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Abstract. We briefly discuss the connection of the Pierre Auger Observa-
tory data with a large class of dark matter models based on the early universe
generation of super heavy particles, their role in the solution of the dark mat-
ter problem, highlighting the remarkable constraining capabilities of the Auger
observations.

1 Introduction

Ultra-high energy cosmic rays (UHECR) are the most energetic particles ever observed with
energies larger than 1020 eV. These extreme energies, as high as 1011 GeV, eleven orders
of magnitude above the proton mass and "only" eight below the Planck mass, are a unique
workbench to probe new ideas, models and theories beyond the Standard Model (SM) of
particle physics, which show their effects at energies much larger than those ever obtained, or
obtainable in the future, in accelerator experiments. This is the case of theories with Lorentz
invariance violations [1–4] or models of Dark Matter (DM) with super heavy particles [5?
–10], that connect UHECR observations with the Dark Sector (DS) and the cosmological
evolution of the early universe.

The leading paradigm to explain DM observations is based on the Weakly Interactive
Massive Particle (WIMP) hypotheses, a stable DM particle with mass in the range of 0.1÷10
TeV [11]. Searches for WIMPs provided no evidence of a clear candidate and alternative
solutions to the DM problem should be considered. An alternative to WIMP models is rep-
resented by the scenarios based on long lived super-heavy relics, that can be produced by
several mechanisms taking place during the inflationary phase or just after, in the re-heating
phase [5–7, 9, 10]. Once created in the early universe, the abundance of the long-lived super-
heavy particles can evolve to match the DM density observed today, the so-called Super
Heavy Dark Matter (SHDM). This conclusion can be drawn under three general hypotheses:
(i) SHDM in the early universe never reaches local thermal equilibrium; (ii) SHDM parti-
cles have mass MX of the order of the inflaton mass or higher; and (iii) SHDM particles are
long-living particles with a lifetime exceeding the age of the universe, τX � t0.

By far the largest experiment devoted to the observation of UHECR is the Pierre Auger
Observatory (Auger) in Argentina. UHECR can be observed only indirectly through the de-
tection of their interaction products with the Earth’s atmosphere. An UHE particle interacting
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with a nucleus of the atmosphere produces both hadronic and electromagnetic cascades of
particles, collectively called Extensive Air Shower (EAS). In Auger the EAS observation is
performed by detecting the EAS particles that reach the ground and by the (coincident) de-
tection of the fluorescence emission produced in the atmosphere, the so-called hybrid events.

As always in the case of cosmic rays, the information we can gather experimentally con-
cerns: energy spectrum, mass composition and arrival direction anisotropy. The Auger ob-
servations of UHECR clarified several important facts [12–15, 17]: (i) UHECR are charged
particles, with severe upper limits on UHE photon and neutrino fluxes (see later); (ii) the spec-
trum observed at the Earth shows a slight flattening at energies around 5 × 1018 eV (called
the ankle) with (iii) an instep at 1019 eV and (iv) a steep suppression at the highest energies;
(v) mass composition is dominated by light particles (proton and helium) at energies around
1018 eV becoming progressively heavier starting from energies around 3×1018 eV, with lack-
ing of light particles toward the highest energies; (vi) at energies larger than 8 × 1018 eV
UHECR show a strong signal of dipole anisotropy in the arrival directions, with 6% ampli-
tude and the phase pointing toward the direction of the galactic anti-center.

In section 2, we will briefly introduce SHDM models discussing their connection to the
Auger observations and the related constraining capabilities. We conclude in section 3.

2 Super-heavy dark matter models and constrains

Recently, using the LHC measurements of the masses of the Higgs boson and Top quark,
it has been pointed out that the Higgs potential is stable until very high energy scales ΛI �
1010 ÷ 1012 GeV and it might be possible to extrapolate the SM to even higher energies up
to the Planck mass MP = 1019 GeV [16]. This fact implies that the mass spectrum of the DS
is restricted to ultra-high energies and SHDM could play a role. In the following, we will
consider SHDM with masses in the range between 108 GeV up to the Planck mass.

