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ABSTRACT: In view of the IceCube’s 6-year high-energy starting events (HESE) sam-
ple, we revisit the possibility that the updated data may be better explained by a
combination of neutrino fluxes from dark matter decay and an isotropic astrophysical
power-law than purely by the latter. We find that the combined two-component flux
qualitatively improves the fit to the observed data over a purely astrophysical one, and
discuss how these updated fits compare against a similar analysis done with the 4-year
HESE data. We also update fits involving dark matter decay via multiple channels,
without any contribution from the astrophysical flux. We find that a DM-only expla-
nation is not excluded by neutrino data alone. Finally, we also consider the possibility
of a signal from dark matter annihilations and perform analogous analyses to the case
of decays, commenting on its implications.
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1 Introduction

Since the discovery of the first astrophysical high-energy neutrinos at the IceCube neu-
trino telescope [1], more neutrinos have been steadily detected [2-8]. This has opened
the era of neutrino astronomy and understanding the origin of this high-energy neutrino
flux is currently one of the most important problems in astroparticle physics [9-15].
From the observational point of view, different types of event samples have been
considered and a broad picture of the astrophysical neutrino flux has emerged. It
can be broadly summarized as follows. The high-energy starting events (HESE), with
electromagnetic (EM)-equivalent deposited energies above 10 TeV and produced inside
the detector, can be explained as produced by a soft neutrino spectrum with a power-
law index (F,7) close to v ~ 2.9 [6, 8]. Neutrinos of all flavors contribute to this sample
and two topologies have been discriminated so far: muon tracks, mainly produced from
muon neutrinos, and showers, produced by all flavors. On the other hand, through-
going muon events, produced by up-going muon neutrinos (i.e, from the Northern



hemisphere), are sensitive to energies above ~ 200 TeV and can be understood in terms
of a harder spectrum, v ~ 2.2 [3, 5, 7]. This tension has motivated the proposal of
two-component fluxes [16-21], not necessarily isotropic and with a softer spectrum for
E, <100 TeV, or the possible existence of a break or softening in the spectrum [22-26].

On another hand, based on the near isotropy of the observed events [1, 2, 18, 19, 27—
34], extragalactic sources are favored. Only a relatively small fraction of the neutrino
flux seems to be compatible with a galactic disc origin [31-34]. Note, however, that
the limits on the galactic contribution are usually obtained using spatial and energy
templates for diffuse neutrino emission, so different conclusions might be reached for
other distributions [35]. Thus, currently a galactic contribution to the total flux cannot
be excluded, especially if the galactic contribution comes from the halo. Interestingly,
the recent observation of the hardening of the v-ray flux above ~ 300 GeV in the
Fermi-LAT diffuse data at large galactic latitudes seems to point to the existence of
a correlated galactic neutrino flux with a hard spectrum [36] (see also Ref. [37]). An
example of such a spectrum could be the one produced from the decays of heavy dark
matter (DM) particles. In this case, a significant fraction of the IceCube neutrinos
would come from DM decaying in the halo of our galaxy, while the total neutrino flux
from DM decays would result from the sum of the galactic and extragalactic (isotropic)
contributions. The consistency, or even mild preference, of the angular distribution of
the IceCube events with such a scenario has already been discussed [29, 38-40], without
a conclusive answer yet.

The possibility to explain part or all of the neutrino event spectrum observed by
IceCube in terms of heavy DM decays or annihilations has been extensively consid-
ered [29, 38-77]. Recently, the IceCube collaboration published two analyses using
independent datasets [74]: 6-year muon data [5] and all-sky cascades from the 2-year
medium energy starting events (MESE) [78]. By only considering hard channels (H + v
and Z 4 v), a non-zero DM decay contribution was found for the best fits, including an
astrophysical (isotropic) power-law flux. Nevertheless, this was not statistically signifi-
cant and only limits on the lifetime were derived for these channels as well as for other
ones, although in those other cases only using the cascade analysis. On the other hand,
the first DM decay analysis using the 6-year HESE data [6] was performed for fixed
values of the spectral index of the astrophysical flux (y = 2.0, 2.2) [72], and a best fit
for DM masses of ~ 400 — 500 TeV was found. Another recent work [75] made use of
the 6-year HESE data [6] and additionally of the 8-year through-going muon data [7],
which dominates the statistics. This analysis, however, considered only a particular
DM decay model, with a final hard neutrino spectrum. It was also found that adding
a DM decay contribution, with a DM mass ~ 300 TeV, to an astrophysical power-law
flux, provides a better fit to data.



In this work we consider just the 6-year HESE data above 60 TeV in EM-equivalent
deposited energy,! and evaluate whether a DM contribution could provide a good fit to
the HESE data and reduce by itself the tension with the through-going muon data. This
is an update of our previous detailed analysis, which used the 4-year HESE data [70].
Thus, one of the main questions is whether our previous conclusions based on 4-year
data are substantially altered when additional two years of data are included, which
we will discuss thoroughly in this paper. In particular, we also consider the case of DM
decaying into two channels (leaving the relative branching ratio as a free parameter),
so that the entire HESE data could be explained without the need for a power-law
astrophysical flux. As previously found [39, 42, 70], we confirm that current HESE

2 This may seem to be at odds

data could be interpreted in terms of this scenario.
with the claim in Ref. [74], which concluded that a DM-only scenario is disfavored, by
neutrino data, with respect to a DM plus a power-law flux. However, apart from the
fact that the referred tension is below the 1o confidence level (CL), that conclusion is
based on a fixed combination of hard channels for DM decay.

Additionally, we also consider the possibility to explain the HESE data, in part or
entirely, in terms of neutrinos from DM annihilations. Due to the dependence on the
square of the DM density, this scenario could present a sharper enhancement towards
the galactic center. To study this, we leave the normalization of the cosmological DM
clumping factor as a free parameter, which modifies the relative importance of the
galactic and extragalactic contributions and thus, both the spectral and the spatial
distributions of the neutrino flux. Although it is well known that this requires very
large annihilation cross sections [39-41, 45, 65], these data could, in principle, probe
regions below the unitarity bound [80, 81]. We will see, however, that this is not the
case with the current HESE data.

