 21.9 (3.2) 3.33

µ
+

µ
� 6.3 (5.0) 6437 20.7 (3.2) 3.46

⌧
+

⌧
� 7.6 (4.4) 6749 19.3 (3.0) 3.53

⌫e ⌫̄e 3.7 (2.6) 4041 22.7 (3.2) 3.24

⌫µ ⌫̄µ 6.4 (2.4) 4133 20.6 (3.2) 3.48

⌫⌧ ⌫̄⌧ 6.7 (2.3) 4117 20.1 (3.1) 3.50

Table 2. Same as table 1, but for the EM-equivalent deposited energy interval [60TeV–10 PeV].

into t t̄), while decays into the gauge and Higgs bosons, charged leptons, and neutrinos best
fit the data with DM masses in a narrower range, mDM ⇠ 4–8 PeV. The former tend to better
explain the low-energy excess in the HESE sample, whereas the latter help to explain the
PeV events (gauge boson channels also partly contribute to events at ⇠ 100 TeV). Except
for DM decays into u ū and b b̄ (and h h when the threshold is set at 60 TeV), the best fit
for the astrophysical index points to a very soft spectrum (� > 3), hard to explain with
standard acceleration mechanisms. However, for the few cases with harder astrophysical flux
(� < 2.5), the corresponding DM lifetime is inevitably too low (⌧DM . 1027 s), and in tension
with constraints from gamma-ray observations (see below).
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Figure 6. 95% CL limits on ⌧DM and NDM for the four representative channels (b b̄, W+ W�,

µ+ µ�, and ⌫e ⌫̄e) as a function of mDM. The best-fit point for each channel is shown by the

‘?’ mark, while the gray dotted curve shows the �-ray constraint on ⌧DM for each channel

obtained in Ref. [120]. These results correspond to the the EM-equivalent deposited energy

interval [60 TeV–10 PeV].

channels as a function of mDM, for the energy interval [60 TeV – 10 PeV]. In terms of

NDM, these limits express the 95% CL upper limit to number of events from DM decays

as a function of mDM. We compare these limits, obtained by analyzing the IceCube

HESE data considering a combined model with contributions from DM decays and

from a power-law astrophysical flux, against those obtained from �-ray observations

in Ref. [120]. In the case of the hardest channels (DM decays into leptons, bottom

panels), we find our constraints to be stronger than gamma-ray limits, by more than
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channels as a function of mDM, for the energy interval [60 TeV – 10 PeV]. In terms of

NDM, these limits express the 95% CL upper limit to number of events from DM decays

as a function of mDM. We compare these limits, obtained by analyzing the IceCube

HESE data considering a combined model with contributions from DM decays and

from a power-law astrophysical flux, against those obtained from �-ray observations

in Ref. [120]. In the case of the hardest channels (DM decays into leptons, bottom

panels), we find our constraints to be stronger than gamma-ray limits, by more than
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Figure 3. Correlations 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 indicated by the dashed curves.

the lifetime bounds strengthen by about an order of magnitude at mDM values between

100–200 TeV.

Since the fits to the gauge boson channels shift toward lower mDM [400–600 TeV],

the corresponding best-fit {mDM, ⌧DM} compete against gamma-ray bounds on DM

lifetime obtained in [15]. On the other hand, both because these bounds are much

weaker for leptons and because they weaken gratuitously with increasing mDM, best-

fits for decays to charged leptons and neutrinos with mDM in the PeV region evade

these bounds by an order of magnitude. Decays to quark pairs are ruled out: our limits

are weaker than the corresponding gamma-ray bounds, and the best-fits run afoul of

them by an order of magnitude. In all other cases, our limits are stronger than the
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Figure 2. Event spectra in the IceCube detector after 2078 days corresponding to the

best fits in the EM-equivalent deposited energy interval [60 TeV–10 PeV] for two DM de-

cay channels: 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 his-

togram), and total event spectrum (purple histogram). We indicate the best fit values of the

DM lifetime and mass [⌧28(mDM)] in units of 10
28

s and TeV, and the per-flavor normalization

of the power-law flux (�astro) in units of 10
�8

GeV cm
�2

s
�1

sr
�1

. We also show the binned

high-energy neutrino event data (black dots) [13] with Feldman-Cousins errors [14].

that for such channels, the constraints on the astrophysical flux parameters are much

more restrictive than in the case of the soft channels, e.g. DM ! W
+
W

�, with � 2

[2.6, 4.0] ([2.2, 4.3]) at 1� (2�).