Apart from the gravitational interaction, SHDM can be coupled to ordinary matter also
through some super-weak coupling, driven by a high energy scale Λ > ΛI as the Grand Uni-
fication Scale (ΛGUT � 1016 GeV). To assure long-lived particles, the interaction SHDM-SM
should be suppressed by some power n of the high energy scale Λ, with a decay SHMD →
SM characterised by a lifetime τX � (MXαXΘ)−1(Λ/MX)2n−8, being αXΘ the reduced cou-
pling constant between SHDM and SM particles [5]. In the case in which SHDM inter-
acts with SM particles only through the gravitational interaction1, assuming the very general
case of a DS characterised by its own non-abelian gauge symmetry, SHDM can decay only
through non-perturbative effects as the instanton-induced decay [5]. In this case, the lifetime
of SHDM follows from the corresponding instanton transition amplitude that, being exponen-
tially suppressed, provides long-living particles. Considering the zeroth order contribution,
the instanton-induced lifetime can be written as τX � M−1

X exp (4π/αX), being αX the reduced
coupling constant of the hidden gauge interaction in the DS.

Under very general assumptions [5? –10], we can determine the composition and spectra
of the standard model particles produced by the SHDM decay. Typical decay products are
couples of quark and anti-quark2 that, through a cascading process (jets), give rise to neutri-
nos, gamma rays and nucleons. As follows using the DGLAP equations [7], these particles
exhibit a flat spectrum, that, as shown in the left panel of figure 1, at the relevant energies, can
be approximated as dN/dE ∝ E−1.9, independently of the particle type, with a photon/nucleon
ratio of about γ/N � 2÷ 3 and a neutrino nucleon ratio ν/N � 3÷ 4, quite independent of the
energy range [7]. Therefore, the most constraining limits on the SHDM mass and lifetime

1Note that, in this case, a SHDM particle can be also called Planckian-Interacting Massive Particle (PIDM).
2For a discussion of alternative (leptonic) decay patterns see [8].
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photons. By relating, in the framework of instanton-induced
decay, the lifetime of the X particles to the coupling constant
aX of a hidden sector pertaining to PIDM, the limits obtained
in section II are shown in section III to be sufficient to pro-
vide upper bounds on aX as a function of MX . Here aX is the
gauge coupling constant of a hidden non-abelian symmetry
possibly unified with SM interactions at a high scale. In sec-
tion IV, we use the results obtained in [11, 16] for the PIDM
scenario to relate the reheating temperature Trh (the tempera-
ture at the end of the reheating era), the Hubble expansion rate
Hinf and the mass of a SHDM particle MX to the relic abun-
dance WCDMh = (0.1199±0.0022) [34], with h being the di-
mensionless Hubble constant [34]. The relationship obtained
is then used to delineate viable regions to these quantities and
aX . In parallel, it is important to assess the possible impacts of
inflationary cosmologies on the astronomically-long lifetime
of the vacuum of the SM [24, 35]. Large fluctuations of free
fields generated by the dynamics on a curved background, be-
cause of the presence of a non-minimal coupling x between
the Higgs field and the curvature of space-time, might indeed
challenge this lifetime. Requiring the electroweak vacuum not
to decay yields constraints between the non-minimal coupling
and the Hubble rate at the end of inflation [36], which are
propagated in the plane (x ,aX ) in section V. Finally, the re-
sults are summarized in section ??.

II. SEARCHES FOR SHDM/PIDM SIGNATURES AT THE
PIERRE AUGER OBSERVATORY

Regardless of the underlying model of particle physics that
regulates the decay process of the SHDM particles, pairs
of quarks and anti-quarks of any flavor are expected as by-
products of disintegration. They give rise to a direct produc-
tion of fluxes of UHE photons and neutrinos as well as to a
cascade of partons that then produce a cascade of hadrons,
among which are nucleons and pions, which themselves de-
cay and generate copious fluxes of UHE photons and neutri-
nos. All these secondaries can be scrutinized in UHECR data.