The main consideration imposed on our analysis due to the addition of two years
worth of additional data, apart from the obvious improvement in statistics, comes from
the proliferation of sub-PeV events without a balancing increase in the PeV events. The
tension between data and uniform power-law fits, already exaggerated due to this tilting
of the spectrum in favor of sub-PeV events, has been quantified as a 2.60 (2.10) bump
in events between EM-equivalent deposited energies of 60 — 100 TeV when compared
against a flat power-law spectrum with spectral index a = 2.0 (2.2) [72].

In view of these qualitative changes to the HESE data, we explore the nature of
fits from combined DM (decays or annihilations) and power-law astrophysical neutrino

!'Note that preliminary results using 7.5-year HESE data have already been presented [8], including
limits on the DM contribution [79], although details about the charge recalibration and the improved

reconstructions are not public yet.
2Nevertheless, it could be in tension with gamma-ray data, as we mention below.



fluxes, specifically looking at how these affect our previous 4-year HESE analysis.

The paper is organized as follows: in section 2 we briefly introduce the HESE sample
we use and describe the main ingredients of the analysis we perform. In section 3 we
present the results for the case of DM decays and in section 4 the corresponding ones
for the annihilating scenario. Finally, in section 5 we draw our conclusions.

2 Analysis of the 6-year HESE data

The 6-year HESE data we use in this work correspond to 2078 days of runtime dur-
ing which, 82 events have been observed (28 new events in the last two years) with
EM-equivalent deposited energies above 10 TeV. Two of these events, however, were
produced by a coincident pair of background muons from unrelated cosmic-ray air show-
ers and are not included in our analysis. In this work we consider the EM-equivalent
deposited energy interval [60 TeV-10 PeV], which contains 50 events (18 from the last
two years), classified as either tracks or showers.

At these energies, cosmic-ray secondaries produced in the atmosphere, muons and
neutrinos, are the main sources of background. As done in our previous analysis [70],
here we do not consider the potential contribution from prompt atmospheric neutrinos
from charm decays. For energies above 60 TeV, the number of background atmospheric
muon and neutrino events for 2078 days is taken as:*> N, = 1.3 and N, = 5.1.

The two additional contributions we consider in this work for the neutrino flux at
Earth are: an isotropic power-law flux and the flux from DM decays or annihilations,
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where 7y is the spectral index and ¢, is the astrophysical flux normalization (per
flavor). Here we assume the canonical flavor composition from hadronic sources after
averaged oscillations, (1 : 1 : 1)g, for both neutrinos and antineutrinos, and hence, @astro
is flavor-independent. U is the neutrino mixing matrix and the above product represents
the oscillation probability of flavor neutrino v, into vg, after all terms dependent on
mass-squared differences are averaged out. The term ®py; corresponds to the flux
of neutrinos from DM decays or annihilations at production. It depends on the DM
mass, mpu, on the decay/annihilation channel(s), and for decays, on the lifetime, Ty,

3For the muon background we use the IceCube numbers, whereas for the neutrino background we
scale it with respect to the 4-year data [4]. We do this because in the 6-year analysis slightly larger
cross sections have been used [6] and we have not corrected for this. The difference, though, is only
about 0.6 events.



and for annihilations, on the annihilation cross section, (ov), and on the clumping
factor (see below). In both cases, decays and annihilations, the neutrino flux has two
contributions: an extragalactic component, which originates from DM particles in halos
at all redshifts, and thus it is isotropic; and a galactic contribution, which comes from
DM in our galactic halo and it is anisotropic. Whereas the DM decay flux depends
linearly on the DM density, the flux from DM annihilations depends on its square.
Therefore, the galactic contribution is more sharply peaked towards the galactic center
in the case of annihilations. For the details of our computation of the neutrino flux
from DM decays we refer the reader to our previous work [70]. The flux from DM
annihilations is described below.

Analogously to Ref. [70], to which we refer the reader for details, we perform
unbinned extended maximum likelihood analyses using the EM-equivalent deposited
energy, the event topology, and the hemisphere of origin of each of the 50 events in the
6-year HESE sample within [60 TeV—10 PeV]. For the description of the computation
of the event spectra of both signal and background, we refer the reader to Refs. [19, 24].

3 DM decays

The neutrino flux from DM decays depends on the DM lifetime, my, the mass, mpy,
and the decay channels. In this work we only consider two-body final state channels
and perform two types of fits: 1) involving a single channel DM decay plus an isotropic
power-law flux and 2) where the entire spectrum is explained purely by neutrinos from
DM decay via two channels. In the former case, the total neutrino flux for a given decay
channel is described in terms of the set of free parameters @ = {7Tpn, Mpm, Pastros T}
while in the latter scenario, for each pair of channels, it is described in terms of @ =
{mpm, mpm, BR}, where BR is the branching ratio for decay into one of the two channels.

In the case of decays, the relative contribution between the galactic and the extra-
galactic components is determined by the spatial distribution of the galactic density.
The extragalactic component is isotropic and does not depend on the DM clustering
properties across redshifts.

