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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 instanton 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 (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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Figure 1. [Left panel] Inflaton mass as function of the ratio r of tensor to scalar modes for different
choices of the inflaton potential as labeled. [Right panel] Ratio of the SHDM mass and inflaton mass
as function of r, obtained as solution of the equation ΩX = ΩDM using different choices of the inflaton
potential as labelled.

of β = 2/3, 1, 4/3 are motivated by axion monodromy, which combines chaotic inflation and
natural inflation [37, 38, 39, 40].

From Eqs. (2.5) and (2.6), using the definition of the slow-roll parameter ϵ(φ)

ϵ(φ) =
M2

P l

16π

[

V ′(φ)

V (φ)

]2

=
r

16
, (2.7)

we can determine the inflaton mass as a function of the tensor to scalar ratio r:

Mφ = MGUT

[

β

(

MGUT

MP l

)β (√
πr0
β

)β ( r

r0

)1+β/2
]

1
4−β

, (2.8)

In figure 1, left panel, we plot the value of the inflaton mass Mφ as function of r, choosing
different values of the inflaton potential power law index β = 2/3, 1, 4/3, 2 [36, 37, 38, 39, 40].

Using Eq. (2.8) we can rewrite the density of SHDM today in terms of the inflaton
potential power law index β, the ratio of tensor to scalar modes r and the ratio MX/Mφ:

ΩX(t0) ≃ 10−3ΩR
8π

3

(

TRH

T0

)

×

× β
2

4−β

(

MGUT

MP l

)
8

4−β
(√

4πr0
β

)

2β
4−β

(

r

r0

)

2+β
4−β

(

MX

Mφ

)5/2

e−2MX/Mφ . (2.9)

Taking the reheating temperature TRH ≃ 109 GeV and assuming that the SHDM density
today coincides with the observed DM density ΩX = ΩDM = 0.261, using Eq. (2.9), we can
determine the ratio MX/Mφ as function of r for different choices of the inflaton potential.
In the right panel of figure 1 we plot the resulting behaviours. As already discussed in [33],
although only in the case of an inflaton potential with β = 2, the typical values of the SHDM
mass are such that MX/Mφ ! O(5) with a range in mass that spans from 1012 GeV up to
1017 GeV, depending on the value of r and the choice of the inflaton potential power law
index β.
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SHDM decay 

üSuper-weak coupling between SHDM and the 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) 

� =
�haloX

⇢extrX

=
⇢haloDM

⌦DM⇢c
' 2⇥ 105

nX(R) =
n0

(R/Rs)↵(1 +R/Rs)3�↵

JSHDM (E, ✓) =
1

4⇡MX⌧X
Q(E)

Z
rmax(✓)

0
drnX(R(r))

<latexit sha1_base64="EPxQQYpETW0AUFFB71Qop1vfSzI=">AAAB83icbVBNS8NAEJ34WetX1aOXYBEqSEmkqMeiFy9CBdsGmhA22027dLMJ+yGU0L/hxYMiXv0z3vw3btsctPXBwOO9GWbmRRmjUjnOt7Wyura+sVnaKm/v7O7tVw4OOzLVApM2TlkqvAhJwignbUUVI14mCEoiRrrR6Hbqd5+IkDTlj2qckSBBA05jipEykl+7D71zXyEdemdhperUnRnsZeIWpAoFWmHly++nWCeEK8yQlD3XyVSQI6EoZmRS9rUkGcIjNCA9QzlKiAzy2c0T+9QofTtOhSmu7Jn6eyJHiZTjJDKdCVJDuehNxf+8nlbxdZBTnmlFOJ4vijWzVWpPA7D7VBCs2NgQhAU1t9p4iATCysRUNiG4iy8vk85F3b2sNx4a1eZNEUcJjuEEauDCFTThDlrQBgwZPMMrvFnaerHerY9564pVzBzBH1ifP7rMkNk=</latexit>

(MX , ⌧X)
connected to cosmology and particle physics 
through HI, ε, r, αX , αXΘ.