A. Prediction of the fluxes of secondaries

Secondaries are expected to be emitted isotropically, in pro-
portion to the DM density accumulated in galaxy halos. For
each particle i = {g,n ,n ,N,N}, the flux as observed on Earth
is dominated by the contribution of the Milky Way halo. It
can be obtained by integrating the position-dependent emis-
sion rate qi per unit volume and unit energy along the path in
the direction n,

Ji(E,n) =
1

4p

Z •

0
ds qi(E,x�+xi(s;n)). (1)

Here, x� is the position of the Solar system in the Galaxy and
n ⌘ n(`,b) is a unit vector on the sphere pointing to the longi-
tude ` and latitude b, in Galactic coordinates. The 4p normal-
isation factor accounts for the isotropy of the decay processes.
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Figure 1. Energy spectra of decay by-products of an SHDM particle,
based on the hadronization process described in [37]. The mass of
the X particle is here 1016 GeV.

The emission rate is shaped by the DM density nDM, more
conveniently expressed in terms of energy density rDM =
MX nDM, and by the differential decay width into the particle
species i as

qi(E,x) = nDM(x)
dGi(E;MX )

dE
. (2)

The ingredients are thus well separated in terms of astrophys-
ical and particle-physics inputs. There are uncertainties in the
determination of the profile rDM. We use here the traditional
NFW profile [38],

rDM(R) =
rs

(R/Rs)(1+R/Rs)2 , (3)

where R is the distance to the Galactic center, Rs = 24 kpc,
and rs is fixed by the DM density in the solar neighborhood,
namely r� = 0.3 GeV cm−3. The uncertainties in this pro-
file translate into a 10% systematic uncertainty in the various
constraints inferred in the following on the flux of decay by-
products [39]. The other ingredient shaping the emission rate,
the particle-physics factor, is the (inclusive) differential decay
width of SHDM into particle i, accounting for the parton cas-
cade and hadronization process. For a particle with mass MX
decaying into partons a that hadronize into particles of type
h (carrying a fraction x of the maximum available momentum
MX/2 and a fraction z of the parton momentum), the decay
width can be factorized as [40]

1
GX

dG(x)
dx

= Â
a

Z 1

x

dz
z

1
Ga

dGa(y,M2,M2
X )

dy
Dh

a(z,M
2). (4)

The first factor in the integrand corresponds to the decay
width of X into parton a evaluated in terms of the fraction
of available primary parton momentum y = x/z(' 2Ea/MX ).
The second factor stands for the fragmentation functions
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Figure 3. Upper limits on secondaries produced from the decay of
SHDM particles.

[60]. Tau neutrinos are not expected to be copiously pro-
duced at the astrophysical sources; yet approximately equal
fluxes for each neutrino flavour should reach the Earth as a re-
sult of neutrino oscillations over cosmological distances [61–
63]. The identification of neutrinos relies on salient zenith-
dependent features of air showers. For highly-inclined cas-
cades (zenith angle larger than 60◦), neutrino-induced show-
ers initiated deep in the atmosphere near ground level have
a significant electromagnetic component when they reach the
array of particle detectors, producing signals that are spread
over time. In contrast, inclined showers initiated at a shallow
depth in the atmosphere by the bulk of UHECRs are domi-
nated by muons at the ground level, inducing signals in the
particle detectors that have characteristic high peaks associ-
ated with individual muons, which are spread over smaller
time intervals. Thanks to the fast sampling (25 ns) of the dig-
ital electronics of the detectors, several observables that are
sensitive to the time structure of the signal can be used to dis-
criminate between these two types of showers.

Neutrino limits obtained at the Observatory [64] are also
displayed in Fig. 3 as the continuous line. Except at the low-
est energies, these limits are seen to be superseded by photon
limits in the search for SHDM by-product decays.

