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ü Supermassive particles, with mass M>108 GeV, can be easily generated in the early universe by 
time-dependent gravitational fields and through gravitational (direct) coupling to the inflaton field 
and/or to SM fields.

[Schrodinger (1939), Zeldovich & Starobinsky (1972), Kofman, Linde & Starobinsky (1994), Felder, Kofman & Linde (1998), 
Chung, Kolb & Riotto (1998), Kuzmin &  Tkachev (1998), M. Garny, M. Sandora, and M. S. Sloth (2015), E. W. Kolb and A. J. 
Long (2017), Y. Mambrini and K. A. Olive (2021)]

ü They can be long-lived if their decay is inhibited by some discrete symmetry (such as R-parity for 
SUSY neutralinos) weakly broken or through non-perturbative istanton effect. 

[Berezinsky, Kachelriess & Vilenkin (1997), Kuzmin & Rubakov (1997)]

Super Heavy Dark Matter 

In this case SH relics can be dark matter candidates (SHDM)

WIMP vs SHDM
Ø WIMP naturally produced in SUSY models (new physics supra-TeV, naturalness).
Ø SHDM naturally produced during inflation/reheating, always out of local thermal equilibrium.
Ø Both require additional (weakly broken) symmetries to prevent fast decays.
Ø WIMP can be experimentally tested through: production (LHC), direct detection

(underground labs), indirectly (SM secondary in Astrophysical observations).
Ø SHDM can be experimentally tested only indirectly through cosmological (CMB)

observations and UHECR observations.
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Figure 2: Upper: RG evolution of � (left) and of �� (right) varying Mt, ↵3(MZ), Mh by
±3�. Lower: Same as above, with more “physical” normalisations. The Higgs quartic coupling
is compared with the top Yukawa and weak gauge coupling through the ratios sign(�)

p
4|�|/yt

and sign(�)
p

8|�|/g2, which correspond to the ratios of running masses mh/mt and mh/mW ,
respectively (left). The Higgs quartic �-function is shown in units of its top contribution, ��(top
contribution) = �3y4

t
/8⇡2 (right). The grey shadings cover values of the RG scale above the

Planck mass MPl ⇡ 1.2⇥ 1019 GeV, and above the reduced Planck mass M̄Pl = MPl/
p
8⇡.
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Figure 3: Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ⇤I in GeV assuming
↵3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to 1-� variations of ↵3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity �e↵ can be extracted from the e↵ective potential at two loops [112] and is explicitly
given in appendix C.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In fig. 3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range of Mh and
Mt, and after zooming into the region corresponding to the measured values. The uncertainty
from ↵3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale ⇤I .

As previously noticed in ref. [4], the measured values of Mh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values of Mh and
Mt, the stability condition is well approximated by

Mh > 129.6GeV + 2.0(Mt � 173.34GeV)� 0.5GeV
↵3(MZ)� 0.1184

0.0007
± 0.3GeV . (64)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-
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ü Given the LHC measured masses of Higgs boson and Top quark, the running Higgs quartic coupling λ
approaches zero at a scale ΛI = 1010-1012 GeV signaling a new UV scale where a possible instability of 
the Higgs potential arises. 

ü This evidence can be the first sign of new physics beyond the SM at the LHC, however the extremely 
slow evolution of λ(μ) does not exclude the possible SM extension until the Plank mass MPl=1019 GeV. 

ü Neglecting the naturalness problem, the DM problem can be solved in the framework of the SHDM 
approach with the dark sector scale corresponding to ΛI. 

An emerging UV scale in the SM    
Buttazzo, D

e G
rassi, G

iardino, G
iudice, et al,  (2014)



ü Being out of local thermal equilibrium
SHDM naturally produces primordial
gravitational waves, imprinted in the CMB.

ü In the case of SHDM generation by time
dependent gravitational fields. The tensor-
to-scalar ratio in the CMB fluctuations sets
the scale for SHDM.
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ü the observation of a non-zero fraction of tensor modes in the CMB fluctuations pattern, already at the
level of 10−3, would confirm that the production of SHDM particles in the early universe is a viable
mechanism to explain the DM problem, assuring a density of SHDM today at the observed level.
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Primordial gravitational waves  
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SHDM decay 

üSuper-weak coupling between SHDM and SM sectors

Λ energy scale of the dark sector (typically ⪞1016 GeV, GUT), with n the mass dimension of the
SHDM-SM interaction operator XΘ

being Vn a phase space factor.