3.1 Results: DM decays plus isotropic astrophysical power-law flux

The best-fit parameters corresponding to a total signal flux comprising neutrinos from
a power-law astrophysical spectrum determined by ¢.«.0 and v, and from DM decays,
as a function of mpy and mpy, for different two-body decay channels, are indicated
in Table 1. The comparison of the best-fit likelihoods for all channels is shown in
Figure 1. On top of each bar, we indicate the best fit obtained for the astrophysical
index v. In Figure 2 we show the event spectra for two channels: in one, DM decay



Decay channel | 7py[10%® s] (Npm)  mpm [TeV] | Pastro (Nastro) y
ut 0.11 (28.4) 1761 0.52 (13.0) 2.34
bb 0.07  (26.9) 1103 | 058 (143) 2.35
17 011 (28.7) 598 045 (12.5) 227

wHw- | 037  (28.5) 412 | 0.47 (12.6) 2.29
27 0.43 (27.8) 407 0.52 (133) 2.32
hh 0.12 (28.8) 611 0.45 (12.6) 2.27
ete 220 (4.0) 4160 | 353 (37.3) 3.36
i 0.7 (4.9) 6583 | 3.51 (36.5) 3.39
T~ 0.89 (27.4) 472 0.59 (14.8) 2.36
Vel 412 (3.6) 4062 | 352 (37.7)  3.33
" 463 (5.0) 4196 352 (36.4) 3.41
v, 7, 0.96  (16.6) 341 158 (24.9) 2.74

Table 1. DM decays (single channel) plus astrophysical power-law flux: Best-fit
values for 8 = {mpn(Npm), MDM, Pastro( Nastro); Y}, Where Tpy is expressed in units of 102 s,
mpw in TeV and ¢asir0 in units of 10718 GeVlem 2 s sr!. The corresponding numbers
of DM and astrophysical events are also indicated in parenthesis, as Npy and Nastro- The

overall best fit for all those channels is highlighted.

explains the low-energy data (DM — WTW ™) while in the other it explains the PeV
events (DM — v,.7,).

The overall best fit comes from decays to bosons W, Z, and h (also top quarks),
which prefer mpy; ~ (400 — 650) TeV, thereby contributing only to the sub-PeV spec-
trum. In these cases, a relatively flat astrophysical flux, with v ~ 2.3, accounts for
the high-energy events (left panel of Figure 2) and supplements the contribution from
DM decays to sub-PeV energies therefore, making the total sub-PeV spectrum steeply
falling.

Fits to hard channels with DM mass in the high PeV (e.g., decays to charged
lepton pairs and neutrinos) do comparatively worse, yet the statistical significance is
weak. In these cases, for the best fits (except DM — 7777), events from DM decays
explain the higher end of the spectrum, while a soft astrophysical power-law flux fills
in the sub-PeV part of the event spectrum, falling quickly to have no impact on the
high energy events (right panel of Figure 2).* As in the 4-year HESE analysis [70], the

4From the comparison of the two panels of Figure 2, it might seem that the fit for DM — 1.7,
is slightly better. However, a note of caution is in order. The event spectra is shown in bins, so a
particular choice of binning can have a misleading impact. We avoid this problem we perform an
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Figure 1. DM decays (single channel) plus astrophysical power-law fluz:
Channel-by-channel comparison of Ax? at best fit, computed against the astrophysi-
cal 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-mpy; values.

lack of high-energy tracks in the data influences the fit, and the flux from DM — ptpu~
turns out to be slightly disfavored compared to cases with other hard channels.

Given that the best-fit spectral index for several channels — indeed for those giving
better fits — naturally turns out to be within 1o of the best fit obtained by the
latest IceCube through-going muon analysis, yrg = 2.19 [7], we forego the prior-added
analysis we carried out in our previous work. This is one of the major takeaways
from the current analysis: some specific combinations of DM decay and astrophysical
flux naturally lead to best-fit spectral indices consistent with that from the IceCube
through-going muon analysis, sensitive only to the highest energy neutrinos. This is
in contrast to what occurred with the analysis of the 4-year HESE data [70], where
we obtained a best fit for a hard channel (DM — ete™) with PeV mass, explaining

unbinned extended maximum likelihood analysis to determine the best fits. Moreover, important
parameters that influence the fits, such as the type of event topology or the neutrino direction, cannot
be illustrated in this event-rate plot. As it turns out, the full likelihood analysis reveals the overall
best fit comes from decays to W W~ and not from those to v.v, (Figure 1).
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Figure 2. DM decays (single channel) plus astrophysical power-law flux: Event
spectra in the IceCube detector after 2078 days for the best fits for two DM decay chan-
nels: DM — W+ W~ (left) and DM — v.v, (right). In all panels: atmospheric muon events
(red histogram), conventional atmospheric neutrino events (blue histogram), astrophysical
neutrino events (green histogram), neutrino events from DM decays (black histogram), and
total event spectrum (purple histogram). We indicate the best fit values of the DM life-
time and mass [ro8(mpwm)] in units of 102 s and TeV, and the per-flavor normalization of
the power-law flux (Pastro) in units of 1078 GeV~tem™2s71sr~!. We also show the spec-
trum obtained using the 6-year IceCube best fit for a single power-law flux (gray histogram),
E2d®/dE, = 2.46 x 1078 (E, /100 TeV) %92 GeVem 2 s tsr™! (per flavor) and the binned
high-energy neutrino event data (black dots) [6] with Feldman-Cousins errors [82].

the high-energy part of the event spectrum and thus, with a very soft astrophysical
spectrum to describe the low-energy side.

3.1.1 Parameter correlations and preferred regions

Here we discuss the correlations between the parameters and compute the preferred
region of parameter space to the statistical 10 and 20 CL against the corresponding
best-fit point (Figures 3 and 4). Correlations between two parameters corresponding to
different flux components (e.g., between mpy and ) demonstrate the careful balancing
act performed by these two complementary fluxes while fitting to the data. On the
other hand, correlations between parameters representing the same flux (e.g., oy and
mpwm) reflect the sensitivity of the corresponding flux component to the best fit.