III. CONSTRAINTS ON GAUGE COUPLING IN THE
DARK SECTOR

Some SHDM models postulate the existence of super-weak
couplings between the dark and SM sectors. The lifetime tX
of the particles is then governed by the strength of the cou-
plings gXQ (or reduced couplings aXQ = g2

XQ/(4p)) and by
the mass dimension n of the operator Q standing for the SM
fields in the effective interaction [65]. This results in lifetimes
that are in general far too short for DM to be stable enough,
unless a practically untenable fine tuning between gXQ and
n holds [4, 65]. However even without knowing the theory
behind the decay of the X particle, we can derive generic con-
straints on aXQ and n. The effective interaction term that cou-
ples the field X associated with the heavy particle to the SM
fields is taken as

Lint =
gXQ
Ln−4 XQ, (10)

where L is an energy parameter typical of the scale of the new
interaction. In the absence of further details about the oper-
ator Q, the matrix element describing the decay transition is
considered flat in all kinematic variables so that it behaves as
|M |2 ⇠ 4paXQ/L2n−4. On the basis of dimensional argu-
ments, the lifetime of the particle X is then given as

tXQ =
Vn

4pMX aXQ

✓
L

MX

◆2n−8

, (11)

where Vn is a phase space factor. As a proxy for this factor, we
consider the case of scalars only (mass dimension of 1) in Q
and use the expression derived for N −1 particles in the final
state [66],

Vn =

✓
2
p

◆n−1

G(n−1)G(n−2), (12)

with G(x) the Euler gamma function.
Equation (11) provides us with a relationship connecting

the lifetime tXQ, which we now show to be constrained by the
absence of UHE photons, to the coupling constant aX . As-
suming that the relic abundance of DM is saturated by SHDM,
constraints can be inferred in the plane (tXQ,MX ) by requir-
ing the flux calculated by averaging Equation (1) over all di-
rections to be less than the limits,

J95%
g (≥E)

Z •

E
dE 0hJg(E 0,n)i, (13)

where h·i stands for the average over all directions. In prac-
tice, for a specific upper limit at one energy threshold, a lower
limit of the tXQ parameter is derived for each value of mass
MX . The lower limit on tXQ is subsequently transformed into
an upper limit on aXQ by means of Eq. (11). This defines a
curve in the plane (tXQ,MX ). By repeating the procedure for
each upper limit on J95%

g (≥ E), a set of curves is obtained, re-
flecting the sensitivity of a specific energy threshold to some
range of mass. The union of the excluded regions finally pro-
vides the constraints in the plane (aXQ,MX ). In this manner

Figure 1. [Left Panel] Distribution function of the SM products in the SHDM decay. [Right Panel]
Auger experimental limits on the fluxes of gamma rays and neutrinos. Figures taken from [5].

are those coming from the (non) observation of UHE photons and, even to a lesser extent,
neutrinos.

Photons with energies larger than 108 GeV have an absorption length roughly of the size
of our galaxy, increasing up to the scale of the local group (1 ÷ 10 Mpc) at energies larger
than 1010 GeV. Moreover, as follows from numerical simulations of structure formation, DM
is clustered in galactic halos with an over-density at the level of 105 [7], it implies that only
UHE photons from the decay of SHDM in our our own galaxy play a role. The observation
of photons with energy larger than 108 GeV is affected by the background of cosmogenic
photons, i.e. UHE diffuse photons produced by the propagation of UHECR. This background
depends on the mass composition of UHECR and on the details of their astrophysical sources,
it can be estimated to range (at most) around 10−2 km−2 sr−1 yr−1 above 108 GeV and around
10−3.5 km−2 sr−1 yr−1 above 109 GeV [17]. These cosmogenic diffuse fluxes are two orders of
magnitude below the sensitivity of Auger and can be safely neglected. The search for UHE
photon events in the Auger dataset exploits the well known differences in the EAS initiated
by photons or hadrons: EAS generated by photons develop deeper in the atmosphere and
are characterised by a reduced number of muons, with a substantial detectable difference in
the lateral distribution of EAS particles [17]. In the right panel of figure 1 we plot the very
stringent limits on the photon and neutrino fluxes as extracted from the Auger data (2022
update) in the energy range 108 ÷ 1011 GeV [5, 6, 17].