In comparison with similar figures in our 4-year analysis, we see that the im-

provement in statistics results in generally more restrictive 1� allowed regions for all

two-parameter correlations, but at the level of 2� the preferential regions are still large

and inconclusive.

3.2 Limits on the DM lifetime

For each decay channel we also estimate the maximum allowed contribution from DM

decays and thus obtain limits on the corresponding values of ⌧DM.

Lifetime and NDM limits for all analyzed channels are shown in Appendix A. In

comparison to similar limits obtained in our previous analysis using 4-year IC data,

these are not significantly altered by the two years of additional data except at the

low-mDM region for neutrino and charged lepton channels. For these hard channels,
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Probing heavy DM with IC HESE dataFigure 4. Correlations between all fit parameters for the hard channel DM ! ⌫e⌫̄e.

corresponding gamma-ray bounds in the high-mDM regions.

4 Results: DM decays via multiple channels

For the 6-year data, we also analyse the consequences of turning o↵ the astrophysical

flux entirely and instead allowing DM to decay via multiple channels. This analysis

proceeds in the save vein as a similar analysis with the 4-year data (see Sec. 6 in

[8]). Allowing the DM to decay via two distinct channels allows us to parametrise the

resulting flux in terms of the following physical quantities: a) the DM mass, mDM, b) the

DM lifetime ⌧DM), and c) the branching ratio in favour of the (arbitrarily ordered) first

channel: BR = �DM!p1 p̄1/ (�DM!p1 p̄1 + �DM!p2 p̄2).

In this scenario, the DM mass is necessarily pushed to the high PeV values to

accomodate both PeV and sub-PeV events. Results for a few selected combinations of
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Figure 2. Event spectra in the IceCube detector after 2078 days corresponding to the

best fits in the EM-equivalent deposited energy interval [60 TeV–10 PeV] for two DM de-

cay channels: 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 his-

togram), and total event spectrum (purple histogram). We indicate the best fit values of the

DM lifetime and mass [⌧28(mDM)] in units of 10
28

s and TeV, and the per-flavor normalization

of the power-law flux (�astro) in units of 10
�8

GeV cm
�2

s
�1

sr
�1

. We also show the binned

high-energy neutrino event data (black dots) [13] with Feldman-Cousins errors [14].

that for such channels, the constraints on the astrophysical flux parameters are much

more restrictive than in the case of the soft channels, e.g. DM ! W
+
W

�, with � 2

[2.6, 4.0] ([2.2, 4.3]) at 1� (2�).

In comparison with similar figures in our 4-year analysis, we see that the im-

provement in statistics results in generally more restrictive 1� allowed regions for all

two-parameter correlations, but at the level of 2� the preferential regions are still large

and inconclusive.

3.2 Limits on the DM lifetime

For each decay channel we also estimate the maximum allowed contribution from DM

decays and thus obtain limits on the corresponding values of ⌧DM.

Lifetime and NDM limits for all analyzed channels are shown in Appendix A. In

comparison to similar limits obtained in our previous analysis using 4-year IC data,

these are not significantly altered by the two years of additional data except at the

low-mDM region for neutrino and charged lepton channels. For these hard channels,
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Figure 1. Channel-by-channel comparison of ��2
at best fit, computed against the astro-

physical flux plus DM ! W+ W�
channel, which gives the overall best fit. Best-fit values

of the spectral index for each channel are displayed above the corresponding bar to indicate

that the better fits prefer flat astrophysical spectra, and consequently low-mDM values.

hand, correlations between parameters representing the same flux, e.g. ⌧DM and mDM

for DM decay, reflect the sensitivity of corresponding flux component to the best-fit.