üInstanton induced decay
Retaining the hypothesis that the only interaction between SHDM and SM sectors is gravitational. In
non-abelian gauge theories (in the dark sector) even stable particles in the perturbative domain will in
general eventually decay due to non-perturbative effects. Such effects, known as instantons, provide
the occurrence of quantum tunneling between distinct classes of vacua, forcing the fermion fields to
evolve during the transitions and leading to the generation of particles depending on the associated
anomalous symmetries.
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ü SHDM accumulates in the halo of our own
galaxy with an over-density δ given by:

UHECR flux

α=1 NFW, α=3/2 Moore density profile

Astrophysics 

Galactic DM halo fixes the geometrical 
behavior of the SHDM emission, (increased 
emission from the GC direction) 

signature of the model

Particle Physics and Cosmology

Fix the spectrum and mass composition. 
The observed flux selects a sub-space 
of the SHDM parameter space, through

signature of the model

SHDM contribution to UHECR 

Berezinsky, Kachelriess, Vilenkin (1997)
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(MX , ⌧X)
connected to cosmology and particle physics 
through HI, αX and 𝜀.



X cascade

hadronization

mainly N, π
hence N, γ and ν
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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

Auger Collaboration (2022)
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From SHDM to UHECR – hadrons

6

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.

Dh
a(z,M2) for particles of type h from partons a. These func-

tions are evolved, starting from measurements at the elec-
troweak scale up to the energy scale fixed by MX , using the
DGLAP equation to account for the splitting function that de-
scribes the emission of parton k by parton j. M2 is the factori-
sation scale, chosen to be M2 ' M2

X . The energy spectra of
photons, neutrinos and nucleons, dNi/dx with i = {g,n ,N},
then follow from the subsequent decay of unstable hadrons.
Among the various computational schemes [37, 41–44], there
is a general agreement for these spectra to be of the form
E�1.9. We use the scheme of Ref. [37] in this study, which
is illustrated in Fig. 1 in terms of dNi/dx. All in all, this al-
lows 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 SHDM 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 SHDM secondaries 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 passes through the atmosphere,
nitrogen and oxygen molecules get excited by the many ion-
izing electrons created along the shower track. The ultravi-
olet 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 enables observing the cascades
side-on up to 30 or 40 km away on moonless nights and thus
the reconstruction of the longitudinal profile of the showers.
Measurement of the longitudinal profile allows the inference
of both the energy of the showers in a calorimetric way, with-
out recourse to external information to calibrate the energy
estimator, and the slant depth of maximum of shower devel-
opment, (Xmax), which is a proxy, the best available to now,
of the primary mass of the particles. Complementing the fluo-
rescence 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 simul-
taneously by the fluorescence and the surface detectors is used
to develop a calibration curve such that an energy estimate can
be assigned to each event. Such a hybrid-detection approach is
advantageous for providing a calorimetric estimate of the en-
ergy for events recorded during periods when the telescopes
cannot be operated, thus avoiding assumptions about the pri-
mary 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 telescopes
used to detect the emitted fluorescence light. The energy
resolution achieved is 10% above 1010 GeV [45]. The in-
tegrated exposure of the Observatory over the last 17 years,
122 000k̇m2 sr yr, has enabled us to measure the arrival di-
rections, within 1� [46], of more than 2600 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 [47–52]. 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 perform this search, 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 of 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

µbkg(n,E;z ) = w(n)
Z

>E
dE 0

Z
dE0 Jbkg(E0;z ) kbkg(E 0,E0), (6)

where w(n) is the directional exposure [53], Jbkg(E0;z ) is the energy spectrum of the background built such that the total energy

ü SHDM lifetime 
τX and mass MX
fix the CR flux.

ü SHDM halo 
density profile

ü Integrating over 
the whole sky 
(and universe).

ü DGLAP 
evolution of 
partonic 
fragmentation 
functions
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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.
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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-

Auger data constrains on MX and τX
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ü By imposing the Auger observational limits on the fluxes of N, γ, ν it is possible to place stringent
limits on MX and τX.

ü Depending on the assumptions on the decaying mechanism (perturbative or instanton), the limits
are on the mass dimension n of the perturbative coupling or to the non-abelian gauge coupling αX

in the dark sector (instanton decay).
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ü Combining the limits from Auger data with the
requirement of the correct abundance of SHDM
today it is possible to constrain cosmological
parameters

Cosmology parameters

ü Taking the reference model of a pure gravitational
interaction between SHDM and SM (Plank
Interacting Dark Matter, PIDM) the relevant
cosmological parameters are HI the Hubble
parameter at the end of inflation and 0<𝜀≤1 the
reheating efficiency, connected with the inflaton
decay amplitude Γφ :

ü The evolution of the SHDM density can be
determined through a Boltzman equation
considering the cross section 𝜎𝑣 ≲ 1/𝑀!