Assuming a DM density in our galaxy as in the Navarro-Frenk-White profile [18], we can
determine the expected flux of UHE photons produced by the decay of SHDM. Requiring
that this flux does not exceed the Auger experimental limits, it is possible to constrain the
mass and lifetime of SHDM. In the left and central panels of figure 2, we plot the limits on
MX and the coupling SHDM-SM αXΘ, in the case of direct coupling (left panel), and the
coupling of the hidden DS gauge interaction αX , in the case of the instanton-induced decay
(central panel). Assuming the class of models based on SHDM creation during the reheating
phase, the limits on MX and τX can be rewritten in terms of the cosmological parameters
characterising the generation mechanism of SHDM. In the right panel of figure 2, we plot
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Figure 4. Exclusion regions in the plane (aXQ,MX ) for several values
of mass dimension n of operators responsible for the perturbative
decay of the particle X , and for an energy scale of new physics L =
1016 GeV.

we obtain the contour lines shown in Fig. 4 for several values
of n and for an emblematic choice of GUT L value. The scale
chosen for aXQ ranges from 1 down to 10−5. It is observed
that for the limits on photon fluxes to be satisfied, the mass
of the particle X cannot exceed &109 GeV (&1011 GeV) for
operators of dimension equal to or larger than n = 8 (n = 10),
while larger masses require an increase in n. To approach
the large masses while keeping operators of dimension rela-
tively low, “astronomically-small” coupling constants should
be at work. The same conclusions hold for other choices of
L. All in all, for perturbative processes to be responsible for
the decay of SHDM particles requires quite “unnatural” fine-
tuning.1

The sufficient stability of SHDM particles is better ensured
by a new quantum conserved in the dark sector so as to pro-
tect the particles from decaying. The only interaction between
the dark sector and the SM one is then gravitational, as in the
PIDM instance of SHDM models. Nevertheless, even stable
particles in the perturbative domain will in general eventually
decay due to non-perturbative effects in non-abelian gauge
theories. Such effects, known as instantons [68–70], provide
a signal for the occurrence of quantum tunneling between dis-
tinct classes of vacua, forcing the fermion fields to evolve
during the transitions and leading to the generation of parti-
cles depending on the associated anomalous symmetries [71].
Instanton-induced decay can thus make observable a dark sec-
tor of PIDM particles that would otherwise be totally hidden
by the conservation of a quantum number [72]. Assuming
quarks and leptons carry this quantum number and so con-
tribute to anomaly relationships with contributions from the
dark sector, they will be secondary products in the decays of

1 See, however, Ref. [67] for a model in which SHDM couples to the neutrino
sector.

Figure 5. Upper limits at 95% C.L. on the coupling constant aX of
a hidden gauge interaction as a function of the mass MX of a dark
matter particle X decaying into a dozen of qq̄ pairs. The dotted and
dashed-dotted lines represent the systematic uncertainties stemming
from the quantum fluctuations about the instanton contribution to the
transition amplitude (see text). For reference, the unification of the
three SM gauge couplings is shown as the horizontal blue dashed line
in the framework of supersymmetric GUT [73].

PIDM together with the lightest hidden fermion. The pres-
ence of quarks and leptons in the final state is sufficient to
make usable the hadronization process described in Section II,
the exact particle content is governed by selection rules aris-
ing from the instanton transitions that are regulated by the
fermions coupled to the gauge field of the dark sector.

The lifetime of the decaying particle follows from the cor-
responding instanton-transition amplitude obtained as a semi-
classical expansion of the associated path integral about the
instanton solution, which provides the zeroth-order contribu-
tion that depends exponentially on g−2

X [71]. It is the introduc-
tion of this exponential factor in the effective interaction term
that suppresses to a large extent the fast decay of the particles.
Considering this zeroth-order contribution only, and recasting
the expression in terms of the reduced coupling constant of
the hidden gauge interaction aX , the lifetime of the particles
is given as

tX ' M−1
X exp(4p/aX ). (14)

In this expression, we dropped the functional determinants
arising from the effect of quantum fluctuations around the
(classical) contribution of the instanton configurations. Those
from the Yang-Mills gauge fields yield a dependency in
(4paX )

5+n1 in Eq. (14) with n1 = 3 (7) for SU(2) (SU(3)) the-
ories for instance, a dependency that is negligible compared
to the exponential one in a−1

X . Other functional determinants
arise from the exact content of fields of the underlying the-
ory. Again, the constraints inferred on aX using Eq. (14) are
barely changed for a wide range of numerical factors given the
exponential dependency in a−1

X .
Eq. (14) provides us with a relationship connecting the life-
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transition amplitude (see text). For reference, the unification of the
three SM gauge couplings is shown as the horizontal blue dashed line
in the framework of supersymmetric GUT [73].

