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current Auger exposure ~ 125,000 km2 sr yr (surface detector, zenith angle < 80°)

Pierre Auger Spectra
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Pierre Auger collaboration, V. Nowotny, ICRC 2021

A. Coleman et al., Cosmic and 
Energy Frontiers, Astropart. 
Phys. 147 (2023) 102794

“instep”



electrons

γ-rays

muons

Ground array measures lateral distribution 
Primary energy proportional to density 600m from 

shower core

Fly’s Eye technique measures 
fluorescence emission 

The shower maximum is given by 

    Xmax ~ X0 + X1 log Ep 

where X0 depends on primary type 
for given energy Ep

Atmospheric Showers and their Detection
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Cosmic ray versus neutrino induced air showers
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Depth of shower maximum Xmax and its distribution contain information on 
primary mass composition

Mass Composition
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taken from R. Engel, Pierre Auger highlights, ICRC 2021
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Pierpaolo Savina for the Pierre Auger collaboration, PoS (ICRC2025) 965 
Pierre Auger collaboration, JCAP05 (2025) 061

Photon flux upper limits
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Srijan Seghal for the Pierre Auger collaboration, PoS (ICRC2025) 1170

Neutrino flux upper limits
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suggestion that highest energy cosmic rays are produced by decays from some 
higher energy scale, through fragmentation of quarks etc.

nowadays disfavored by predicted overproduction of gamma-rays

P. Bhattacharjee and G. Sigl, Physics Report 327 (2000) 109

Top-Down Models
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The flux in direction  of a species  into which the -particle decays is given by 

 

where  is the position of the solar system,  is a possible attenuation factor, 
and  is the dark matter density profile.

n i X

Ji(E, n) =
1

4πMXτX ∫
∞

0
dsρdm(r⊙ + sn) fi(s)

dNi

dE
,

r⊙ fi(s)
ρdm(r)

Pierre Auger collaboration, P. Abreu et al, Phys. Rev. D 107, 042002 (2023)
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For a mass scale  the constraint on the lifetime very roughly reads 

 

with  the age of the Universe and  the characteristic -ray energy from 
-particle decay. This implies 

 

This is modified by extragalactic -ray absorption due to pair production, but 
(unabsorbed) galactic contribution is comparable. Numerically, thus very roughly 

mX

ρdm
tU
τX

≃ Ωdmρcrit
tU
τX

≲ Jγ( fmX) ,

tU fmX γ
X

tU
τX

≲
Jγ( fmX)
Ωdmρcrit

∼ 10−10 .

γ

τX ≳ 1027 s .
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Perturbative Superheavy Dark Matter Decay

For a coupling of the superheavy dark matter  of mass  to an operator  of 
dimension  of Standard Model fields of the form 

 

with  an energy scale, the -particle has a lifetime 

 

with  
Comparison with the Pierre Auger photon flux upper limits results in the following 
exclusion plot.

X mX Θ
n

ℒint =
gXΘ

Λn−4
XΘ

Λ X

τXΘ = ( 2
π )

n−1 Γ(n − 1)Γ(n − 2)
4πMXαXΘ ( Λ

MX )
2n−8

,

αXΘ = g2
XΘ/(4π)
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Pierre Auger collaboration, P. Abreu et al, Phys. Rev. D 107, 042002 (2023)
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Instanton-induced Superheavy Dark Matter Decay
The -particle lifetime is now 

 

Comparison with the Pierre Auger 
photon flux upper limits (scanning 
the energy dependent photon flux 
upper limits for each ) results 
in the following exclusion plot 
(corresponding to 

 s) for the 
observed relic density

X

τX =
1

MX
exp(4π/αX) ,

MX

τX ∼ 1026 − 1030

Pierre Auger collaboration, P. Abreu et al, 
Phys. Rev. D 107, 042002 (2023) 
Pierre Auger collaboration, P. Abreu et al, 
Phys. Rev. Lett. 130, 061001 (2023)
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Cosmological Constraints

For a reheating temperature  and the Hubble rate at the end of inflation  
the reheating efficiency is defined as , with 

 the inflation decay rate. 

The dimensionless abundance  of X-particles is then governed by the 
Boltzmann equation 

 

the sum going over Standard Model and inflationary sectors,  the number 
densities of the relevant particles and  the thermally averaged cross 

section times velocity. The solution for  today then implies 

Trh Hinf
ϵ = (Γϕ/Hinf)1/2 ≃ 4Trh /(MPlHinf)1/2

Γinf

YX = nXa3/T3
rh

dYX

da
=

a3

T3
rhH(a) ∑

i

Γin3
i (a) ,

ni
Γi = ⟨σiv⟩
YX,0

ΩX ≃ 9.2 × 1024 ϵ4MX

MPl
YX,0 .
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Pierre Auger collaboration, P. Abreu et al, Phys. Rev. D 107, 042002 (2023); Phys. Rev. Lett. 130, 061001 (2023) 
O. Deligny for the Pierre Auger collaboration, J. Phys.: Conf. Ser. 3053012016 (2025)

Comparison with the Pierre Auger photon flux upper limits results in the following 
exclusion plots.

region above blue-to-black lines imply too high relic density, region below too low 
density



Conclusions
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1.) Ultrahigh energy particles produced in decays from a higher energy scale tend to be 
dominated by photons, rather than by nucleons and nuclei

3.) This allows to constrain beyond the Standard Model physics and in particular superheavy 
dark matter in terms of mass and coupling constants which we reviewed here. Above  
GeV the bounds on lifetime tend to be the strongest and about 8-10 powers of ten larger than 
the age of the Universe

∼ 109

4.) This also has cosmological implications when combined with requiring to reproduce the 
relic dark matter density. which we also discussed

2.) The Pierre Auger experiment has so far observed neither photons nor neutrinos and provides 
some of the strongest upper limits on their fluxes