"

for the annihilation of SHDM into SM
particles and their equilibrium distribution
nX,eq (nX≪nX,eq).

2

the annihilation-like rate for �� ! SS (for scalar dark
matter) and �� ! �� in the case of fermionic dark mat-
ter. In section III, we compute the dark matter abun-
dance based on the detailed process of reheating between
Tmax and TRH. Then in section IV, we relate these re-
sults to possible inflaton couplings to the Standard Model
(which are responsible for reheating), and we draw our
conclusions in V.

II. THE FRAMEWORK

The universal interaction that surely exists between
the inflaton and any dark sector is gravity. In particular,
the s-channel exchange of a graviton shown in Fig. 1 can
be obtained from the Lagrangian (see e.g., [35])

L =
1

2MP

hµ⌫T
µ⌫

�
+

1

2MP

hµ⌫T
µ⌫

S/�
(1)

where hµ⌫ is the metric perturbation corresponding to
the graviton and we consider either a scalar1 S or a
fermion � as dark matter, whose stress-energy tensors
are given by

T
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where V (X) is the scalar potential for either the inflaton
or scalar dark matter.
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FIG. 1: Illustration of the production of dark matter through

the gravitational scattering of the inflaton.

The amplitudes relevant for the computation of the
processes �(p1) + �(p2) ! DMj(p3) + DMj(p4) can be

1 We will consider a real scalar or Dirac fermionic as dark matter.
Generalization to a complex scalar or vectorial dark matter is
straightforward.

parametrized by

M�j / M
�

µ⌫
⇧µ⌫⇢�

M
j

⇢�
, (4)

where j denotes the spin of the DM involved in the pro-
cess and j = 0, 1/2. ⇧µ⌫⇢� denotes the propagator of the
graviton with momentum k = p1 + p2,

⇧µ⌫⇢�(k) =
1

2
⌘
⇢⌫

⌘
�µ + 1

2
⌘
⇢µ

⌘
�⌫ � 1

2
⌘
⇢�

⌘
µ⌫

k2
. (5)

The partial amplitudes, M
a

µ⌫
, can be expressed as

M
0

µ⌫
=

1

2
(p1µp2⌫ + p1⌫p2µ � gµ⌫p1 · p2 � gµ⌫m

2

�
) ,

M
1/2

µ⌫
=

1

4
v̄(p4) [�µ(p3 � p4)⌫ + �⌫(p3 � p4)µ] u(p3) ,(6)

with a similar expression for scalar dark matter in terms
of the dark matter momenta, p3, p4, and mass m

2

S
.

It is then straightforward to compute the production
rate of the dark matter. Given the inflaton number den-
sity, n� = ⇢�/m�, the rate for the process depicted in
Fig. 1 is

���!SS =
⇢�m�

1024⇡M
4
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m
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s
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s
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2
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(8)

Note the difference in behavior in the expressions for
fermionic and scalar dark matter, especially in the mass
dependence. On dimensional grounds, both are propor-
tional to n�m

2

�
/M

4

P
= ⇢�m�/M

4

P
. However, our rates in

Eqs. (7) and (8) correspond to s-wave scattering within
the condensate. As a result, in the case of a Dirac
fermion-antifermion pair in the final state, we require a
spin flip leading to a suppression by a factor (m�/m�)2,
making the rate proportional to ⇢�m

2

�
/m�M

4

P
. A sim-

ilar expression for the rate producing scalars was found
in [27].

III. DARK MATTER PRODUCTION

In many models of inflation, after the period of ex-
ponential expansion, the inflaton begins a series of os-
cillations about a minimum. During the initial stages
of oscillations, the Universe expands as if it were domi-
nated by non-relativistic matter. Inflaton decays begin
the process of reheating [12, 36]. While we assume that
decay products thermalize rapidly [37], we do not assume
that the decay is instantaneous. Instead, we include the
effects due to the evolution of the temperature of the ra-
diation bath from its initial creation to a temperature
Tmax until it begins to dominate the expansion at TRH.

