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Recently, the KM3NeT collaboration detected an astrophysical neutrino event, KM3-230213A, with an
energy of approximately 220 PeV, providing unprecedented insights into the ultra-high-energy Universe. In
this study, we introduce a novel likelihood framework designed to leverage this event to constrain the
properties of superheavy dark matter (SHDM) decay. Our approach systematically integrates multi-
messenger constraints from galactic and extragalactic neutrino flux measurements by IceCube, the absence
of comparable neutrino events at IceCube and Auger observatories, and the latest gamma-ray experiment
upper limits. Our findings impose the most stringent constraints to date, placing a lower bound on the
SHDM lifetime at =5 x 10*-10%° s. Importantly, we identify, for the first time, the significant potential of
galactic neutrino flux measurements in advancing dark matter research. Future investigations targeting
astrophysical neutrinos originating from the Galactic Center at energies above 10 PeV will be crucial, not
only for understanding the origin of the cosmic-ray knee but also for exploring the possible contributions of

superheavy dark matter to our Universe.

DOIL: 10.1103/rc2p-53yg

I. INTRODUCTION

Dark matter (DM) is a cornerstone of the standard
cosmological model [1], yet its fundamental nature remains
elusive. Over the years, extensive efforts have been devoted
to the search for DM particle candidates, spanning a wide
mass range from ultralight (~107° eV) to superheavy
(~10?! eV) scenarios [2—7]. In this context, multimessenger
astroparticle physics provides unique opportunities to probe
the properties of DM, as DM annihilation or decay should
leave observable signatures in gamma-ray, neutrino, and
cosmic-ray data [8—14]. On the night of February 13, 2023,
the KM3NeT/ARCA Cherenkov neutrino telescope in the
Mediterranean Sea detected a cosmic neutrino with an
energy of approximately 220 PeV, designated as the
KM3-230213A event [15]. This detection may represent
a new component in the high-energy neutrino sky, not
previously observed by either the IceCube or Pierre Auger
Observatories [16-18]. It has been speculated that the
KM3NeT-230213A event may provide a hint of physics
beyond the Standard Model [19-46], possibly associated
with phenomena such as primordial black holes, quantum
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gravity effects, or the decay of dark matter. In particular,
DM candidates with masses above ~10% GeV, collectively
referred to as superheavy dark matter (SHDM), have been
proposed as a natural solution to several persisting cosmo-
logical problems (see, e.g., [47,48] for reviews). However,
these interpretations—particularly the SHDM decay sce-
nario—do not account for the fact that the expected signal
from SHDM decay should peak toward the Galactic Center,
whereas the coordinates of KM3-230213A (lpyen: = 216.1°,
Devent = —11°) lie well away from it [15]. Furthermore,
given the energy of the event, cosmogenic neutrinos remain
the most viable explanation [49-52]. In this work, assuming
that the KM3-230213A event originates from a diffuse
astrophysical background, we place limits on the SHDM
hypothesis. Unlike previous studies [21-23,26,29-31,35],
we develop a comprehensive likelihood framework that
incorporates constraints from ultra-high-energy gamma rays
[18,53-57] as well as neutrino fluxes and upper limits
reported by the IceCube collaboration [58,59]. Moreover,
we consistently model both the Galactic contribution,
adopting a representative dark matter halo profile, as well
as the uniform extragalactic contribution, ensuring a robust
treatment of the expected signal across all relevant spatial
components. We place the strongest constraints to date on
the DM lifetime (25 x 102-10% s). This outcome high-
lights the critical importance of a global approach for
unveiling the properties of a specific dark matter model.
Looking ahead, the extension of the galactic neutrino
spectrum up to ~10-100 PeV will be invaluable in
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FIG. 1.

Fractional visibility F as a function of the equatorial declination for KM3NeT/ARCA (blue line), IceCube (orange line), and

Pierre Auger Observatory (green line). The vertical dashed red line refers to the Galactic center declination.

constraining such scenarios, as the Galactic DM-induced
contribution is expected to be predominant along the
Galactic Plane.