PIDM together with the lightest hidden fermion. The pres-
ence of quarks and leptons in the final state is sufficient to
make usable the hadronization process described in Section II,
the exact particle content is governed by selection rules aris-
ing from the instanton transitions that are regulated by the
fermions coupled to the gauge field of the dark sector.

The lifetime of the decaying particle follows from the cor-
responding instanton-transition amplitude obtained as a semi-
classical expansion of the associated path integral about the
instanton solution, which provides the zeroth-order contribu-
tion that depends exponentially on g−2

X [71]. It is the introduc-
tion of this exponential factor in the effective interaction term
that suppresses to a large extent the fast decay of the particles.
Considering this zeroth-order contribution only, and recasting
the expression in terms of the reduced coupling constant of
the hidden gauge interaction aX , the lifetime of the particles
is given as

tX ' M−1
X exp(4p/aX ). (14)

In this expression, we dropped the functional determinants
arising from the effect of quantum fluctuations around the
(classical) contribution of the instanton configurations. Those
from the Yang-Mills gauge fields yield a dependency in
(4paX )

5+n1 in Eq. (14) with n1 = 3 (7) for SU(2) (SU(3)) the-
ories for instance, a dependency that is negligible compared
to the exponential one in a−1

X . Other functional determinants
arise from the exact content of fields of the underlying the-
ory. Again, the constraints inferred on aX using Eq. (14) are
barely changed for a wide range of numerical factors given the
exponential dependency in a−1

X .
Eq. (14) provides us with a relationship connecting the life-
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time tX to the coupling constant aX . In the same way as in the
perturbative case above, upper limits on aX can be obtained.
They are shown as the shaded red area in Fig. 5, assuming
that a dozen of qq̄ pairs are produced in the decay process and
that half of the energy goes into the dark sector. Our results
show that the coupling should be less than ' 0.09 for a wide
range of masses. As already stated, numerical factors could
however arise in Equation (14) depending on the underlying
model for the hidden gauge sector. For example, for a theory
with a hidden Higgs field responsible for mass generation in
the dark sector, the factors would involve the energy scale of
new physics through the vacuum expectation value. To probe
the effect of such model-dependent factors, we show as the
dotted and dashed-dotted lines the constraints on aX by intro-
ducing ad hoc 10±2 and 10±4 factors respectively in the r.h.s.
of Eq. (14). These are by far the dominant systematic uncer-
tainties in the plane (aX ,MX ).

IV. CONSTRAINTS ON THE PRODUCTION OF PIDM
PARTICLES DURING REHEATING

We now turn to the connection between the results pre-
sented in Fig. 5 and the scenarios of inflationary cosmologies.
In addition to the instanton-mediated decays, PIDM particles
can interact gravitationally. Two recent studies [11, 16] have
shown that the gravitational interaction alone may have been
sufficient to produce the right amount of DM particles at the
end of the inflation era for a wide range of high masses, up
to MGUT. PIDM particles are naturally part of this scheme.
While the observation of UHE photons could open a window
to explore high-energy gauge interactions and possibly GUTs
effective in the early universe, the constraints inferred on aX
allow us to probe the gravitational production of PIDM. We
give below the main steps to derive an expression (Eq. (19))
relating the present-day relic abundance of DM to the mass
MX and other relevant parameters; more details can be found
in Refs. [11] and [16].