As previously noted, for a soft-channel decay like DM ! W
+
W

�, a majority of the

total signal events comes from the DM decay, with all of these events populating the

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

with most of them lying in the high energies. Correlation plots in Fig. 3 are indicative

of this nature. In particular, the correlation between mDM and ⌧DM on one hand and the

astrophysical spectral index � on the other shows the preference for a flat spectrum (1�

region lies below � = 3) and a large DM contribution (1� region around low lifetimes)

at low energies (very narrow 1� region around low mDM).

For channels with harder spectra, e.g., DM decays into ⌫e⌫̄e (Figure 4), multiple

near-degenerate 1� regions in terms of mDM open up. While the best-fit for this channel

lies in the high-mass region, comparative 1� regions are also allowed in the low-mDM

region. As expected, the 1� contour corresponding to low-mDM only allows for a flat

astrophysical flux, while the allowed 1� contour corresponding to high mDM lies in

the high-� region indicating a steeply falling astrophysical flux. It should be noted
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60 TeV - 10 PeV

explains a fraction of the sub-PeV events and the entire PeV data, while neutrinos from

an O(400) TeV DM particle decaying to bosons complement sub-PeV events from the

power-law flux, thereby enhancing its softness and reproducing the O(100) TeV bump.

In the two-channel DM decay scenario, we also find improvements to the fit in

comparison to single power-law scenarios for decays to a combination of soft and hard

channels. In this case, the PeV events typically come from the hard spectrum, such as

neutrinos, while the lower energy events come from decays to quarks. The overall best

fit in this scenario is obtained for the decay DM ! {uū, ⌫e⌫̄e} with a branching ratio

of 97% in favour of the quark.
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Figure 9. Channel-by-channel comparisons of ��2
at best fit for both the current analysis

(blue-green bars), and for the analysis based on 4-year data (light-green bars), computed

against the best-fit astrophysical flux plus flux from DM ! e+ e� corresponding to each

dataset. DM ! e+ e� has been chosen as the reference channel for this figure as it was the

overall best-fit in the 4-year data analysis. Negative values of ��2
in the current analysis for

h, t, W, and Z channels indicate that these are better fits to the data than decays to e+e�.

Best-fit values of the DM mass (lower row, PeV) and astrophysical spectral index (upper row)

for each channel are displayed above the corresponding bars.

– 19 –

Comparison to 4-yr HESE

15

JCAP05(2019)051

Decay channel ⌧DM[1028 s] (NDM) mDM [TeV] �astro (Nastro) �

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(NDM), mDM, �astro(Nastro), �}, where ⌧DM is expressed in units of 1028 s, mDM 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 NDM and Nastro. The overall best fit for all those channels
is highlighted.

Figure 1. DM decays (single channel) plus astrophysical power-law flux: channel-by-channel compar-
ison of ��2 at best fit, computed against the astrophysical flux plus DM ! W

+
W

� channel, which
gives the overall best fit. Best-fit values of the spectral index � for each channel are displayed above
the corresponding bar to indicate that the best fits prefer flat astrophysical spectra, and consequently
low-mDM values.
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Figure 10. Limits on the DM lifetime and NDM at 95% CL as a function of the DM mass,

for all decay channels studied for the single-channel decay and astrophysical flux combination.

The best-fit values for {mDM, ⌧DM} and {mDM, NDM} are indicated in each case by the ‘?’

sign. The results correspond to the EM-equivalent deposited energy interval [60 TeV–10 PeV].

The dotted curve shows gamma-ray bounds on DM decay obtained in [15].
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Figure 9. Event spectra in the IceCube detector after 1347 days. We show the re-

sults corresponding to the best fits in the EM-equivalent deposited energy interval [60 TeV–

10 PeV] for DM decays into two two channel combinations: DM ! {b b̄, ⌫e ⌫̄e} (left panel)

and DM ! {u ū, ⌫e ⌫̄e} (right panel), with their corresponding branching fractions into the

quark channel also indicated. In both panels: atmospheric muon events (red histogram),

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

(green histogram), neutrino events from DM decays into the quark channel (brown his-

togram) and into the lepton channel (black histogram), and total event spectrum (purple

histogram). We indicate the best fit values of the DM lifetime and mass [⌧28(mDM)] in

units of 1028 s and TeV. We also show the spectrum obtained using the 4-year IceCube

best fit in the EM-equivalent deposited energy interval [60 TeV–3 PeV] (gray histogram),

E2
⌫ d�/dE⌫ = 2.2 ⇥ 10�8 (E⌫/100 TeV)�0.58 GeV cm�2 s�1 sr�1 (per flavor), and the binned

high-energy neutrino event data (black dots) [80] with Feldman-Cousins errors [150].