X cascade

hadronization

mainly N, π
hence N, γ and ν 

Q⌫,�,p / E�1.9

J⌫,�,p / 1

MX⌧X

RA
, et al (2004-2007)

5

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
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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

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 and coupling n, αΘX 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
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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

 (GeV)
X

M

8
10

9
10

10
10

11
10

12
10

13
10

14
10

15
10

16
10

17
10

18
10

19
10

 (G
eV

)
in

f
H

9
10

11
10

13
10

15
10

 =
 0

.1
0

Xα

 =
 0

.0
95

Xα

 =
 0

.0
9

Xα

 =
 0

.0
85

Xα

 = 1
ε

 = 0.1
ε

 = 0.01
ε

 = 0.001

ε
 = 0.0001

ε

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
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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-
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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
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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
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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
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The partial amplitudes, M
a

µ⌫
, can be expressed as

M
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2

�
) ,

M
1/2

µ⌫
=

1

4
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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
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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
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SHDM

SHDM
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⌦CDM = 9.2⇥ 1024
✏
4
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YX,0(MX , ✏, HI)

ü Taking the model of gravitational interaction between 
SHDM and SM 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 :



Coupling with a sterile neutrino sector

ü A particular class of models meet the lifetime 
requirements of SHDM by coupling it to a sector of 
sterile neutrinos [reference model: Dudas, Heurtier, 
Mambrini, Olive, Pierre (2020)].

ü In the reference model the dominant decay channel is 
a three-body decay

constraints stemming from neutrinos alone; an analysis of
the IceCube exposure dedicated to the benchmark-scenario
decay channels would likely provide better sensitivity for
exploring masses MX ≲ 108.5 GeV. The lower limit on τX
is then transformed into an upper limit on θm using the
expressions of the total width of the particle X. Results are
shown in the bottom panel for separate values of αX; color-
coded regions pertain to λNm

¼ 10−5 while their extension
(in cross-hatched) would require smaller values of λNm

.
Systematic uncertainties on θm constraints amount overall
to ≃" 15%; they are dominated by those on the neutrino
exposure [23]. The restricted ranges of MX for different αX
values come from the requirements not to overclose the
Universe with DM, while the exclusion hatched band
comes from not altering the expansion history of the
Universe with the presence of ultralight species such as
sterile neutrinos Nm. We now briefly explain how these
constraints are obtained.

In addition to its couplings to the DM sector and to the
SM one through the Higgs isodoublet, the sterile neutrino
Nm is also coupled to an inflationary sector in the
BSM benchmark [3]. This coupling, governed by a unique
Yukawa parameter λNm

for every ν1 neutrinos, yields to a
“radiative” production of X via a diagram similar to that
depicted in Eq. (8) (substituting X by the inflaton Φ in the
initial state, and h and ν2 byX and ν1 in the final states). Such
a mechanism leads to a direct production of DM during the
reheating period that can be sufficient, in general, to match
the right amount of DM observed today [45]. In the BSM
benchmark [3], values for λNm

are then required to range
preferentially around 10−5. To infer the DM density nX
produced mainly during the reheating epoch, we also
consider the minimal setup of gravitational production of
X particles through the annihilation of SM (inflaton) particles
as in [46] (as in [47]). In these conditions, X particles can be
produced as long as the collision rate of particles is larger than
the expansion rate H and/or as long as the inflaton field
oscillates. By contrast, nX is prohibitively low to allow any
thermal equilibrium for DM. The collision term in the
Boltzmann equation is then approximated as a source term
only. Overall, the Boltzmann equation reads as

dnXðtÞ
dt

þ 3HðtÞnXðtÞ ¼
X

i

n̄2i ðtÞγi þ n̄ϕðtÞΓXν1ν1 : ð19Þ

Here, the sum on the right hand side represents the con-
tributions from the SM and inflationary sectors. Using, on
the one hand, the evolution of the SM matter and inflaton
densities derived in [48] and [47], respectively, and, on the
other hand, the SMþ SM → X þ X and ΦþΦ → X þ X
reaction rates γi derived in [49] and [47], respectively, the
present-day relic abundance ofDMcan then be related, using
Eq. (19) in the same way as in [15], to the mass MX, the
Hubble rate at the end of inflation Hinf , and the reheating
efficiency ε quantifying the duration of the reheating period
(ε ¼ 1 for an instantaneous reheating) [46]. As a result,
viable couples of values for ðHinf;MXÞ scale as Hinf ∝ M2