SM

SM

SHDM

SHDM
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the fact that entropy continues to be generated for a time
after reheating. For the contribution from gravitational
production at the end of inflation, which still needs to
be added to Eq. (12), we use the result from Ref. [14]. In
addition, the gravitational coupling to the inflaton sector
can lead to another source of PIDMs, which is, however,
model dependent: possible mechanisms are a perturbative
decay for a light PIDM, and a contribution similar to
Eq. (10) for a heavy PIDM. We checked that these
contributions are subdominant within the accessible para-
meter space. We have also checked that the relevant
temperatures fulfill H < αT within the viable range of
parameters. Note that the naive estimate of the thermal-
ization rate lies close to the value found in Ref. [20] for
over-occupied initial conditions, which resemble most
closely the spectrum expected from perturbative decay
(cf. Refs. [21–23] for related discussions in the opposite
regime). Nevertheless, a more detailed treatment of ther-
malization would be desirable for a precise determination
of the relic density.
Results and discussion.—The level curves in Fig. 1 show

the lines for which the PIDM abundance matches the cold
dark matter density measured by Planck, Ωch2 ¼ 0.1198"
0.0015 (68% C.L.) [25], plotted as a function HiðmXÞ for
several values of γ. For γ close to 1, the PIDM is produced
shortly after reheating via freeze-in. Only for smaller values
of γ does the production during reheating become relevant.
The shape of the level curves results from an interplay of the
suppression of the cross section for small masses and the

exponential Boltzmann suppression for large mX. We also
show how the contour lines are modified when including the
production due to a time-dependent metric at the end of
inflation (gravitational production, dotted lines), which is
relevant for mX ≃Hi. The results are similar when the
PIDM is a fermion, so we do not display them here.
A scalar PIDM with mX ≪ Hi acquires locally a typical

value X ∼
ffiffiffiffiffiffiffiffiffi
hX2i

p
¼ Hi=2π during inflation, and the dom-

inant energy density of the PIDM comes from the con-
densate generated during inflation (unless the potential of
the PIDM is modified away from the pure quadratic form
for large field values.). This situation leads to DM iso-
curvature perturbations, which are ruled out [9] (see
Refs. [26–28] for related discussions). Otherwise, the
PIDM inherits adiabatic perturbations from the inflaton
or radiation sector.
In the limit of instantaneous reheating (γ ¼ 1) the range

of viable masses is quite large: from 10−10Mp–10−2Mp. If
reheating takes just a bit longer, then the mass range
quickly shrinks significantly. For γ ≲ 10−3, corresponding
to a reheating that takes Nrh ≳ 10=ð1þ wÞ e-folds, only the
contribution from gravitational production remains, with
masses centering around mX ∼ 10−6Mp.
It can bee seen that, indeed, there are values for which the

minimal PIDM paradigm with mX ≳MGUT is in accor-
dance with observations for large enough γ, corresponding
to a very efficient reheating. The maximum possible mass,
given that r < 0.07, is 0.01Mp. For slightly less efficient
reheating this upper limit strengthens to 10−3Mpð10−4MpÞ
for γ ¼ 0.1ð0.01Þ. Therefore, the minimal PIDM setup
demands that the scale of inflation is such that we expect
to see tensor modes in the next round of CMB experi-
ments. For the futuristic sensitivity of r ∼ 10−4 quoted in
Ref. [24], the maximum upper bound can be improved to be
10−3Mp for instant reheating, and 10−4Mpð10−5MpÞ for
γ ¼ 0.1ð0.01Þ. Remarkably, the entire parameter space with
mX ≳MGUT and γ ≤ 1 can be probed in the foreseeable
future. Therefore, if we exclude tensors to this level in the
next generation of CMB experiments, the PIDM scenario
will only be viable if its mass is significantly below the
natural cutoff scale. We finally reiterate that our conclu-
sions are predicated on the standard reheating setup, with a
constant equation of state and decay rate. More general
scenarios could step away from these restrictions, but at
the cost of introducing heavy model dependence. We
checked that the results are robust when varying w in
the range ð−2=3; 2=3Þ.
We have shown that the completely minimal model of