7 Discussion and conclusions

In view of the increasing incompatibility between the IceCube HESE and through-going

muon track data sets if interpreted in terms of a single power-law astrophysical flux,

we have considered the possibility of DM decays also contributing to HESE data. We

have considered HESE data in the EM-equivalent deposited energy intervals [10 TeV–

10 PeV] and [60 TeV–10 PeV], the latter corresponding to the sample analyzed by the

IceCube collaboration, as it is less populated by background events.

In our analyses we have considered simultaneously the topology (shower or track)

and energy distributions of the events, as well as the hemisphere where they were

originated. In a series of analyses, we have varied four parameters: the astrophysical

flux normalization and power-law index, the DM mass, lifetime, and, for multi-channel
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Figure 6. Event spectra in the IceCube detector after 2078 days. We show the results

corresponding to the best fits in the EM-equivalent deposited energy interval [60 TeV–10 PeV]

for DM decays into the best-fit two-channel combination: DM ! {u ū, ⌫e ⌫̄e}, with their

corresponding branching fractions into the quark channel also indicated. Other curves include

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

histogram), neutrino events from DM decays into the quark channel (brown histogram) and

into the lepton channel (black histogram), and total event spectrum (purple histogram). We

indicate the best fit values of the DM lifetime and mass [⌧28(mDM)] in units of 10
28

s and

TeV. We also show the spectrum corresponding to the best-fit purely astrophysical power-

law flux (grey curve), and the binned high-energy neutrino event data (black dots) [13] with

Feldman-Cousins errors [14].
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Figure 10. DM annihilations (single channel) plus astrophysical power-law flux: correlations between
all fit parameters for the hard channel DMDM ! W+W�. Analogous to figures 3 and 4, with
h�vi in units of 10�22 cm3 s�1.

For all the channels we consider, this bound (not shown in the figure) is below the best fit
point. In particular, soft channels (upper panels in figure 11) are in very strong tension with
unitarity constraints, with di↵erences of about two orders of magnitude. And even in the case
of the hardest channels, data prefers values of the annihilation cross section a factor of a few
above the unitarity limit. Note, however, that this bound should be taken as an order of mag-
nitude estimate. There are di↵erent e↵ects that could modify it, as the average over the galac-
tic distribution or the redshift dependence when applied to the cosmological contribution.

4.2 Results: DM annihilations via multiple channels

In a scenario where all the HESE (non-background) events come from DM annihilations,
necessarily the constraints on the ⇠ parameter get modified. In this case, the purely isotropic
component must come from the extragalactic DM neutrino flux and hence, the number of
extragalactic events from DM annihilation must be at the level of or dominant in comparison
to those from the galaxy, underpinned by larger values of ⇠. To verify this, we consider a two-
channel annihilation scenario without an astrophysical flux, similar to the case for DM decays
in section 3.2. The set of free parameters for each pair of channels is ✓ = {h�vi, mDM, ⇠, BR}.

Results for a few selected combinations of annihilation channels are shown in table 4
and the ��

2 for each combination with respect to the best fit is shown in figure 12. The
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Figure 9. DM annihilations (single channel) plus astrophysical power-law flux: event spectra
in the IceCube detector after 2078 days for the best fit channel: DM DM ! W

+
W

�, with
⇠ = 10�3. The histograms represent: atmospheric muon events (red histogram), conventional at-
mospheric neutrino events (blue histogram), astrophysical neutrino events (green histogram), neu-
trino events from DM decays (black histogram), and total event spectrum (purple histogram).
We indicate the best fit values of the DM annihilation cross section (h�vi) and mass (mDM) in
units of 10�22 cm3 s�1 and TeV respectively, 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 spectrum obtained using
the 6-year IceCube best fit for a single power-law flux (gray histogram), E

2
⌫ 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].

than the common thermal freeze-out value, and for a relatively hard astrophysical power-law
flux, in acceptable agreement with the through-going muon spectrum [7].