As noted above, for a decay channel like DM — W*W = the majority of the
total signal events comes from DM decays, with all of these events populating the
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Figure 3. DM decays (single channel) plus astrophysical power-law flux: Corre-
lations between all fit parameters for the overall best-fit channel DM — WTW —.
The contours indicated by the solid black curves represent the 1o CL preferred regions around
the best fit (indicated by a white ‘x” sign), while the corresponding 20 CL regions are indi-
cated by the dashed black curves. We express mpyp in units of 10?8 s, mpy in PeV and ¢asiro
in units of 10718 GeV~! em=2 s sr.

sub-PeV energies. The flatter astrophysical spectrum then fills in the missing events,
with most of them lying at high energies. Correlation plots in Figure 3 are indicative
of this nature. In particular, the correlation between mpy and 7y on one hand and
the astrophysical spectral index v on the other shows the preference for a relatively
flat spectrum (1o CL region lies below v = 3) and a large DM contribution (close to
the lower edge of the illustrated lifetime range) at low energies (narrow lo CL region
around low mpyr). It is interesting to compare these results to those obtained with
the 4-year HESE data [70]. Then, there were two lo CL regions in the (mpwm, 7om)
parameter space, but the best fit was in the high-mass one. Now, with the additional
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Figure 4. DM decays (single channel) plus astrophysical power-law flux: Cor-
relations between all fit parameters for the hard channel DM — v .. Same as
Figure 3.

events detected around ~ 100 TeV, only the region around mpy =~ 400 TeV remains,
which substantially changes the event spectrum corresponding to the best fit for this
channel.

For channels with harder spectra (e.g., DM — v,7,), multiple near-degenerate 1o
regions in terms of mpy open up (Figure 4). While the best fit for this channel lies in the
high-mass region, comparative 1o CL regions are also allowed in the low-mpy; region.
This is in contrast to what happened with the 4-year HESE data [70], where only the
high-mass region was preferred at 1o CL. Again, this is a consequence of the increase
in low-energy events in the 6-year HESE data vis-a-vis the 4-year sample, while leaving
the PeV spectrum unchanged. Clearly, the 1o CL contour corresponding to low-mpy
allows for a flatter astrophysical flux, while the allowed 1o CL contour corresponding to

— 10 —



high-mpy extends to the high-v region, indicating a steeply falling astrophysical flux.
It should be noted that for these hard channels, the constraints on the astrophysical
flux parameters are more restrictive than in the case of DM — WTW .

3.1.2 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 Ty as a function to
mpum- The 95% CL limits on the DM lifetime and on the number of DM events (Npy),
for all single-channel DM decays in Table 1, are shown in Figure 5 as a function of the
mpym- These results are depicted along the bounds obtained from ~-ray observations
in Ref. [67].

In comparison with analogous limits obtained in our previous analysis using 4-
year HESE data [70], they are not significantly altered by the two years of additional
data except at the low-mpy; region for neutrino and charged lepton channels, where
the bounds strengthen by about an order of magnitude at mpy; values between 100—
200 TeV.

Since the fits to the gauge boson channels shift toward lower values of mpy, the
corresponding best fit is somewhat in tension with the gamma-ray bounds on DM
lifetime obtained in Ref. [67]. On the other hand, both because these bounds are
weaker for leptons and because they weaken with increasing mpy, best fits for decays
to charged leptons and neutrinos with mpy; in the PeV region can evade these bounds.
As already happened with the 4-year HESE data [70], decays to light quark pairs are in
strong tension with gamma-ray data: neutrino 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, neutrino limits are stronger than the corresponding gamma-ray bounds
in the high-mpy regions.

When understanding the tension between the best-fit DM parameters and gamma-
ray constraints, a note of caution is in order. The gamma-ray bounds on DM decays
obtained in Ref. [67], and recently reevaluated and slightly strengthened in Ref. [77],
are obtained from the DM contribution to the diffuse gamma-ray background® (DGRB)
observed by Fermi-LAT [83]. A heavy decaying DM produces high-energy gamma-rays
that initiate an electromagnetic cascade en route to the Earth and contributes to the
DGRB in the energy range < a few 100 GeV. On the other hand, low-energy astrophys-
ical contributions to the DGRB could in fact entirely explain the observed DGRB [84].”

®Note that a factor of a few stronger bounds have been recently obtained [77].

6Also known as isotropic gamma-ray background (IGRB).

"The theoretical expectation for the contribution from these sources at some energies can completely
explain the DGRB data, or even overshoot it.
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Figure 5. DM decays (single channel) plus astrophysical power-law flux: Limits
on the DM lifetime and Npy at 95% CL as a function of the DM mass, for all single-channel
DM decays in Table 1, plus an astrophysical flux. The best-fit values for (mpwm, ™M) and

(mpwm, Npm) are indicated in each case by the ‘x” sign. The dotted curve shows gamma-ray
bounds on DM decay from Ref. [67].
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Obviously, by accounting for these contributions from astrophysical sources to the
DGRB, as is done in Refs. [67, 77], there remains very little room for any contribution
from the high-energy cascaded flux. Nevertheless, the same approach would strongly
constrain any type of source of high-energy neutrinos, including the conventional pp
and pvy astrophysical sources, since in these scenarios, an accompanying high-energy
gamma-ray flux would also be produced at the source and initiate an electromagnetic
cascade (except if the source is opaque to high-energy gamma-rays). In particular, the
interpretation of the HESE data in terms of a single power-law flux with spectral index
v ~ 2.9 is in strong tension with the DGRB (see Ref. [85], where an upper limit of
v < 2.2 was derived for pp sources by considering the whole DGRB data; using the
DGRB data after subtracting low-energy astrophysical source contributions would lead
to even stronger limits). When taking the more conservative gamma-ray limits derived
from the whole DGRB data [51], and not the low-energy source-subtracted one, all the
best fit points in Figure 5 are actually allowed.

3.2 Results: DM decays via multiple channels

We also analyze the consequences of turning off the astrophysical flux entirely and
instead allowing DM to decay via multiple channels. This analysis proceeds in the
same vein as the previous analysis with the 4-year HESE data (see Sec. 6 in Ref. [70]).
Allowing the DM to decay via two distinct channels allows us to parameterize the
resulting flux in terms of the following physical quantities: a) the DM mass, mpy,
b) the DM lifetime oy, and ¢) the branching ratio in favor of the (arbitrarily ordered)
first channel: BR = I'pyoyp, 51/ (FoM—spy ;. + IDMosps o )-

In this scenario, the DM mass is necessarily pushed to PeV values to accommo-
date both PeV and sub-PeV events. Results for a few selected combinations of decay
channels are shown in Table 2 and the Ax? for each combination with respect to the
best fit is shown in Figure 6. The overall best fits come from the combination of uu
and ete” or v,7, channels with the DM mass around 4 PeV and a 92-97% branching
ratio in favor of decays to the quark (soft) channel. The hard-channel decay, either
to v.0, or to ete™, explains the PeV events while the softer secondary neutrino flux
from decays to uu explains the sub-PeV events. Other combinations of soft and hard
channels provide similar results. Note, however, that if both channels are hard (e.g.,
WHW~ and v.7.), the fit worsens and prefers the spectrum to be dominated by the
softer of the two spectra.