dark matter, which is purely coupled gravitationally to all
other sectors, and with mass within the ballpark of the
Planck or GUT scale, is a plausible candidate. Natural
values of the mass, in the sense of Occam’s razor, are
allowed only if the scale of inflation is high and reheating is
practically instantaneous, leading to a testable prediction,
that we will see primordial tensor modes in the foreseeable
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FIG. 1. The value of the Hubble rate at the start of reheating that
gives the correct relic abundance, as a function of the mass of the
PIDM. The blue curve is for γ ¼ 1, the orange curve is for
γ ¼ 0.1, and the green curve is for γ ¼ 0.01. The red region is
excluded from the current bound on the tensor-to-scalar ratio, and
the purple dashed line is the projected sensitivity for next
generation CMB experiments, from Ref. [24]. The dotted lines
show the modification when taking also gravitational production
into account [12–14]. The dashed-dotted line marks mX ¼ Hi,
and for a scalar PIDM the left-hand side of this line is excluded
unless corrections to the PIDM potential are important during
inflation. All values are given in units of Mp.
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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.
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With these reheating dynamics in hand, the relic abundance
of PIDM particles set by the freeze-in mechanism [31–33] can
be estimated. The energy density of the universe is then in
the form of unstable inflaton particles, SM radiation and sta-
ble massive particles, the time evolution of which is governed
by a set of coupled Boltzmann equations [27]. However, be-
cause the energy density of the massive particles is always
sub-dominant, the evolution of the inflationary and radiation
energy densities largely decouple from the time evolution of
the X-particle density nX . In addition, because PIDM particles
interact through gravitation only, they never come to thermal
equilibrium. In this case, the collision term in the Boltzmann
equation can be approximated as a source term only,

dnX (t)
dt

+3H(t)nX (t)' Â
i

n2
i (t)gi. (17)

Here, the sum in the right hand side stands for the contribu-
tions from the SM and inflationary sectors. In the SM sector,
ni = m2

X T K2(MX/T )/(2p2) [6], with K2(x) being the modi-
fied Bessel function of the second kind, and gi = hsvi is the
thermal-averaged cross section times velocity describing the
SM+SM!PIDM+PIDM reaction [11, 77], which behaves as
M2

X/M4
Pl for MX � T and as T 2/M4

Pl for MX ⌧ T . In the infla-
tionary sector, ni = rinf(ainf/a)3/Mf , with Mf = 3⇥1013 GeV
in the following, and the production rate gi describes the
f + f !PIDM+PIDM reaction [16]. In both SM and infla-
tionary sectors, the production rates gi for fermionic DM are
considered in the following. Introducing the dimensionless
abundance YX = nX a3/T 3

rh to absorb the expansion of the uni-
verse, and using aH(a)dt = da from the definition of the Hub-
ble parameter, Eq. (17) becomes

dYX (a)
da

' a2

T 3
rhH(a) Â

i
n2

i (a)gi, (18)

which, using the dynamics of the expansion rate during re-
heating described above, yields the present-day dimensionless
abundance YX ,0 assuming YX ,inf = 0. The present-day relic
abundance, WCDM, can then be related to MX , Hinf, and e
through [11]

WCDMh2 = 9.2⇥1024 e4MX

MPl
YX ,0. (19)

The viable (Hinf,MX ) parameter space is delineated by the
curves corresponding to different values of e in Fig. 6, from
dark blue (e = 1) to lighter ones and pink (e = 10�4). As
the source term in the r.h.s. of Eq. (17) raises faster with
Hinf than T 3

rhH(a), YX is a rising function of Hinf, and val-
ues for (Hinf,MX ) above (below) the lines lead to overabun-
dance of (negligible quantity of) DM. For high efficiencies
(corresponding to short duration of the reheating era), the
SM+SM!PIDM+PIDM reaction allows for a wide range of
MX values to fulfill Eq. (19). For MX to be around the GUT
scale, the expansion rate Hinf (being the proxy of the energy
scale of the inflation) must be sufficiently high. Arbitrarily
large values of Hinf are however not permitted because of the
95% C.L. limits on the tensor-to-scalar ratio in the cosmic mi-
crowave background anisotropies, which, once converted into

X
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Figure 7. Allowed range of (e,aX ) values for the scenario of
Planckian-interactive massive particles as DM delineated for three
examples of Hinf.

limits on the energy scale of inflation when the pivot scale ex-
its the Hubble radius [11, 76], yield Hinf  4.9⇥10�6MPl. For
efficiencies below ' 0.01, the f + f !PIDM+PIDM reac-
tion allows for solutions in a narrower range of the (Hinf,MX )
plane, with in particular MX  Mf as a result of the kinematic
suppression in the corresponding rate gi [16].