X
up to a maximum value forMX, which depend on ε and αX.
This scaling is a consequence of the domination of the
radiative-production process over the gravitational one as
long as the allowed values of Hinf are too small for a given
MX value to generate significant particle production by
gravitational interactions. For larger masses, the contribution
from gravitational interactions added to the radiative pro-
duction of X leads to an overproduction of DM that
overcloses the universe, and there is thus no longer solution.
This explainswhy the color-coded regions extend up to some
maximum values ofMX in Fig. 2, for a benchmark value of
λNm

¼ 10−5. To the right of the regions shown in cross-
hatched, λNm

would need to be smaller.
Another constraint on θm stems from the upper bound on

the departure from 3 of the effective number of neutrino
degrees of freedom Neff , ΔNeff ¼ Neff − 3, inferred from
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FIG. 2. Top: Constraints on τX as a function of MX for a value
of the couplings of sterile neutrinos with the inflationary sector
λNm

¼ 10−5. The dotted line illustrates the constraints stemming
from neutrino secondaries alone. Bottom: Constraints on θm as a
function ofMX for three different values of the coupling constant
αX, still for λNm

¼ 10−5. The hatched-red region θm ≥ 9 × 10−4 is
excluded from the constraint on ΔNeff (see text).
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to allow the - particle to decay in an electroweak chan-
nel. In the basis of interaction eigenstates, the couplings
between sterile neutrinos, active neutrinos and SM Higgs
isospinor scalar fields through Yukawa parameters H< and
H" give rise, after symmetry breakdown, to Dirac masses
<

D
#<

= H<3/
p

2 and <
D
#"

= H"3/
p

2. Assuming the hierar-
chy <# < <

D
#"

⌧ "# , the three mass eigenstates associated
to the eigenvalues (<1,<2,<3) are well approximated by the
following mixing between aL (active neutrinos), #" and #<

(and their conjugate partners with superscripts c):

a1 ' (#< +#<

c) + \< (aL + aL
c), (2)

a2 ' (aL + aL
c)� \< (#< +#<

c), (3)
a3 ' #" , (4)

with the mixing angle \<, assumed to be ⌧ 1, defined as
\< ' H<3/

p
2(<1 +<2). For small mixings, the first (second)

mass eigenstate a1 (a2 ) is almost the light sterile (active)
neutrino with a small admixture of the active (sterile) one,
and that the third mass eigenstate a3 is almost the superheavy
sterile neutrino. Note that to avoid complications that would
be irrelevant to the question of DM, the flavor couplings in the
active neutrino sector are considered diagonal in this study.
The three mass eigenvalues read as

<1 ' <# , (5)
<2 ' H

2
<
32/2"# , (6)

<3 ' "# . (7)

The third eigenstate a3 appears to decouple from the two other
states. While the superheavy particle #" is essential to pro-
vide the mass to the active neutrino through a mixing angle
\" = H"3/2"# identical to that of the standard seesaw mech-
anism [1, 2], we shall ignore a3 hereafter. From the constraints
on SM neutrino masses

Õ
<a  0.12 eV inferred from cosmo-

logical observations [28], we use hereafter <2 ' 0.04 eV as a
benchmark. As for <1, following [3], we use <1 = 10�4 eV
to fix the ideas; we shall see below that as long as <1 ⌧ <2,
results are not sensitive to the specific choice. That <1 ⌧ <2
is required for the lifetime of - to be much larger than the age
of the universe.