Qualitatively, these patterns are similar to the results obtained with the 4-year
HESE data [70], albeit with slightly larger branching ratios into soft channels. In
relative terms, when compared to the DM single channel decay plus astrophysical flux,
we find that the overall best-fit two-channel combination does somewhat worse with
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Decay channels | Tpp[10%” s] mpu [PeV]  BR
bb ete” 1.82 4.001 0.91
bb whp 2.00 4.517 0.97
bb Vel 1.79 3.942 0.97
bb Vul, 1.82 4.015 0.97
uti  ete” 1.76 3.898 0.92
ut a7 1.85 4.148 0.98
UL Ve, 1.73 3.845  0.97
ut v, 1.76 3.906 0.97
hh  ete” 3.78 4.184 0.92
hh a7 4.54 6.132 1.00
hh VD, 3.72 4.076 0.97
hh v, 4.54 6.132 1.00
WHW— ete” 6.32 4.498 1.00
WHW=  utp 6.32 4.498 1.00
WHW= .1, 6.32 4.498 1.00
WW= v, 6.32 4.498 1.00

Table 2. DM-only two-channel decays: Best-fit values for DM — pq p1, ps p2 defined
by @ = {mom, mpm, BR}, where mpy is expressed in umits of 1027 s, mpy in TeV, and
BR = I'pMosps 51/ TDMopy o1 + I'DM—sps s )- The overall best fit for all those combinations of
channels is highlighted.

the updated 6-year HESE data. Yet, this is not statistically significant.® The main
reason for this slight swing is due to the fact that the 6-year HESE data strongly
prefers DM decay fluxes with low-mpyr, and the requirement in this scenario of having
to explain PeV events also from DM decay necessitates the addition of at least one
hard component. This ends up worsening the fit slightly in comparison to the two-
channel best fit obtained in the previous work. Nevertheless, unlike Ref. [74], we
cannot conclude that the DM-only scenario is disfavored by neutrino data. This is in
agreement with previous findings using earlier HESE data sets [39, 42, 70]. Moreover,
as already happened for the 4-year HESE data, for all these soft-hard combinations
with a large branching ratio into the soft channel, the best fit for the DM lifetime is in

8The DM-only scenario here considered fits the data using three degrees of freedom, as opposed
to four in the scenario with DM plus astrophysical fluxes, considered in the previous section. Con-
sequently, a straight comparison to determine which of these two scenarios provides a comparatively
better fit is not straightforward and is out of the scope of this work.
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Figure 6. DM-only two-channel decays: Channel-by-channel comparison of Ax?
at best fit, computed against the DM — {uu, v.0.} combination, which gives the overall
best fit. Channel combinations from Table 2 not shown in this figure represent extremely
poor fits to the data with Ax? > 20.

tension with the gamma-ray limits from Refs. [67, 77], while compatible with the limits
from Ref. [51] (see the comment at the end of section 3.1.2).

As an illustration, in Figure 7 we show the best-fit event spectrum (among the
combinations in Table 2), where we clearly see the interplay between the spectra of the
two decay channels. In comparison with results obtained with the 4-year HESE data,
the increase in events at EM-equivalent deposited energies of ~ 100 TeV makes it more
difficult for the DM-only scenario to explain the PeV events simultaneously, making
the overall fit slightly worse.

4 DM annihilations

The majority of the studies on the possible DM contribution to the IceCube high-
energy neutrino flux have focused on the decay scenario, mainly because the required
annihilation cross section, (ov), for heavy DM (mpy 2 100 TeV) [39-41, 45, 65] violates
the unitary bound (ov) < 47 /(m?,,v) for thermal production [80, 81]. Yet, even if not
produced thermally, the IceCube data could, in principle, test values below the local
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Figure 7. DM-only two-channel decays: FEvent spectra in the IceCube de-
tector after 2078 days for DM decays into the best-fit two-channel combination, DM
— {uu, vev.}, with their corresponding branching fraction into the quark channel also in-
dicated. The histograms represent: 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 to-
tal event spectrum (purple histogram). We indicate the best fit values of the DM life-
time and mass [rg(mpym)] in units of 10?8 s and TeV. We also show the spectrum ob-
tained using the 6-year IceCube best fit for a single power-law flux (gray histogram),
E2d®/dE, = 2.46 x 1078 (E, /100 TeV) %92 GeVem2s7Lsr=! (per flavor) and the binned
high-energy neutrino event data (black dots) [6] with Feldman-Cousins errors [82].

unitarity bound [39, 65].° Moreover, the effect of DM annihilation in substructures,
which would boost the signal with respect to the smooth contribution, along with
a potential dependence of the relative velocity on negative powers, as in Sommerfeld-
enhanced models [86-89], could give rise to DM fluxes that can account for the observed
number of high-energy neutrino-induced events [45]. In this section, however, we only
consider a constant DM annihilation cross section and study the values that would give

9Note that the unitarity bound is less stringent locally, as the relative velocity of DM particles is
smaller than in the early Universe.
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a potential contribution to the observed IceCube neutrino flux, in analogy to the case
of decay presented above.

While in the case of the decaying DM scenario the resulting neutrino flux is linearly
proportional to the (integral of the) DM number density, the neutrino flux from DM
annihilations is proportional to the square of the DM density. Since the number density
decreases with increasing mpy;, obtaining a neutrino flux comparable to that required
for the IceCube event rate, requires a rather large annihilation cross section. As in
the decaying DM case, the neutrino flux from DM annihilations at Earth receives both
galactic and extra-galactic contributions. Nevertheless, there are important differences
between these two cases.