A clear signature of the PIDM scenario could be the detec-
tion of UHE photons produced by the instanton-induced decay
of the PIDM particles – so that no coupling between the sec-
tors is required except gravitation. The excluded mass ranges
obtained from the non-observation of instanton-induced decay
of PIDM particles are shown as the red shaded regions for dif-
ferent values of dark-sector gauge coupling. While the range
of MX extends from (well) below 108 GeV to '1017 GeV in
the case of instantaneous reheating (e = 1) and aX  0.085,
the parameter space is observed to shrink for longer reheating
duration and larger dark-sector gauge coupling. With the cur-
rent sensitivity, there are no longer pairs of values (Hinf,MX )
satisfying Eq. (19) for (e � 0.01,aX � 0.10).

The allowed range of (e,aX ) values is better appreciated
in Fig. 7 for three values of Hinf. For Hinf = 109 GeV, the
relic density can match the present-day one provided that
MX ranges between '1011 and '1014 GeV, aX is less than
'0.094, and the efficiency e is larger than '30%; other-

Auger Collaboration (2022)

Auger data constrains on cosmology

ü Requiring that the X particles density today is
the observed CDM density.

ü The limits on Mx and 𝛕X can be rewritten in
terms of the cosmology parameters HI and 𝛆.
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SHDM contribution to UHECR anisotropy

The observed UHECR events are distributed in the sky depending on both real celestial anisotropy and
the detector relative acceptance ω(α,δ) (terrestrial equatorial coordinates: α right ascension and δ
declination).

JUHECR(E,↵, �) = JEG(E,↵, �)!(↵, �) + JSHDM (E,↵, �)!(↵, �)

JSHDM (E, ✓) =
1

4⇡MX⌧X
Q(E)

Z
rmax(✓)

0
drnX(R(r))

rmax(✓) = R� cos ✓ +
q
R2

h +R2
� sin2 ✓

Being the SHDM distributed in our galactic halo
with nX(R) spherically symmetric around the GC,
a pure dipole deviation from isotropy is expected
with the dipole vector pointing toward the GC
itself.

RA
, Tortorici(2008)



The number of events needed to detect
at 4 σ level the expected anisotropy
depends on the SHDM density profile.
With more spiky densities (as the
Moore profile) the Auger statistics
enables to probe the SHDM
contributions to UHECR fluxes down to
EeV energies.

A future analysis of the Auger data on 
UHECR anisotropy could provide very 
stringent limits on the SHDM models, 
already at intermediate (EeV) energies.
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FIG. 4. Sensitivities to dark matter decay width (left) and inverse of the decay width (right),

⌫⌫̄ channel. 5-year sensitivities of POEMMA for the Cherenkov standard (std, solid blue) and

Galactic center (GC, dashed blue), and the fluorescence (green) observation modes, GRAND10k

(solid orange) and GRAND200k (dashed orange). Sensitivities of ANITA IV (grey), Auger (dot-

dashed red), and the IceCube [84] (dot-dashed purple). Allowed regions are below (above) the

curves in the left (right) figure.

VII. DARK MATTER DISTRIBUTION UNCERTAINTIES

The sensitivities presented in Figs. 3 and 4 are computed considering the Burkert dark

matter distribution with parameters from [89], as mentioned in Sec. II. However, due to the

limited knowledge of the baryonic component of the Galaxy, the dark matter distribution is

loosely constrained by rotation curve measurements, leading to significant uncertainties on

dark matter properties [90, 91].

In order to systematically evaluate the impact of these distribution on the sensitivi-

ties to SHDM annihilation and decay into neutrinos, we consider the general fit presented

in [91], that uses rotation curve measurements for the parameters ⇢0, �, Rs and V0 (the

circular velocity of the Sun) for a generalized NFW dark matter profile, with the latest esti-

mates of the Galactic parameters [92, 105]. We use the likelihood profiles publicly available

(https://github.com/mariabenitocst/UncertaintiesDMinTheMW), and we calculate the
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ü Assuming a SHDM decay into neutrinos only:
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The extreme energies frontier



Conclusions     

ü The Auger observation of UHECR set very stringent limits on the SHDM
parameters MX and 𝛕X.

ü The SHDM hypothesis connects UHECR observations with cosmological
models.

ü SHDM can be discovered by future precise cosmological measurements
combined with the Auger observation of UHECR.

ü The large statistics accumulated by the Auger observatory in the energy
range 1 EeV <E< 10 EeV represent a unique opportunity to test the faint
anisotropy signals expected by the SHDM decay

ü Larger statistics at the highest energies E>100 EeV are instrumental to
probe the phase space of the SHDM models.

Thank you