In summary, a common feature in all cases is the preference for a negligible or subdom-
inant flux of extragalactic neutrinos from DM annihilations (i.e., small ⇠) and with galactic
DM annihilations only contributing to the low-energy part of the spectrum.

4.1.2 Limits on the DM annihilation cross section

As done for the case of DM decays, we can also use the 6-year HESE data to evaluate the
maximum contribution to the event spectrum that could come from DM annihilations. Thus,
we also compute the limits on the annihilation cross section as a function of the DM mass,
for the two-body annihilation channels indicated in table 3. All these results are shown in
figure 11 and can be easily understood by comparison with figure 5. On the other hand, the
unitarity bound in the local halo [80, 81] is approximately given by

h�vi . 4⇡

m
2

DM
vlocal

' 1.5 ⇥ 10�23 cm3
/s

✓
100 TeV

mDM

◆2 ✓
10�3

c

vlocal

◆
, (4.4)

where vlocal is the typical local relative velocity of DM particles.
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Ann. channel h�vi22 mDM [TeV] ⇠ �astro � N
ann

DM,G N
ann

DM,EG Nastro

uū 52.24 260 0.001 1.02 2.52 20.6 0.0 20.2

bb̄ 24.10 491 0.001 0.81 2.45 23.2 0.0 17.3

tt̄ 8.20 270 0.001 0.69 2.40 24.8 0.0 15.8

W+W�
1.51 178 0.001 0.87 2.48 22.5 0.0 18.1

ZZ 1.27 177 0.001 0.91 2.50 22.2 0.0 18.4

hh 7.46 278 0.001 0.69 2.40 24.9 0.0 15.8

e
+
e
� 1.03 159 0.635 1.65 2.75 13.5 1.3 25.8

µ
+
µ
� 0.63 205 0.001 0.71 2.41 24.6 0.0 15.9

⌧
+
⌧
� 0.96 218 0.001 0.66 2.39 25.5 0.0 15.4

⌫e⌫̄e 0.33 158 3.388 1.67 2.76 10.8 3.8 26.0

⌫µ⌫̄µ 0.70 159 1.791 0.96 2.52 19.0 3.1 18.9

⌫⌧ ⌫̄⌧ 0.70 159 1.945 0.96 2.52 18.8 3.4 18.9

Table 3. DM annihilations (single channel) plus astrophysical power-law flux: best-fit values for
✓ = {h�vi, mDM, ⇠, �astro, �}, where h�vi is expressed in units of 10�22 cm3 s�1, mDM in TeV and �astro

in units of 10�18 GeV�1 cm�2 s�1 sr�1. The corresponding numbers of galactic and extragalactic
DM and astrophysical events are also indicated as N

ann
DM,G, N

ann
DM,EG and Nastro. The overall best fit

for all those channels is highlighted.

number of galactic events is about a factor of ten larger than the number of extragalactic
ones, although the actual relative factor depends on the DM mass and annihilation channel.

As with DM decays, we consider two distinct scenarios here too: 1) neutrinos from
DM annihilations into a single channel plus an isotropic astrophysical power-law flux, and
2) neutrinos solely from DM annihilations into two channels. The flux in the former case is
defined in terms of the set of free parameters ✓ = {h�vi, mDM, ⇠, �astro, �}, while in the latter
scenario, for each pair of channels, it is defined in terms of ✓ = {h�vi, mDM, ⇠, BR}, where
BR is the branching ratio for annihilations into the first of the two channels.