The (smooth) galactic contribution of the neutrino flux from DM annihilation is
given by

APy ¢ (B, b.1) — (ov) 1 dAN [*

dFE, 2 dmmdy dE, J,
where p is the galactic DM density, r(s,b,l) = \/32 + R2 — 2sRy cosbceosl, is the
distance to the Galactic center with (b,l) being the Galactic coordinates and R, =
8.5 kpc. For the DM density we use an NFW profile [90, 91|, with the same parameters
as in the decay case [70]. Given that the closer to the galactic center, the larger the

p’[r(s,b,1)] ds , (4.1)

DM density, this flux is more sharply peaked in that direction than in the case of DM
decays.

In addition to the smooth galactic contribution, hierarchical structure formation in
the standard cold DM scenario implies that DM halos must contain a large amount of
smaller subhalos, which would further boost the annihilation flux. In this work, though,
we do not account for this potential overall enhancement of the galactic DM annihilation
signal. This boost factor depends on the direction of observation, as subhalos are not
distributed homogeneously [92-94] and their properties also depend on the position
within the main halo [92, 95-97]. Nevertheless, we do not expect this to have an
important impact on our results, as this enhancement is partly degenerated with the
annihilation cross section and the ratio of the extragalactic to galactic contributions,
which we keep as free parameters (see below).

The isotropic extragalactic contribution from DM annihilations is given by

Wi (o) Obugt [~ i v
dE, Y 2 drmdy Jo H(z) dE,

(1+2)°%¢(2) 1 +2) B, (42)

where H(z) = Hoy/Qun(1 + 2)3 + Q4, and the cosmological parameters Hy, pe, {2, and
Q) are the same used for the decay scenario [70]. The dimensionless quantity ((z)
accounts for the non-homogeneous DM clustering. It represents the variance of the
DM density fluctuations at redshift z, so can be expressed in terms of the non-linear
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matter power spectrum [98, 99]. Equivalently, within the halo model approach [100],
it is proportional to the cumulative sum of the enhancement in each individual halo at
redshift z [101-103], and thus it depends on the abundance and internal properties of
DM halos. Both approaches require extrapolations to small scales and high redshifts
of the findings of N-body numerical simulations. This results in relatively large uncer-
tainties in the computation of the clumping factor ((z), which can amount up to two
or three orders of magnitude [99, 104]. In this work we consider as our default ((z) the
revised halofit plus stable clustering (RHF-SC) prescription of Ref. [99], such that
(1+2)3¢(2) Hy/H(z) ~ 10°. To take into account uncertainties, we introduce a con-
stant normalization, £, where £ = 1 represents the default case and we vary it within
[1073,10%]. Note, however, that the estimated uncertainty is likely smaller [99, 104].
The total flux is given by

dOph; (B,) = Ao g )+ AT eG (E,)

de, © dE, 7 de, 7

(4.3)

Unlike what happens for the case of DM decays, for which there is no enhancement of
the flux due to the linear dependence on the density, in the DM annihilating scenario,
the enhancement could be significant and determines the importance of the extra-
galactic contribution: the larger £ (1 + 2)3((2) Hy/H(z), the more isotropic the flux.
Therefore, the value of £ serves as a measure for the anisotropy level in the total flux.
As a reference, for £ = 1, the 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 8 = {{ov), mpu, &, Pastro, 7}
while in the latter scenario, for each pair of channels, it is defined in terms of 8 =
{(ov), mpn, &, 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 possi-
ble contribution to the observed neutrino flux by IceCube, in addition to an astrophys-
ical power-law flux. The set of free parameters in the fit is @ = {{ov), mpu, &, Pastro, 7}
The best-fit parameters corresponding to a total signal flux comprising neutrinos from
a power-law astrophysical spectrum determined by ¢,stro and v, and from DM annihi-
lations, as a function of (ov), mpy and &, for different two-body annihilation channels,



Ann. channel | (ov)oe mpy [TeV] £ Pasro V| Nomc Vommea  Nastro
Ul 52.24 260 0.001 1.02 2.52 20.6 0.0 20.2

bb 24.10 491 0.001 0.81 2.45 23.2 0.0 17.8

tt 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
27 1.27 177 0.001 0.91 2.50 22.2 0.0 18.4
hh 7.46 278 0.001 0.69 240 24.9 0.0 15.8
ete” 1.03 159 0.635 1.65 2.75 13.5 1.3 25.8
Wt 0.63 205 0.001 071 241 | 2,6 0.0 159
Tt 0.96 218 0.001 0.66 2.39 | 255 0.0 15./
Vele 0.33 158 3.388 1.67 2.76 10.8 3.8 26.0
Vuly 0.70 159 1.791  0.96 2.52 19.0 3.1 18.9
VU, 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 0 = {{ov), mpm, &, Pastro, 7V}, Where (ov) is expressed in units of
10722 cm? 57!, mpy in TeV and @agiro in units of 10718 GeV~' em™2 57! sr=!. The corre-
sponding numbers of galactic and extragalactic DM and astrophysical events are also indicated
as N]%%}EG, N]%rﬁ}[l,EG and Nagtro. The overall best fit for all those channels is highlighted.

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 x 10723 — 5 x 1072!) cm? s~!. 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 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, 1073), 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

— 19 —



1t ) 2.40
2.40

Figure 8. DM annihilations (single channel) plus astrophysical power-law flux:
Channel-by-channel comparison of Ax? at best fit, computed against the astrophysical
flux plus DM DM — WTW ™ 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-mpy; values.

¢ 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 different 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 £.1 We can also clearly see
the preference — although at less than 20 CL — for mpy ~ 150 TeV and annihilations

0Note 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.