To leading order in \<, the interaction described by Eqn. 1
gives rise, in the basis of mass eigenstates, to the two-body
decay - ! a1a1. However, in the relevant parameter space
such that <1 ⌧ <2 ⌧ <4 ⌧ </ ⌧ "-, the total width �- is
dominated by three-body channels stemming from the diagram
depicted in Eqn. 1 and the interaction between active/sterile
neutrinos and the Higgs isodoublet with Yukawa coupling
H< '

p
2\<<2/{. The channel - ! ⌘a1a2, diagrammatically

represented as

-

a1

⌘

a2

a1
\<<2/{,

(8)

gives the most important contribution to the width [3]:
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Due to the structure of the interaction depicted in Eqn. 1, a
factor ("-/"P)2 expected from dimensional arguments [12]
is traded for a factor (<2/{)2.

Although subdominant, there are two other three-body de-
cay channels of interest, namely - ! /a1a2 and - !,a14
with respective widths
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with 6 the weak-isospin gauge constant and \W the Weinberg
angle. These two widths share the same structure as �-

⌘a1a2
modulo smaller numerical factors.

UHE neutrinos and photons are expected as byproducts of
the decay of any particle with a mass much larger than the elec-
troweak scale. Ultimately, they result from splitting-particle
effects due to soft or collinear (real) radiative corrections en-
hanced by large logarithmic factors at high scale. The prob-
ability that a particle 0 at a scale `0 fragments to produce a
particle 1 at a scale `1 carrying a fraction G of the initial energy
is described by a fragmentation function (FF) ⇡1

0
(G;`0, `1).

The FFs are evolved starting from measurements at the elec-
troweak scale up to the energy scale "-. In the QCD sector,
the evolution is governed by DGLAP equations to account for
the splitting function that describes the emission of parton :

by parton 9 . The resulting prompt spectra of photons and
neutrinos have been derived in [29] and in several subsequent
studies. Similarly, electroweak cascading can be described
by evolution equations valid for a spontaneously broken the-
ory [30]. Seminal works of [29, 31, 32] in the QCD sector and
of [33] in the electroweak one have provided the calculation of
the FFs to derive the prompt flux of high-energy secondaries
from the decay of a particle at high scale. We use hereafter
the up-to-date HDMSpectra tool [34] to calculate the energy
spectra of UHE neutrinos and photons from the decay of the
- particle in the - ! ⌘a1a2, - ! /a1a2 and - ! ,a14
channels.
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benchmark. As for <1, following [3], we use <1 = 10�4 eV
to fix the ideas; we shall see below that as long as <1 ⌧ <2,
results are not sensitive to the specific choice. That <1 ⌧ <2
is required for the lifetime of - to be much larger than the age
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decay - ! a1a1. However, in the relevant parameter space
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dominated by three-body channels stemming from the diagram
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is traded for a factor (<2/{)2.

Although subdominant, there are two other three-body de-
cay channels of interest, namely - ! /a1a2 and - !,a14
with respective widths
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with 6 the weak-isospin gauge constant and \W the Weinberg
angle. These two widths share the same structure as �-

⌘a1a2
modulo smaller numerical factors.

UHE neutrinos and photons are expected as byproducts of
the decay of any particle with a mass much larger than the elec-
troweak scale. Ultimately, they result from splitting-particle
effects due to soft or collinear (real) radiative corrections en-
hanced by large logarithmic factors at high scale. The prob-
ability that a particle 0 at a scale `0 fragments to produce a
particle 1 at a scale `1 carrying a fraction G of the initial energy
is described by a fragmentation function (FF) ⇡1

0
(G;`0, `1).

The FFs are evolved starting from measurements at the elec-
troweak scale up to the energy scale "-. In the QCD sector,
the evolution is governed by DGLAP equations to account for
the splitting function that describes the emission of parton :

by parton 9 . The resulting prompt spectra of photons and
neutrinos have been derived in [29] and in several subsequent
studies. Similarly, electroweak cascading can be described
by evolution equations valid for a spontaneously broken the-
ory [30]. Seminal works of [29, 31, 32] in the QCD sector and
of [33] in the electroweak one have provided the calculation of
the FFs to derive the prompt flux of high-energy secondaries
from the decay of a particle at high scale. We use hereafter
the up-to-date HDMSpectra tool [34] to calculate the energy
spectra of UHE neutrinos and photons from the decay of the
- particle in the - ! ⌘a1a2, - ! /a1a2 and - ! ,a14
channels.