II. SHDM DECAY GAMMA-RAY
AND NEUTRINO FLUXES

The total flux arising from SHDM decay is given by the
sum of Galactic and extragalactic contributions [60].
The Galactic, per solid-angle flux is given by

depe, 1 dN,
L(E,M,,7,) =
aeda\EMe ™) = G o de

x/dsp(s,l,b)e‘s/’lf(l'b), (1)

(E)

where i = y, v denotes either gamma rays or neutrinos, M,
and 7, are, respectively, the mass and lifetime of the DM
particle (y). dQ = cos bdbdl is the solid angle element,
p(s,1,b) is the dark matter energy density (in units of
GeV cm™), depending on the distance s along the line of
sight and Galactic coordinates (/, b). The term dN;(E)/dE
is the gamma-ray or neutrino energy spectrum per DM
decay, computed using the public code HDMSpectra [61],
which accounts for electroweak corrections [62]. 4;(1, b) is
the effective attenuation length of gamma rays or neutrinos.
Since neutrinos propagate essentially unimpeded up to very
high redshift (z = 100), we set /¥ — +o0. For gamma rays,
the main attenuation is due to pair production on the cosmic
microwave background [63]. For the Galactic DM energy
density, we adopt the Navarro-Frenk-White profile [64],
exploiting the parameter values reported in [60]. The
Galactic DM density profile remains uncertain and can
alternatively be described by other parametrizations, such

as the Burkert profile [65,66]. However, we have verified
that this uncertainty has a negligible effect on our results
(<5%), and we thus neglect it in the following.

The extragalactic DM distribution also contributes to the
overall flux. The differential flux per solid angle from
extragalactic decays reads [60]

e Q poc [ dz dN;
\1 E) = ‘v cr i E 1 2
dEdQ( ) 471'M)(TXHO/) EQ) dE( (14+2z2)), (2)

where p., = 4.8 x 107® GeV cm™ is the critical density of
the Universe, E(z) = /Qy(1 +2)° + Q, and Q, = 0.26,
Qy, =031, Q, =069, and Hy = 67.74 kms~' Mpc~!
represent the ACDM cosmological parameters as reported
by the Planck Collaboration [1]. The upper limit of z,;,,, = 5
for the redshift integral is justified by explicit verification
that contributions from higher redshifts are negligible. The
gamma ray attenuation severely suppresses the extragalactic
contribution to the observable gamma-ray flux. We have
verified, using the public y-Cascade code [67], that secondary
cascaded photons do not contribute significantly to the
isotropic gamma-ray background measured by Fermi-LAT
[68]. Consequently, they are not included in the following
analysis. The DM-induced flux is crucially dependent on
the source spectrum dN/dE, which in turn depends on the
dominant decay channel. In the following, we consider two
representative decay channels: (i) y — v (ii) y — bb. The
first channel corresponds to purely leptonic DM decay, in
which the associated gamma-ray signature is highly sup-
pressed at the emission peak (~M,/2), arising only from
electroweak corrections. By contrast, the second channel
represents hadronic DM decay, where the resulting Standard
Model particles lead to significant gamma-ray emission
through hadronization and subsequent cascade processes.
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FIG. 2. 2D map in galactic coordinates of the visibility Fx the galactic DM distribution flux for KM3NeT/ARCA, considering
0° < 0 < 100°. The blank region corresponds to the blind spots, while the golden and red stars respectively are the Galactic center and
the location of KM3-230213A event.

Owing to their qualitatively different phenomenology, these ~ experiments, evaluated through the public code available at
two channels are adopted as representative cases in the  Refs. [69,71]. Remarkably, the Galactic Center is 40% of

following analysis. the time observable in the down-going/horizontal sky for
KM3NeT/ARCA. Consequently, the Galactic Center should

III. ON THE DIRECTION OF THE anyway dominate in case of SHDM decay, where the flux
KM3-230213A EVENT is principally concentrated. To quantify this effect further,

In this section, we demonstrate that the direction of KM3-  Figs. 2 and 3 show 2D maps in galactic coordinates of the

230213A strongly disfavors a galactic origin, specially in product between the visibility and the line-of-sight integral
the context of SHDM decay, by exploiting the concept of [ ds, p(s, L, b), representing the expected contribution from
fraction visibility F of neutrino telescopes. The visibility of ~ Galactic dark matter decay for KM3NeT/ARCA, IceCube,
an experiment is defined as the fraction of the day a source, and the Pierre Auger Observatory, respectively.

in a given equatorial declination, lies within a given interval In all cases, the maps are clearly dominated by the
of zenith angle [69]. This limits the field of view of the  Galactic Center. Although detector response and event
experiment and it is simply dependent on the location of the  selection are not included, this trend highlights the central

detector. At ultrahigh energies (E > 1-10 PeV), neutrinos  role of the Galactic Center in shaping the expected signal.
can be observed specifically through down-going and

horizontal events because of the Earth absorption [15,16].
For KM3NeT/ARCA and IceCube detectors, the corre-
sponding zenith angle range is 0° < 6 < 100° [70]. For the Our analysis evaluates the constraining power of
Pierre Auger Observatory, we consider 60° <0 <95°  gamma-rays and neutrinos fluxes into constraining
according to the range used in [17]. Figure 1 reports the  the SHDM decay scenario, by enforcing the following
fractional visibility as a function of the declination for the  constraints:

IV. CONSTRAINTS AND ANALYSIS SETUP

Visibility x Galactic DM Distribution, IceCube (0" <6 < 100°) Visibility x Galactic DM Distribution, Pierre Auger Observatory (60° <6 < 95°)
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FIG. 3. Same as Fig. 2. Left: The IceCube case, considering 0° < € < 100°. Right: The Pierre Auger case, considering 60° < 6 < 95°.
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FIG. 4. 95% CL lower limit of the SHDM in terms of M, in the mass range 107-10'7 GeV. The orange band represents the excluded
regions obtained by our analysis. Left: It refers to y — v and it is compared to the limits obtained by [72]. Right: It refers to y — bb

and it is compared with the limits obtained by [63,73].

(i) The total neutrino flux (Galactic plus extragalactic)
must not exceed the diffuse astrophysical flux
measured by the IceCube Collaboration [59].
The Galactic neutrino component should be
bounded by the flux reported by IceCube’s dedicated
analysis of the Galactic plane [58].
The SHDM decay lifetime must be compatible with
non-observation of a steady neutrino flux by IceCube
[16] and the Pierre Auger Observatory [17] in the
energy range relevant for KM3-230213A.
The associated gamma-ray flux must not overshoot
the integrated upper limits set by gamma-ray and
cosmic ray experiments [18,53-57].

To consistently incorporate these constraints, we define
the following likelihood function:

(i)

(iii)

(iv)

‘C(M)(’T)() = P{ZNi(MrT)() + Niaeks 1}

2 2
X exp {—W} exp |:_ '%)grx)]
2
X exp {_)(D(Q/IT%’TZ)} (3)

where the sum is over
i = {KM3NeT/ARCA, IceCube, Pierre Auger}.

The function P(>_; N;, 1) denotes the Poisson proba-
bility for the combined detectors to observe one event given
the expected sum ) ; N;(M,,, z,). This approach effectively
treats the three experiments as a single, composite detector,
with the recorded event in KM3NeT/ARCA representing a
detection in one segment of the overall exposure. A similar
statistical treatment was adopted in [74] to determine the
isotropic flux corresponding to the detection of KM3-
230213A. To compute the expected number of events in the

energy interval above 10 PeV (denoted as AE), we include
both extragalactic and Galactic DM contributions. For the
extragalactic flux, the expected number of events for each
experiment is given by,

P

Trie (E:M,.7,)dE.

Vi —dat, [ as(E) @)
AE

where T; and A (E) denote, respectively, the experimental
operational time and the energy-dependent effective area
of each experiment. For KM3NeT/ARCA we adopt
T; = 335 days, while for IceCube we use T; = 12.6 yr,
with effective areas taken from [15,16]. For the Pierre
Auger Observatory, we employ the exposure reported in
[17]. For the Galactic component, we use

Aoy
G_ . eff G (F- ‘
N; —T,/AEAl (E)dEd (EsM,,7,,Q)F;(Q)dEdQ, (5)

where F;(Q) is the fractional visibility for each experiment,
accounting for a limited field of view [5]. The last three
terms in Eq. (3) are Gaussian penalty factors, each
enforcing the corresponding observational constraint
described above. The gamma-ray term, X%(M e T;()’ follows
the approach of Ref. [72] and is defined as

M,z = Z(‘I’?(> E"M“*))z, (6)

] i
where the sum runs over all 95% CL upper limits from the
various gamma-ray experiments, reported in [18,53-57].
Each uncertainty is taken as half the reported upper limit,
ie., 6; = 0.5®ysq .. Here, ®,(> E;) is the integrated,
angle-averaged gamma-ray flux above energy E; as
gamma-ray experiments constrain the energy-integrated
flux per solid angle. For the diffuse neutrino flux constraint,
we account for the fact that IceCube has not observed any
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events in the 5-100 PeV energy range and has set a 90% CL
upper limit of @, <7.79 x 10716 ecm=2s~!sr™! [59].
The corresponding penalty term is

OSHEG(> E M, 1,)\?
2 ( X }(> , (7)