— 20 —



10°F T — T T — T T — T
o 5 [ Data B
r s Total best fit [60 TeV - 10 PeV]
DM DM — W' W <ov>,, (178) = 1.51
—astrov: ®, = 0.87 (E/100 TeV)**
I - ——— atm. [ best fit [60 TeV - 10 PeV]
‘;\‘ I +I ———— atm. v best fit [60 TeV - 10 PeV]
s 01 L T Total IC best fit [60 TeV- 10 PeV] -
o o y ]
o0 L ]
o~ E i
= i
'\
— L _ _ i
19}
[aF L i
[75]
g
= ol T | — l‘ T T 7T
S 10F —4 —o—i -
m o L I ]
’1 1 1 1 1 11 1.1 1 1 1 11 1 I 1 1 1 11 1
105 |

10 10° 10’ 10
Deposited EM-Equivalent Energy in Detector [TeV]

Figure 9. DM annihilations (single channel) plus astrophysical power-law fluz:
Event spectra in the IceCube detector after 2078 days for the best fit channel:
DM DM — W+W—, with £ = 1073, The histograms represent: atmospheric muon events (red
histogram), conventional atmospheric neutrino events (blue histogram), astrophysical neu-
trino 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 annihilation
3 57! and TeV respectively, and the
per-flavor normalization of the power-law flux (dastro) in units of 107 GeV =t em=2s ' sr— 1.
We also show the spectrum obtained using the 6-year IceCube best fit for a single power-law
flux (gray histogram), E2d®/dE, = 2.46 x 1078 (E, /100 TeV) %92 GeV cm 25 Lsr=! (per
flavor) and the binned high-energy neutrino event data (black dots) [6] with Feldman-Cousins
errors [82].

cross section ({ov)) and mass (mpy) in units of 10722 cm

cross section orders of magnitude larger 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 sub-
dominant 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.
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Figure 10. DM annihilations (single channel) plus astrophysical power-law fluz:

Correlations between all fit parameters for the hard channel DM DM — WTW .

Analogous to Figures 3 and 4, with (ov) in units of 10722 cm? s,

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

4 100 TeV\? /1073
(00) S — 2~ 15x 107 cm?/s < 00 eV) ( 0 C) L4

Mpy Viocal mpwm UVlocal

where v)ocq is the typical local relative velocity of DM particles.
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Figure 11. DM annihilations (single channel) plus astrophysical power-law flux:
By = Ny + Norigg at 95% CL, as a
function of the DM mass. The best-fit values for (mpy, (ov)) are indicated in each case by

Limits on the DM cross-section {(ov) and

the ‘x’ sign. The unitarity bound in the halo, with a typical local relative velocity of DM
particles of vjoeal = 1073 ¢, lies below the best-fit point in all cases and is not shown.
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Ann. channels | (ov)ss mpm [PeV] ¢ BR N& Ng, N& N
uu ete™ | 18.32 1.99 4.52 092 | 17.9 18.3 1.7 2.8

wa  ptpe | 1941 2.13 324 098 | 19.8 14.9 2.6 3.5
wi v, | 17.95 1.99 415 095 | 182 17.0 2.5 3.2
ui v, | 17.42 1.99 433 095 | 17.6 17.2 2.6 3.5
wi  ttr | 17.86 2.16 364 097 | 181 152 81 4.8
ui ZZ | 18.07 2.15 364 093 | 177 149 36 4.6
bb ete | 17.14 2.07 502 092 | 166 194 1.7 3.0
bb ot | 19.23 2.40 347 097 | 19.1 158 2.3 3.3
bb v, | 17.10 2.06 444 095 | 17.2 177 24 34
bb Ve | 16.48 2.05 466 095 | 16.6 17.9 2.6 3.7
b Tt | 17.91 2.60 4.04 097 | 17.8 169 2.5 4.0
bb Z7Z | 17.74 2.29 377 093 | 17.0 152 8.6 4.9

ptus v, | 0.36 1.06 26.91 0.65 | 8.0 286 0.8 57
utu v, | 055 1.78 32.81 049 | 1.9 244 1.0 9.7
T i, | 0.70 1.90 2028 1.00 | 45 843 0.0 0.0
T uw | 071 1.89 2061 095 | 44 336 0.1 0.7
W+W=  ete~ | 485 2.20 509 1.00 | 13.9 248 0.0 0.0
727 etem | 4.92 2.20 464 100 | 144 239 0.0 0.0

Table 4. DM:-only two-channel annihilations: Best-fit values for DM DM — aa, bb

defined by 8 = {(ov), mpwm, &, BR}, where (0v) is expressed in units of 10722 cm?® s=! and
mpum in PeV. Galactic and extragalactic DM event numbers corresponding to channel a are

indicated as N&, Ngg, respectively. The overall best fit for all those channels is highlighted.

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 differences 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 magnitude estimate. There are different effects that could
modify it, as the average over the galactic 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
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Figure 12. DM-only two-channel annihilation: Channel-by-channel comparison
of Ax? at best fit, computed against the overall best-fit channel: DM DM — {u@, eTe™}.
Channel combinations from Table 4 not shown in this plot represent extremely poor fits with
Ax? > 15.

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 8 = {(ov), mpy, &, BR}.

Results for a few selected combinations of annihilation channels are shown in Ta-
ble 4 and the Ax? for each combination with respect to the best fit is shown in Fig-
ure 12. The overall best fit in this case is obtained for the combination of channels
DM DM — uzi and DM DM — e*e™, with a branching ratio of about 92% in favor of
the former. As expected, in the absence of the astrophysical flux, the DM mass shifts to
around 2 PeV (half that for the case of DM decays) in order to accommodate the entire
event spectrum, with events from annihilation into ete™ explaining the PeV-energy
events, and those into uu producing the soft spectrum that fits the sub-PeV energy
signal. Furthermore, as anticipated, there is a clear preference for larger values of &
compared to those in the previous section. Figure 13, which shows the correlation of
¢ and the DM mass for two different annihilation channels: 1) uu + ete™ (left panel)
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Figure 13. DM-only two-channel annihilation: Correlations between the parame-
ters mpy and € for DM annihilating via two different channels without astrophysical neutri-
nos: DM DM — {uii,ete™} (lefpt panel) and DM DM — {u, v, 7, } (right panel).

and 2) uu + v, v, (right panel), reveals 1o CL preferential regions starting just below
¢ =1 and extending beyond & = 10.