ü UHE SM neutrinos and photons are expected to be 
the final products of the decay. Using the sensitivity 
of Auger to these particles it is possible to constrain 
the model.  



Lorentz Invariance Violations and the Quantum Gravity Regime 

Ø g terms (conformal LIV), renormalizable, difficult to test experimentally 

Ø f terms non-renormalizable, experimental tests possible

FUTURE PERSPECTIVES 
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• Upgrade of Pierre Auger Observatory  

• Can provide better discrimination between 
muonic and electromagnetic component of the 
shower 

• Possible proton fraction at highest energy 
can be better constrained 

• Astrophysical models could be 
reconsidered and LIV limits could be 
improved  

• OPEN QUESTIONS:

• Origin of flux suppression and other spectrum features: 

• propagation and/or source effects

• in-source interactions

• Proton fraction at the highest energies:

• charged particle astronomy?

• secondary messengers (neutrino and photons) ?

• UHECR composition and hadronic interactions

• Muonic component of air showers

• New physicsMany analyses still inspired from 
previous works and discussions with 
Aurelio Grillo
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E2 � p2 = m2[1 + g(E/⇤)] + E2f(E/⇤)

ü Different approaches to Quantum Gravity (QG) predict departures from Lorentz Invariance (LI) at 
extreme energy scales (above Planck mass MP ≈1.2×1019 GeV) . 

       [For a review see Addazzi+ Progress in Particle and Nuclear Physics, Volume 125, July 2022, 103948, arXiv:2111.05659v2]

 
ü LI Violations (LIV) may seem hard to accept but LI is a property of Space-Time and Space-Time in 

QG is a derived concept. At some very small scales (above the Plack length lP ≈ 1.6×10−33	cm)	the 
structure of Space-Time becomes undefined.

   
ü Effective field theories in which the relativity principle is violated, i.e. a preferred reference frame 

arises, at scales Λ = MP/η (with η LIV parameter).  

ü Energy momentum conservation, with modified dispersion relations:
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L = L0 + Leff (⇤)

The idea of testing Lorentz Invariance (LI) through UHE 
CR and gamma ray data was inspired by A.F. Grillo, who 
suggested many of the analysis presented here.
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UHECRs and Lorentz Invariance Violation

• The extragalactic propagation of UHECRs as well as the development of the cascade in the atmosphere can be 
modified by violation of Lorentz invariance 
• Suppression of pion production in propagation 
• Suppression of nuclear disintegration in propagation 
• Suppression of UHE photon absorption by photons of the background 
• Suppression of pion decay in atmosphere 

• Data measured at Earth can contain imprints of LIV

Lorentz Invariance Violations and UHE particles propagation

ü Using modified dispersion relations with 
energy-momentum conservation, only 
kinematical thresholds are affected. 

ü Violations can be particle dependent, i.e. 
the LIV parameter is ηi with i=𝛾, N, π±, π0 

ü Most relevant LIV effects are on threshold 
processes 

What is the Extragalactic Background Light (EBL)

• Background emission in the 0.1� 1000µm range.

• Represents integrated light due to star formation and dust emission.

2
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ü Depending on the parameter δ the LIV  

threshold is moved respect to the LI one to 
lower energies or higher energies up to 
infinite (process kinematically forbidden).

ü LIV with lower thresholds are typically 
excluded by observations.
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Figure 1. Ratio of the mean free path of pair production as a function of energy when LIV and LI
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LIV coefficients.

Figure 2. Simulated integral flux of GZK photons as a function of the energy for the SPGE propa-
gation model. The arrows show the upper limits on the flux imposed by the Pierre Auger Observa-
tory [19, 20].
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Figure 3. Simulated integral flux of GZK photons as a function of the energy for an alternative
scenario with subdominant proton component [40]. Continuous lines show the rejected LIV scenarios.
The arrows show the flux determined by analysis of the Pierre Auger Observatory data [19, 20].
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ü Relevant LIV scenarios with δ<0.