4.1 Results: DM annihilations plus isotropic astrophysical power-law flux

First we consider the annihilations of DM particles into a single channel and their possible
contribution to the observed neutrino flux by IceCube, in addition to an astrophysical power-
law flux. The set of free parameters in the fit is ✓ = {h�vi, mDM, ⇠, �astro, �}. The best-
fit parameters corresponding to a total signal flux comprising neutrinos from a power-law
astrophysical spectrum determined by �astro and �, and from DM annihilations, as a function
of h�vi, mDM and ⇠, for di↵erent two-body annihilation channels, are indicated in table 3.
The comparison of the best-fit likelihoods for all channels is shown in figure 8. As in the
case of DM decays, on top of each bar, we indicate the best fit obtained for the astrophysical
index �. In figure 9 we show the event spectra for the best-fit channel, DM DM ! W

+
W

�.
Qualitatively similar results are obtained for all channels. The preferred value for the

DM mass lies in the range ⇠ (160–500) TeV, and with an annihilation cross section of the
order of ⇠ (3 ⇥ 10�23

� 5 ⇥ 10�21) cm3 s�1. Thus, the DM annihilation signal tends to
explain the low-energy part of the event spectrum, whereas a relatively hard astrophysical
flux (although softer than the through-going muon best fit [7]) explains the highest energy
events (figure 9). In table 3 we also show the number of DM events from the galactic
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Figure 8. DM annihilations (single channel) plus astrophysical power-law flux: channel-by-channel
comparison of ��2 at best fit, computed against the astrophysical flux plus DM DM ! W

+
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�

channel, which gives the overall best fit. Best-fit values of the spectral index � for each channel are
displayed above the corresponding bar to indicate that the best fits prefer flat astrophysical spectra,
and consequently low-mDM values.

and extragalactic contributions separately, whose relative importance is governed by the
parameter ⇠. For most channels, especially for the soft channels, the preferred value of
⇠ reaches our lower boundary (i.e, 10�3), which results in a negligible amount of events
produced from the DM extragalactic neutrino flux. In these cases, the astrophysical power-
law flux is the main contribution to events from the Northern hemisphere. Note, however,
that in the analysis we perform here the angular information is only taken into account
at the hemisphere level, which could reduce the sensitivity to the ⇠ parameter. In any
case, the upper limit on the anisotropy parameter ⇠ can be explained by data preferring the
isotropic component to be decoupled from the DM contribution, even if this is not statistically
significant yet. This is related to the combination of a preference for a mild anisotropy, as
shown for the 3-year HESE data [39], and the typically hard spectrum of the DM signal.
Therefore, below some value of ⇠, the number of events from extragalactic DM annihilations
would be very small and data is not sensitive anymore to this parameter.

4.1.1 Parameter correlations and preferred regions

The preference for small values of the parameter ⇠ can be seen from the plots in the bottom
row of figure 10, which show di↵erent correlations for the W

+
W

� annihilation channel plus
and astrophysical isotropic power-law flux. The vertical area in those plots visualizes the lack
of sensitivity for small values of ⇠.10 We can also clearly see the preference — although at less
than 2� CL — for mDM ⇠ 150 TeV and annihilations cross section orders of magnitude larger

10
Note that for DM decays, the relative contribution from the galactic and extragalactic components only

depends on the galactic DM profile, so there is no freedom analogous to the ⇠ parameter.
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Figure 11. DM annihilations (single channel) plus astrophysical power-law flux: limits on the DM
cross-section h�vi and N
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best-fit values for (mDM, h�vi) are indicated in each case by the ‘?’ sign. The unitarity bound in the
halo, with a typical local relative velocity of DM particles of vlocal = 10�3

c, lies below the best-fit
point in all cases and is not shown.

overall best fit in this case is obtained for the combination of channels DM DM ! uū and
DM DM ! e

+
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�, with a branching ratio of about 92% in favor of the former. As expected,
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Ann. channel h�vi22 mDM [TeV] ⇠ �astro � N
ann

