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Search for super-heavy dark matter decaying in the Galactic halo 
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LHC experiments provide laboratory for measurements relevant to understand subtleties of EAS physics:                                
e.g. neutrino flux is a proxy for charged kaon to pion production rate ☛ test of strangeness enhancement
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Figure 2. Signal term of the directional density, d µ(n,E = 32EeV),
as expected to be observed at the Pierre Auger Observatory in galac-
tic coordinates.

Here, x= 2Eh/MX , z=Eh/Ea and y= x/z are the various frac-
tions of available maximum momentum and primary parton
momentum carried by the hadron under scrutiny. To lowest or-
der for a two-body decay, the decay width of the particle into
parton a, dGa/dy, is proportional to d (1�y), so that dNh/dx is
then proportional to Âa Dh

a(x,M2), the constant of proportion-
ality being the inverse of the number of quark flavors nF [43].
The Dh

a(z,M2) functions are the fragmentation functions for
hadrons of type h from partons a, with M2 the factorisation
scale chosen to be M2 ' M2

X . These functions are evolved,
starting from measurements at the electroweak scale up to the
energy scale fixed by MX , using the DGLAP equation to ac-
count for the splitting function that describes the emission of
parton k by parton j. The energy spectra of photons, neutri-
nos and nucleons, dNi/dx with i = {g,n ,N}, then follow from
the subsequent decay of unstable hadrons. Among the various
computational schemes [37, 44–47], there is a general agree-
ment for these spectra to be of the form E�1.9. We use the
scheme of Ref. [37] in this study, which is illustrated for the
quark/anti-quark channel in Fig. 1 in terms of dNi/dx. Note
that to study decays into p quarks/anti-quarks pairs (p > 1),
the phase space factor entering into Eq. (4) through the width
dGa/dy then scales as (2p�1)(2p�2)z(1� z)2p�3 [44].

All in all, this allows us to express qi as

qi(E,x) =
rDM(x)
MX tX

dNi(E;MX )

dE
, (5)

with tX = G�1
X the lifetime of the X particles. The salient

features of the flux from the decay by-products of super-heavy
particles are thus the presence of 2-to-3 (3-to-4) times more
photons (neutrinos) than nucleons on the one hand, and its
peculiar directional dependency.

B. Search for secondaries from the decay of SHDM in data of
the Observatory

The features described above can give rise to observational
signatures that can be captured at the Pierre Auger Observa-
tory, located in the province of Mendoza (Argentina) and cov-
ering 3000 km2 [1]. UHECRs can only be studied through
the detection of the showers of particles they create in the

atmosphere. As the cascade develops, nitrogen and oxygen
molecules get excited by the many ionizing electrons created
along the shower track. The ultraviolet fluorescence caused by
the subsequent de-excitation of the molecules can be detected
by telescope stations, made up of arrays of several hundreds
of photomultiplier tubes that, thanks to a set of mirrors, each
monitor a small portion of the sky. The isotropic emission en-
ables observing the cascades side-on up to 30 or 40 km away
on moonless nights and thus the reconstruction of the longi-
tudinal profile of the showers. This reconstruction allows the
inference of both the energy of the showers in a calorimetric
way, without recourse to external information to calibrate the
energy estimator, and the slant depth of maximum of shower
development, (Xmax), which is a proxy, the best available to
now, of the primary mass of the particles. Complementing
the fluorescence detectors, particle detectors deployed on the
ground can be operated with a quasi-permanent duty cycle and
thus provide a harvest of data. The subset of events detected
simultaneously by the fluorescence and the surface detectors
is used to develop a calibration curve such that an energy es-
timate can be assigned to each event [48–50]. Such a hybrid-
detection approach is advantageous for providing a calorimet-
ric estimate of the energy for events recorded during periods
when the telescopes cannot be operated, thus avoiding as-
sumptions about the primary mass and the hadronic processes
that control the shower development to infer the energies.

The Pierre Auger Observatory is such a hybrid system. The
array of particle detectors is made of 1600 water-Cherenkov
detectors deployed on a 1500 m triangular grid. The array
is overlooked from four stations, each containing six tele-
scopes used to detect the emitted fluorescence light. The en-
ergy resolution achieved is 10% above 1010 GeV [48]. The
integrated exposure of the Observatory over the last 17 years,
122 000 km2 sr yr, has enabled us to measure the arrival di-
rections, within 1� [51], of more than 2 600 UHECRs above
3.2⇥1010 GeV. This data set, the largest available at such ener-
gies, is used to search for a component of UHECRs following
the arrival direction pattern predicted by Equation (1). Pre-
vious related searches have been conducted using much more
modest data sets [52–57]. The high energy thresholds con-
sidered here, namely from 1010.5 GeV to 1010.9 GeV, allow us
to minimize the uncertainties inherent in the modelling of the
Galactic magnetic field bending the (anti-)proton trajectories.
A thorough exploration of the entire energy range accessible
to the Observatory is left for a future study.

To search for a sub-dominant directional dependency sug-
gestive of a DM signal, the set of observed arrival directions is
required to match in the best possible way a directional den-
sity µ(n,E) ⌘ µ(n,>E) that consists of the sum of a back-
ground density and a signal density built from Eq. (1). The
balance between the two contributions is left free and denoted
as z . As the dependencies with energy of the background
and of the signal terms are different, the resolution effects
(in energy) are expected to distort the balance parameter. A
forward-folding of the detector effects is thus carried out to
build µ(n,E;z ). Under these conditions, the isotropic back-
ground density above an energy threshold E, µbkg(n,E;z ), is
modelled as
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