ü The Auger combined fit produces a 
marginal flux of cosmogenic photons 
at the highest energies. 

ü Alternative scenarios with an 
additional (subdominant) proton 
component at the highest energies 
constrains the maximum allowed LIV.

Auger Collaboration JCAP 01 (2022) 01, 023

<latexit sha1_base64="opYJ4OJNz7TqmoDuk1K72JPg8+w="></latexit>

���,0 < 10�21 � ��,1 < 10�40 eV �1 � ��,2 < 10�58 eV �2



Hadronic sector UHECR propagation

19 20 21 22

 (E/eV)
10

log

1

10

210

310

410

510

 [
M

p
c]

-1
(1

/E
 d

E
/d

x)

 = 0had,0δ

-24 = 10had,0δ

-23 = 10had,0δ

-22 = 10had,0δ

-21 = 10had,0δ

 = 0had,0δ

-24 = 10had,0δ

-23 = 10had,0δ

-22 = 10had,0δ

-21 = 10had,0δ

Figure 4. Attenuation length for photopion production as a function of energy for different LIV
coefficients. The black line represents LI �had,0 = 0 and lines in shades of blue represent different LIV
coefficients. Strong LIV with �had > 10�21 results in attenuation lengths larger than 105 Mpc for all
the considered energies and, thus, are not shown in the plot.

Figure 5. Energy threshold in the nucleus reference frame for photodisintegration as a function of
energy for different LIV coefficients. The black lines represent the LI scenario while the shades of blue
represent different LIV coefficients. The left and right panels show the results for a nucleus of helium
and iron, respectively.
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ü Relevant LIV scenarios for UHECR are those with  δ>0. 
Thresholds for photopion production and photodisintegration 
move to higher energies.

ü To have the same LIV order for all hadrons, using the 
superposition principle we can write

MODIFIED CR PROPAGATION

21

The Pierre Auger Collaboration, JCAP 2022 

• Interactions of nuclei -> modified 
photo-disintegration  

• Consider a nucleus as composed by 
A nucleons 

• LI case: the photo-dis threshold 
depends only on the nuclear 
species 

• LIV case: a dependence of the 
photo-dis threshold on the energy 
appears E2

A = p2
A + m2

A + ∑ δA,nE2+n
A

A2E2
p = A2p2

p + A2m2
p + A2 ∑ δA,nAnE2+n

p

E2
p = p2

p + m2
p + ∑ δA,nAnE2+n

p

δA,n = δp,n/An

MODIFIED CR PROPAGATION
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The Pierre Auger Collaboration, JCAP 2022 

• Interactions of nuclei -> modified 
photo-disintegration  

• Consider a nucleus as composed by 
A nucleons 

• LI case: the photo-dis threshold 
depends only on the nuclear 
species 

• LIV case: a dependence of the 
photo-dis threshold on the energy 
appears E2

A = p2
A + m2

A + ∑ δA,nE2+n
A

A2E2
p = A2p2

p + A2m2
p + A2 ∑ δA,nAnE2+n

p

E2
p = p2

p + m2
p + ∑ δA,nAnE2+n

p

δA,n = δp,n/An

ü In the LIV scenario the 
interaction length for nucleons 
and nuclei becomes sensibly 
larger. 

ü Limits on the LIV parameter 
from the combined fit of the 
Auger data on spectrum and 
mass composition.
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Figure 8. Energy spectrum (top) and first two moments of the Xmax distributions (bottom), for
the LI (left panels) and LIV �had,0 = 10�20 cases (right panels) for the STGE propagation model
compared to the Pierre Auger Observatory data. Partial distributions are grouped according to the
mass number as follows: A = 1 (red), 2  A  4 (grey), 5  A  22 (green), 23  A  38 (cyan),
39  A  56 (blue), total (brown). Dashed brown lines show the energy region not used for the fit.
Dashed lines in the bottom panes show simulations predictions for each element.
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Figure 8. Energy spectrum (top) and first two moments of the Xmax distributions (bottom), for
the LI (left panels) and LIV �had,0 = 10�20 cases (right panels) for the STGE propagation model
compared to the Pierre Auger Observatory data. Partial distributions are grouped according to the
mass number as follows: A = 1 (red), 2  A  4 (grey), 5  A  22 (green), 23  A  38 (cyan),
39  A  56 (blue), total (brown). Dashed brown lines show the energy region not used for the fit.
Dashed lines in the bottom panes show simulations predictions for each element.
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LI