DM,G N
ann

DM,EG Nastro

uū 52.24 260 0.001 1.02 2.52 20.6 0.0 20.2

bb̄ 24.10 491 0.001 0.81 2.45 23.2 0.0 17.3

tt̄ 8.20 270 0.001 0.69 2.40 24.8 0.0 15.8

W+W�
1.51 178 0.001 0.87 2.48 22.5 0.0 18.1

ZZ 1.27 177 0.001 0.91 2.50 22.2 0.0 18.4

hh 7.46 278 0.001 0.69 2.40 24.9 0.0 15.8

e
+
e
� 1.03 159 0.635 1.65 2.75 13.5 1.3 25.8

µ
+
µ
� 0.63 205 0.001 0.71 2.41 24.6 0.0 15.9

⌧
+
⌧
� 0.96 218 0.001 0.66 2.39 25.5 0.0 15.4

⌫e⌫̄e 0.33 158 3.388 1.67 2.76 10.8 3.8 26.0

⌫µ⌫̄µ 0.70 159 1.791 0.96 2.52 19.0 3.1 18.9

⌫⌧ ⌫̄⌧ 0.70 159 1.945 0.96 2.52 18.8 3.4 18.9

Table 3. DM annihilations (single channel) plus astrophysical power-law flux: best-fit values for
✓ = {h�vi, mDM, ⇠, �astro, �}, where h�vi is expressed in units of 10�22 cm3 s�1, mDM in TeV and �astro

in units of 10�18 GeV�1 cm�2 s�1 sr�1. The corresponding numbers of galactic and extragalactic
DM and astrophysical events are also indicated as N

ann
DM,G, N

ann
DM,EG and Nastro. The overall best fit

for all those channels is highlighted.

number of galactic events is about a factor of ten larger than the number of extragalactic
ones, although the actual relative factor depends on the DM mass and annihilation channel.

As with DM decays, we consider two distinct scenarios here too: 1) neutrinos from
DM annihilations into a single channel plus an isotropic astrophysical power-law flux, and
2) neutrinos solely from DM annihilations into two channels. The flux in the former case is
defined in terms of the set of free parameters ✓ = {h�vi, mDM, ⇠, �astro, �}, while in the latter
scenario, for each pair of channels, it is defined in terms of ✓ = {h�vi, mDM, ⇠, BR}, where
BR is the branching ratio for annihilations into the first of the two channels.

4.1 Results: DM annihilations plus isotropic astrophysical power-law flux

First we consider the annihilations of DM particles into a single channel and their possible
contribution to the observed neutrino flux by IceCube, in addition to an astrophysical power-
law flux. The set of free parameters in the fit is ✓ = {h�vi, mDM, ⇠, �astro, �}. The best-
fit parameters corresponding to a total signal flux comprising neutrinos from a power-law
astrophysical spectrum determined by �astro and �, and from DM annihilations, as a function
of h�vi, mDM and ⇠, for di↵erent two-body annihilation channels, are indicated in table 3.
The comparison of the best-fit likelihoods for all channels is shown in figure 8. As in the
case of DM decays, on top of each bar, we indicate the best fit obtained for the astrophysical
index �. In figure 9 we show the event spectra for the best-fit channel, DM DM ! W

+
W

�.
Qualitatively similar results are obtained for all channels. The preferred value for the

DM mass lies in the range ⇠ (160–500) TeV, and with an annihilation cross section of the
order of ⇠ (3 ⇥ 10�23

� 5 ⇥ 10�21) cm3 s�1. Thus, the DM annihilation signal tends to
explain the low-energy part of the event spectrum, whereas a relatively hard astrophysical
flux (although softer than the through-going muon best fit [7]) explains the highest energy
events (figure 9). In table 3 we also show the number of DM events from the galactic
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Figure 8. DM annihilations (single channel) plus astrophysical power-law flux: channel-by-channel
comparison of ��2 at best fit, computed against the astrophysical flux plus DM DM ! W

+
W

�

channel, which gives the overall best fit. Best-fit values of the spectral index � for each channel are
displayed above the corresponding bar to indicate that the best fits prefer flat astrophysical spectra,
and consequently low-mDM values.