PIDM particles are assumed to be produced by annihila-
tion of SM particles [11] or of inflaton particles [16] through
the exchange of a graviton after the period of inflation has
ended at time H−1

inf . In this context, SM particles are created
by the decay of coherent oscillations of the inflaton field, f ,
with width Gf , which is regulated by the coupling of the infla-
ton to SM particles gf and its mass Mf as Gf = g2

f Mf/(8p).
They subsequently scatter and thermalize until the reheating
era ends at time G−1

f when the radiation-dominated era begins
with temperature Trh. This latter parameter, given by

Trh ' 0.25e(MPlHinf)
1/2 (15)

with e = (Gf/Hinf)
1/2 the efficiency of reheating, is obtained

by assuming an instantaneous conversion of the energy den-
sity of the inflaton into radiation for a value of the cosmolog-
ical scale factor a such that the expansion rate Hinf equates
with the decay width Gf [74]. Here, the number of degrees of
freedom at reheating has been assumed to be that of the SM.
For an instantaneous reheating to be effectively achieved, e
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Figure 6. Constraints in the (Hinf,MX ) plane. The red region is ex-
cluded by the non-observation of tensor modes in the cosmic mi-
crowave background [11, 76]. The regions of viable (Hinf,MX ) val-
ues needed to set the right abundance of DM are delineated by the
curves for different values of reheating efficiency e [77] from dark
blue (e = 1) to lighter ones and pink (e = 10−4), while values above
(below) the lines lead to overabundance of (negligible quantity of)
DM. Additional constraints from the non-observation of instanton-
induced decay of SHDM particles allow for excluding the mass
ranges in the red-shaded regions, for the specified value of the dark-
sector gauge coupling.

must approach 1, which, from the expression of Gf , requires
Mf to be of order of Hinf and gf not too weak. In the follow-
ing, both Hinf and e will be considered as free parameters to
be constrained.

The dynamics of the reheating period are quite in-
volved [27, 75].2 As the SM particles thermalize, the plasma
temperature rises rapidly to a maximum before subsequently
decreasing as T (a) µ a−3/8,

T (a)' 0.2(eMPlHinf)
1/2

⇣
a−3/2 −a−4

⌘1/4
. (16)

The a−3/8 scaling continues until the age of the universe
is equal to G−1

f , signaling the beginning of the radiation-
dominated era at temperature Trh. During this period, the
Hubble rate H(a) scales as the square root of the en-
ergy density of the inflaton, rf , which itself scales as
rinf(ainf/a)3. Consequently, H(a) evolves as a−3/2, namely
H(a) = Hinf(a/ainf)

−3/2 with ainf being the scale factor at
the end of inflation. After reheating, both the tempera-
ture and the Hubble rate follow the standard evolution in a
radiation-dominated era, namely T (a) µ Trharh/a and H(a) =
Hinfe2(a/arh)

−2. The scale factor at the end of reheating is
arh = e−4/3ainf, guaranteeing the continuity of H(a).

2 Note that we consider throughout this section, as in [27, 75], an equation
of state w = 0 for the inflaton field dynamics.

Figure 2. Limits fixed by the Auger observations on the SHDM mass MX and: (left panel) the coupling
SHDM-SM αXΘ for different values of the suppression scale order n, (central panel) the coupling of the
hidden DS gauge interaction αX in the case of the instanton-induced decay, (right panel) the universe
expansion rate at the end of inflation Hin f . In the right panel, we plot the limits for different values of
the reheating efficiency ε (see text). Figures taken from [5].

the limits coming from Auger data on the age of the universe at the end of inflation H−1
in f for

different values of the reheating efficiency ε = (Γφ/Hin f )1/2, being Γφ = g2
φMφ/8π the inflaton

decaying amplitude into SHDM (Mφ inflaton mass; gφ inflaton coupling with SHDM) [5, 6].

3 Conclusions

We conclude by stating the importance of Auger observations on UHE photons and neutrinos,
as they enable to constrain models of new physics connected to the grand unification scale
and the reheating phase of the universe. This is the case of SHDM that, as discussed above,
being a viable alternative to the WIMP paradigm for DM, can be tested only through UHECR
observations, eventually connected with cosmological observations.
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