The combination of the information from both techniques results in a quasi-calorimetric
determination of the energy scale, a geometric direction reconstruction and an estimator of
the primary particle mass. Details of the reconstruction techniques and their efficiency can be
found in [9]. The determination of the features of the energy spectrum measured by the Pierre
Auger Observatory reached unprecedented precision [13, 14], achieved with a continuous and
stable operation of the detectors combined with the hybrid energy calibration. In this analysis,
we use the energy spectrum measured using an accumulated exposure of 60,400 ± 1,800 km2

sr yr, obtained by the combination of complementary data sets above 3 ⇥ 1018 eV based on
215,030 events recorded with zenith angles below 60� [15]. The events were measured by the
SD between 1 January 2004 and 31 August 2018. A subset events with energy above 3⇥ 1018

eV were collected between 1 January 2004 and 31 December 2017 simultaneously by the SD
and FD detectors. This subset is used to calibrate the energy reconstruction of the events.

The atmospheric depth at which the air shower peaks in the rate of energy deposit,
Xmax, is the most accurate available parameter with proven correlation with the mass of the
primary particle. The FD measures the fluorescence light produced in the development of
the shower in the atmosphere from which the Xmax can be reconstructed. In this paper, we
use Xmax distributions of the events measured from 1 December 2004 to 31 December 2017
with energy above 1017.8 eV and zenith angle below 65� [16]. The 35425 events surviving the
analysis and selection procedure [17] are sampled into the Xmax distribution for each of 19
energy bins [1017.8, 1017.9) eV, . . ., [1019.5, 1019.6) eV, and [1019.6 eV,+1).

No photon has yet been conclusively detected by the Pierre Auger Observatory, leading
to the most restrictive upper limits on the photon flux at the highest energies [18–20]. Mul-
tivariate analyses based on SD and FD data was perfomed in the all events with zenith angle
between 30� and 60� measured from 1 January 2004 to 30 June 2018. Since no photon-like
event was found with an exposure of 40,000 km2 sr yr, the null result was transformed into
flux upper limits for energies above 1018 eV

4 The UHECR scenario

In the present work, we test the sensitivity of the data collected by the Pierre Auger Ob-
servatory to violations of LI under specified UHECR scenarios. We consider isotropically
distributed sources with (1 + z)m cosmological evolution emitting an energy spectrum given
by

dNA

dE
= J0fA

✓
E

1018 eV

◆��

⇥
(
1, for R < Rcut

exp (1�R/Rcut), for R � Rcut

, (4.1)

where z is the redshift, � is the spectral index at the injection, Rcut is the cutoff rigidity, fA
is the fraction of nuclei with mass A, and J0 is the normalization factor of the flux which
enters into the computation of the total emissivity defined as L0 =

P
A

R
+1
Emin

EQA(E) dE,
where QA(E) dE is the number of nuclei with mass A injected per unit energy, volume and
time.

UHECRs interact with photon backgrounds on the way to Earth. At these energies, the
most important photon backgrounds are the cosmic microwave background (CMB) and the
extra-galactic background light (EBL). Given the uncertainties in the models, we included two
EBL distributions and two photo-nuclear cross section models among the UHECR propagation
models used in this study, as used also in [21] and described in [22]. The comparison of
events arriving at Earth with Xmax data is only possible if the arriving mass composition is
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and therefore not taken into account together with the LIV modifications in the propagation.
Figure 5 shows the photon energy threshold in the nuclei reference frame for different values
of �had,0 and for two different nuclei (helium and iron), obtained following the calculations
from [46]. Under the LIV assumption the energy threshold increases abruptly above an energy
that depends on �had,0. Comparable results are found for the other nuclei and LIV orders, n.
In a similar way to the photopion production, under the LIV assumption the UHECRs would
interact less and, thus, travel farther than under the LI hypothesis.