){ =
D op

where 65, = 0.5®L,,, and the total expected neutrino flux is
obtained by integrating between 5 PeV and 100 PeV the sum
of the Galactic [Eq. (1)] and extra-Galactic [Eq. (2)]
contribution to the angle-averaged diffuse flux. IceCube
has also provided a measurement of the Galactic neutrino
flux using a template likelihood analysis of cascade
(shower) events in the energy range ~1-10° TeV [58].
The measured neutrino intensity at E =1, PeV is
E*pes(E) ~3.89 x 107 GeVem™2s™!, integrated over
the sky, with a relative statistical uncertainty reported of
oG ~30% [58]. To quantify the corresponding Gaussian
penalty, we define the Galactic fractional DM contribution
to the measured flux at 1 PeV and require that this fraction
(fc) be consistent with zero within the stated uncertainty.
N represents the contribution from a potential astro-
physical background to the total number of neutrino events
observable by the detectors. This contribution is both
theoretically and observationally well motivated, though
it is subject to substantial uncertainties that could signifi-
cantly influence our analysis [15,49,75-81]. In order to
account for it while remaining both conservative and model
independent, we adopt N = 1. This choice corresponds
to attributing the KM3-230213A event to the astrophysical
background. This assumption is conservative for several
reasons: higher values of Niop would result in even stronger
constraints, and astrophysical backgrounds—such as cos-
mogenic or in-source neutrinos—could also contribute to
the Gaussian penalty terms in the likelihood, further
tightening the limits. Future analyses might be able to rely
on realistic astrophysical predictions, provided that obser-
vational evidence for an astrophysical flux at these energies
becomes available. We define a test statistic (TS) as

M) (8)

TS(M,.7,) = 21n<£(£(M =5

and derive a one-sided 95% confidence level (CL) lower
limit on the dark matter lifetime as a function of its mass by
imposing TS = 2.71 [73,82].

V. RESULTS

Figure 4 shows the resulting lower limits on 7, as a
function of M,. The left and right panels refer to y — v
and y — bb channels, respectively. In general, the decay

channel y — bb is more strongly constrained due to its

higher gamma-ray yield. Remarkably, even under our
conservative assumptions, the KM3-230213A event allows
us to set the most stringent constraints to date on 7, for
both decay channels considered. Specifically, in the case of
y — bb, we find an improvement of up to a factor of ~1.5
for M, $10'",GeV compared to Ref. [63], while our
results are comparable at higher masses. Furthermore, for
M, < 10° GeV, our constraints surpass those obtained by
the LHAASO collaboration [73]. Our findings reinforce
previous results [13,14,63,83], underscoring the power of
gamma-ray observations in constraining a broad class of
beyond-the-Standard-Model scenarios. Further improve-
ments in gamma-ray upper limits at the highest energies
[84] will provide complementary information and play a
decisive role in probing or excluding SHDM-induced
signatures even further. In the case of y — v, the limits
improve by up to a factor of ~3 compared to Ref. [72], and
by an even larger factor relative to those reported in
Ref. [5]. This enhanced sensitivity arises from a higher
neutrino yield associated with this decay channel. The
galactic neutrino flux, in the energy range 210 PeV, is
crucial to falsify the SHDM decay hypothesis even further.
Therefore, future experiments such as GRAND, RNG-0,
IceCube Gen 2, and POEMMA promise unprecedented
sensitivity, potentially enabling the extension of these
constraints to higher energies [85—-88].

VI. CONCLUSIONS

In this manuscript, we have utilized the highest-energy
neutrino ever detected, KM3-230213A, to establish the
most stringent constraints on the SHDM decay scenario to
date. Even adopting a conservative approach, we derive
robust lower bounds on the dark matter lifetime, 7, 2 5 x
10%-10%" s for 107 GeV < m, < 10'7 GeV, slightly vary-
ing based on the decay channel considered. Future analy-
ses employing detailed spatial distribution templates are
expected to further refine these constraints, thereby placing
neutrino astronomy at the forefront of probing SHDM
models.

We anticipate that imminent advancements in neutrino
observatories—most  notably KM3NeT/ARCA and
IceCube-Gen2—with their enhanced exposure and sensi-
tivity toward the Galactic neutrino background, comple-
mented with upcoming ultra-high-energy gamma-ray
observations, such as those from AugerPrime [84], will
jointly play a crucial role in refining constraints on the
SHDM decay hypothesis, potentially providing decisive
evidence against hadronic decay channels or tightening
constraints on leptonic channels.
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