and extragalactic contributions separately, whose relative importance is governed by the
parameter ⇠. For most channels, especially for the soft channels, the preferred value of
⇠ reaches our lower boundary (i.e, 10�3), which results in a negligible amount of events
produced from the DM extragalactic neutrino flux. In these cases, the astrophysical power-
law flux is the main contribution to events from the Northern hemisphere. Note, however,
that in the analysis we perform here the angular information is only taken into account
at the hemisphere level, which could reduce the sensitivity to the ⇠ parameter. In any
case, the upper limit on the anisotropy parameter ⇠ can be explained by data preferring the
isotropic component to be decoupled from the DM contribution, even if this is not statistically
significant yet. This is related to the combination of a preference for a mild anisotropy, as
shown for the 3-year HESE data [39], and the typically hard spectrum of the DM signal.
Therefore, below some value of ⇠, the number of events from extragalactic DM annihilations
would be very small and data is not sensitive anymore to this parameter.

4.1.1 Parameter correlations and preferred regions

The preference for small values of the parameter ⇠ can be seen from the plots in the bottom
row of figure 10, which show di↵erent correlations for the W

+
W

� annihilation channel plus
and astrophysical isotropic power-law flux. The vertical area in those plots visualizes the lack
of sensitivity for small values of ⇠.10 We can also clearly see the preference — although at less
than 2� CL — for mDM ⇠ 150 TeV and annihilations cross section orders of magnitude larger

10
Note that for DM decays, the relative contribution from the galactic and extragalactic components only

depends on the galactic DM profile, so there is no freedom analogous to the ⇠ parameter.
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overall best fit in this case is obtained for the combination of channels DM DM ! uū and
DM DM ! e

+
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�, with a branching ratio of about 92% in favor of the former. As expected,
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Figure 12. DM-only two-channel annihilation: channel-by-channel comparison of ��2 at best fit,
computed against the overall best-fit channel: DM DM ! {uū, e

+
e
�

}. Channel combinations from
table 4 not shown in this plot represent extremely poor fits with ��

2 & 15.

(a) DMDM ! {uū, e+e�}. (b) DMDM ! {uū, ⌫⌧ ⌫̄⌧}.

Figure 13. DM-only two-channel annihilation: correlations between the parameters mDM and ⇠ for
DM annihilating via two di↵erent channels without astrophysical neutrinos: DM DM ! {uū, e

+
e
�

}

(lefpt panel) and DM DM ! {uū, ⌫⌧ ⌫̄⌧} (right panel).

5 Discussion and conclusions

As IceCube progressively records new data and improves its statistics, it is imperative to keep
track of consistency between data on one hand and the many theories proposed to explain
the origins of these high-energy particles on the other. As the standard explanation involving
a uniform power-law fit becomes increasingly fraught with problems, including tensions with
other observations such as IceCube’s 8-year through-going muon set and increasing di↵erences
between sub-PeV and PeV spectral features, alternative explanations for the origins of the
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DM bounds using the latest HESE data

7.5-yr HESE  
(modified selection cuts, non-public yet)

Similar limits to 6-yr HESE

21

HESE Dark Matter Carlos A. Argüelles

(a) Results on dark matter decay. (b) Results on dark matter annihilation.

(c) Results in dark matter scattering.

Figure 2: Constraints for dark matter decay, annihilation, and scattering with neutrinos. The three main
results of this analysis are shown as a function of the dark matter mass, mc . (a): Constraints on dark matter
lifetime for different assumed decay modes shown as different line colors. (b): Constraints on the dark matter
annihilation cross section to different standard model particles. (c): Constraints on the neutrino dark matter
cross section via looking for signatures of neutrino scattering. In this analysis we assume the dark matter is a
fermion and the interaction mediator, f , is a vector. The vertical axis shows the assumed mediator mass, mf ,
and the color scale gives the maximum allowed log of the coupling. The magenta line signals the regions
where cosmological observations are more constraining and where this analysis constraints are dominant.
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Conclusions
In addition to be produced by standard 

mechanisms, high-energy neutrinos could be 
produced by DM decays/annihilations

Neutrino data set the strongest limits on the DM 
lifetime for hard channels (m > 100 TeV)

IC data is compatible with a contribution 
from DM decays (annihilations?)

22

DM decays could explain the ~100 TeV HESE data  
+  

hard astrophysical spectrum  
could explain higher energy events 

(in agreement with through-going muon data)