Both the LIV modified attenuation length for pion production and the LIV modified
energy threshold for photodisintegration were implemented in SimProp v2.4 [31]. Simulations
were performed for five representative nucleus (H, He, N, Si and Fe) divided into seven redshift
intervals: [0,0.01), [0.01,0.05), [0.05,0.1), [0.1,0.2), [0.2,0.3), [0.3,0.5) and [0.5,2.5). The energy
range of the simulation was 17.5  log10(E/eV)  22. We simulated 105 events for each
nucleus and redshift interval resulting in a total of 3.5⇥ 106 events.

6.2 Results of the combined fit considering LIV

The simulated energy spectrum and composition arriving at Earth are used to fit to the data
of the Pierre Auger Observatory for energies above 1018.7 eV, using Eq. 4.1 for weighing the
UHECR spectrum at the source. The fit procedure follows the explanation in [21]. Within
each UHECR scenario, the free parameters of the fit are: a) the nuclei fractions, fA, b) the
index of the energy spectrum, �, c) the maximum rigidity, Rcut, d) the normalization factor
of the flux, J0 and e) the LIV coefficient, �had,0. The cosmological evolution of the sources
was fixed to m = 0. For each value of �had,0 ranging from 10�24 to 10�18 in log10 steps of 1
and for the LI case (�had,0 = 0) a log-likelihood fit was done searching for the combination
of the parameters which best describes the data. Figure 6 shows the evolution of the best fit
parameters as a function of �had,0.

Figure 7 shows the total deviance, D, and the deviance relative (DLIV � DLI) to the
LI case. Details on how the deviance is defined and calculated can be found in [21]. The
deviance becomes too large for strong LIV (large values of �had,0), and, thus, limits on �had,0
can be imposed with a confidence level (CL) given by � =

p
DLIV �DLI. For all UHECR

scenarios composed of options shown in Table 1, the data imply that �had,0 < 10�19 at 5�
confidence level.

Since the LIV effects are dominated by the most energetic particles, the higher order
LIV coefficients can be estimated as

�had,0R
2

cutZ
2 = �had,nR

(n+2)

cut
Zn+2 =) �had,n = �had,0R

�n
cut

Z�n , (6.4)

with Z = 1 taken as the most conservative value. Considering �had,0 < 10�19 we have �had,1 <
10�38 eV�1 and �had,2 < 10�57 eV�2 at 5� confidence level for all UHECR scenarios shown
in Table 1. These limits are the first obtained with a fit of the spectrum and composition
data including UHECR nuclei.

Table 2 shows the value of �had,0 for which we obtained the minimum deviance for each
UHECR scenario. Taking this value (�had,0 = 10�21) for the STGE model, we show in figure 8
the energy spectrum and the first two moments of the Xmax distributions in comparison with
these corresponding to the LI case. The comparison between the two panels with LI (left
panel) and LIV (right panel) shows the correlation between mass composition and LIV in the
fit. Lorentz violation suppresses the interactions during propagation which is compensated
with a lighter composition at the sources in order to obtain the same composition on Earth.
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ü Fit parameters J0, fA, Γ, Rcut, δhad,0

ü Standard LI combined fit: Talys cross-
sections, EBL by Dominquez+ (MNRAS 
2011), hadronic interactions EPOS-LHC
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�had,0 < 10�19 �had,1 < 10�38 eV �1 �had,2 < 10�57 eV �2



Conclusions     

ü The Auger observations have an unprecedented potential to test new physics BSM: 
stringent limits on the SHDM parameters MX and 𝛕X and the LIV parameter δ.

ü The SHDM hypothesis connects UHECR observations with cosmological models 
(MX) and models BSM of particle physics (𝛕X).

ü SHDM can be discovered by future precise cosmological measurements (CMB 
tensor modes) combined with the Auger observation of UHECR. 

ü Larger statistics at the highest energies are instrumental to probe the phase space of 
SHDM and LIV models.

Thank you

More on BSM physics with UHECR in the Olivier review talk 
this afternoon