As the comparison amongst different combinations of channels shows (Figure 12),
qualitatively good fits are obtained when pairing DM annihilation to a hard channel,
such as a lepton pair, with a very soft one (u# or bb). In other cases (e.g., with two
hard channels), the fits worsen rather strongly, sometimes ending up with the best-fit
branching fraction wholly in favor of a single channel, and invariably leading to a large
Ax? when computed against the overall best fit. On the other hand, as it happens for
the case of decays, the large contribution from soft channels is likely to be in tension
with (the most restrictive) gamma-ray limits. Nevertheless, a dedicated analysis, taking
into account the full angular dependence of the signal, has not been performed and lies
beyond the scope of this paper. In turn, the requirement for PeV masses also implies
that for all cases the required annihilation cross section is many orders of magnitude
above the unitarity bound (see eq. (4.4)).

5 Discussion and conclusions

As IceCube progressively records new data and improves its statistics, it is impera-
tive 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
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through-going muon set and increasing differences between sub-PeV and PeV spectral
features, alternative explanations for the origins of the flux must be explored. Multi-
component explanations, involving neutrinos with two or more dynamically different
origins have been invoked to yield better fits [6, 8, 16-21]. In this vein, in Ref. [70] we
explored two alternative scenarios that were found to qualitatively improve the fit to
the 4-year HESE data. The first scenario involved a neutrino flux from the decay of
PeV-scale DM complemented by a power-law flux of astrophysical origin. The second
scenario involved DM decays via two different channels, thus producing complementary
spectra to explain the sub-PeV and PeV events without an astrophysical flux.

In the current work, we have reanalyzed both these scenarios against the 6-year
HESE data. The two-year worth of additional data is entirely clustered in the sub-PeV
region, with no change to the PeV events. Additionally, it strengthens the apparent
bump in the ~ 100 TeV region, making the overall spectrum difficult to fit with a
uniform power-law spectrum. Notwithstanding these additional events, we find that
a combined flux from DM decays and an astrophysical power-law still improves the
fit. The best overall fits are obtained in the cases where a relatively flat power-law
spectrum explains a fraction of the sub-PeV events and the entire PeV data, while
neutrinos from an O(400) TeV DM particle decaying to gauge bosons complement sub-
PeV events from the power-law flux, thereby enhancing its softness and reproducing the
O(100) TeV bump. In turn, by using only HESE data, the resulting flat astrophysical
power-law flux is in good agreement with the 8-year through-going muon analysis [7],
sensitive to high energies.

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 — {uu, v.v,} with a branching ratio
of 97% in favor of the quark channel.

It is apparent that the 6-year HESE data prefers fits involving a DM particle of a
few hundred TeV that decays via bosonic channels and populates the sub-PeV region
of the spectrum. This might seem to contrast with our conclusions of Ref. [70], where
we found a general trend of hard-spectrum, high-mass DM channels involving decays to
neutrinos or e* to fit the 4-year HESE data better. In that case, the neutrino flux from
DM decays was found to explain the PeV events while a steeply dropping astrophysical
power-law flux filled in the sub-PeV energies to complement the spectrum. On the other
hand, as Fig. 14 attests, with the 6-year HESE data we find that a flatter astrophysical
spectrum accounts for the PeV events, while it is the component from DM decay that
explains the low-energy excess and bump which are enhanced by the additional data.
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Figure 14. DM decays (single channel) plus astrophysical power-law fluxz: Com-
parison of the 4-year and 6-year results. Channel-by-channel comparisons of Ay? at
best fit for the current 6-year (dark green bars) and for the 4-year (light green bars) [70] HESE
data analyses, computed against the best-fit astrophysical flux plus flux from DM — et 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 HESE data analysis. Negative values of
Ax? in the current analysis for h, t, W, and Z channels indicate that these are better fits
to the data than decays to eTe™. Best-fit values of the DM mass (lower number, in PeV)
and astrophysical spectral index (upper number) for each channel are displayed above the

corresponding bars.

We attribute these qualitative changes among the nature of the fits obtained using the
4-year data and G-year data to the strengthening of the @(100) TeV bump in the event
spectrum. Moreover, note that, for the best-fit channel, the 6-year 1o CL region was
already part of the 4-year 1o CL region (compare Figure 10 above with Figure 3 in
Ref. [70]).

Additionally, by looking at the maximum number of events from DM decay to
within 95% CL of the best-fit, we have drawn improved constraints on the DM lifetime.
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While these limits are largely unchanged from our 4-year HESE data analysis, they
become stronger for the neutrino and charged leptonic channels, which, as noted before,
are not as good fits to the 6-year HESE data than they were to the 4-year data.

Furthermore, in this work we have similarly analyzed the potential contribution
from DM annihilations to the 6-year HESE event spectrum. It is well known that to
explain a few events per year, the required annihilation cross section is very large [39—
41, 45, 65] and even violates the unitarity bound [80, 81] in most cases. Nevertheless,
for low DM masses and for final state leptons, previous works found results more
restrictive than the unitarity bound [39, 65]. Thus, we have revisited this scenario,
assuming a constant annihilation cross section, and have performed analogous analyses
to the ones for DM decay. In this case, we have also accounted for uncertainties in
the non-homogeneous DM clustering properties by adding an extra parameter that
determines the relative contribution of the galactic and extragalactic DM components.
Due to the more abundant low-energy events in the extra two years of data, now the
best-fit values for the annihilation cross section are above the unitarity bound even
for leptonic final states (Figure 11), and if the data is to be explained only in terms
of DM annihilations, the required cross section is many orders of magnitude larger
than the unitarity limit. Therefore, we conclude that the results about the potential
contribution from heavy DM annihilations obtained from the 6-year HESE data are of
limited interest.
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