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CR spectrum at Ultra High Energies 

The observations on Earth are the result of the 
acceleration at the source (injection) and the 
propagation of particles in the background 
radiation (CMB & EBL) and possible 
intergalactic magnetic fields (IMF). 

ü Spectrum 

ü Chemical Composition  

ü Anisotropy (astronomy?) 

ü Cosmogenic secondary particles 
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Figure 13: Energy evolution of the first two central moments of the Xmax distribution compared to air-shower
simulations for proton and iron primaries [80, 81, 95–98].

Figure 14: Average of the logarithmic mass and its variance estimated from data using di↵erent interaction models.
The non-physical region of negative variance is indicated as the gray dashed region.
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Figure 1: hXmaxi as measured by the Pierre Auger (left) and Telescope Array (right) Collaborations [2, 3].
The colored lines denote predictions of air-shower simulations (note that different models are shown in the
left and right panel, only SIBYLL2.1 is the same). The black line on the right panel is a straight-line fit to
the TA data. Systematic uncertainties are indicated by brackets (left) and by the green dashed box (right).

1. Introduction

The nuclear composition of ultra-high energy cosmic rays is one of the key observables to
understand their origin. One of the most robust and precise observables to date to infer the com-
position from air-shower measurements is the atmospheric depth at which the particle number of
the shower reaches its maximum, Xmax. Currently, the Pierre Auger Observatory and the Telescope
Array (TA) measure Xmax using fluorescence detectors. But despite the use of the same detection
principle, a direct comparison of the data published by both collaborations is not straightforward.

The TA Collaboration published values of the average shower maximum, hXmaxi, obtained
from Xmax distributions that include detector effects such as the selection efficiency and accep-
tance. The interpretation of the data is made possible by the comparison of the Monte-Carlo pre-
diction for proton and iron nuclei folded with the same detector resolution and efficiency. In the
analysis performed by the Pierre Auger Collaboration, only shower geometries are selected allow-
ing the sampling of almost unbiased Xmax distributions and residual biases from the acceptance,
reconstruction and resolution are corrected for.

The corresponding values of hXmaxi are presented in Fig. 1 together with predictions from
air-shower simulations for proton- and iron-initiated showers. SIBYLL2.1, the only hadronic inter-
action model used by both collaborations, provides a common reference in these plots.

The work reported here is a common effort of the Auger and TA Collaborations with the
aim of providing a direct comparison of the hXmaxi measurements taking into account the different
approaches of each collaboration. Indirect comparisons of TA and Auger results using a conversion
of hXmaxi to the average logarithmic mass were published in earlier [1]. The disadvantage of
indirect comparisons is that they depend on the particular hadronic interaction model that is used.
The current analysis was performed in the following way. The Auger Xmax distributions were
fitted by a combination of four primary nuclei (proton, helium, nitrogen, iron) using events from
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Ultra High Energies Cosmic Rays – Composition 

ü Auger: protons at low 
energy and heavier 
nuclei at high energy. 

ü TA: protons only. 

ü Strong uncertainties 
due to the hadronic 
interaction model. 
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Figure 6: Comparison of hXmaxi as measured with the MD of TA (blue squares) and the hXmaxi of the
Auger data folded with the MD acceptance (red circles). The data points are slightly shifted horizontally
for better visibility. In the case of the Auger points, the inner error bars denote the statistical uncertainty of
the measurement and the total error bar also includes contributions from the limited statistics of simulated
events used for the folding. The colored bands show the systematic uncertainties of the Xmax scales of each
experiment.

However, since the elongation rate of the folded Auger data is small (⇠19 g/cm2/decade), the ef-
fect of such an energy shift on the comparison is expected to be at the level of a few g/cm2. For
a more precise evaluation it would be necessary to take into account the energy dependence of the
acceptance of TA. Nevertheless, it is to be expected that the increased difference between the two
data sets once the energy scale shift is taken into account will be much smaller than the system-
atic uncertainties on the Xmax scale of 10 g/cm2 and 16 g/cm2 for the Auger and TA analyses
respectively.

5. Conclusions and Outlook

In this paper we have presented a comparison between the data on hXmaxi as measured by
the Pierre Auger and Telescope Array Collaborations. An adequate comparison was achieved by
taking into account that the hXmaxi published by Auger are corrected for detector effects, whereas
those published by TA includes detector effects. From the preliminary comparison presented here
we conclude that the data of the two observatories are in good agreement.

In the future, we will present results with an improved parametric description of the Auger
Xmax distributions using the EPOS-LHC interaction model and the evaluation of the effect of the
relative energy scale uncertainty. Moreover, we will discuss results from statistical tests of the
compatibility of the full Xmax distribution.
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Supermassive particles with mass comparable with the inflaton mass can  
be generated in the early universe by time-dependent gravitational fields 

or through direct coupling to the inflaton field. 
(Kofman, Linde & Starobinsky (1994), Felder, Kofman & Linde (1998), Zeldovich & Starobinsky (1972),  

Chung, Kolb & Riotto (1998), Kuzmin &  Tkachev (1998))  

 
They can be long-lived if their decay is inhibited by some discrete  

symmetry (such as R-parity for SUSY neutralinos)  
(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 at inflation (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 Astrophysics observations). 
Ø  SHDM can be experimentally tested only indirectly through cosmological  
      observations and UHECR observations. 



Being out of local thermal equilibrium SHDM naturally produces tensor modes. 
The observed tensor-to-scalar ratio in CMB fluctuations sets the scale for SHDM. 
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The rare decays of SHDM may generate UHE standard model particles  
As  CDM SH relics cluster in galactic halos 

SHDM and UHECR 

Decays of X-particles at present epoch could arise in different models  

Wormhole effect 
(Berezinsky, Kachelriess & Vilenkin (1997)) 

Quantum Gravity through wormhole effect  
could violate the discrete symmetry  

Instanton induced decay 
(Kuzmin & Rubakov (1997)) 

X-particles could decay through  
an istanton transition  

(S wormhole action) 

(αX gauge coupling) 

⌧X ' M2
Pl

M3
X

e2S

⌧X ' 1

MX
e4⇡/↵X

The basic parameters of the SHDM model are 

Particle mass 

Particle lifetime 

Galactic halo Dark Matter distribution 

MX ' O(1014GeV )

nX

⌧X ' O(1022y)



SHDM accumulates in the halo  
of our own galaxy with an  
over-density δ given by: 

UHECR flux 

α=1  NFW density profile 
 α=3/2 Moore density profile 

Astrophysics  
Galactic DM halo fixes the geometrical  

behavior of the SHDM emission, it gives  
an increased emission from the GC  

direction  

signature of the model 

Particle Physics and Cosmology 
Fixes the energy behavior and chemical  
composition. The observed UHECR flux  

selects a sub-space of the SHDM  
parameter space, through 

signature of the model 

SHDM flux contribution 
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X cascade 

hadronization 

mainly π 
therefore γ and ν  

From SHDM to UHECR 
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Figure 2. UHECR flux: proton (dotted green), He (dotted magenta), CNO (dotted blue), MgAlSi
(dotted cyan), Fe (dotted black) from astrophysical sources [53] and proton (green solid), photon (blue
solid) and neutrino (red solid) from the decay of SHDM with a Moore density profile. The total flux
is represented by the black thick solid line. Experimental data are the latest observations of Auger
[28] and TA [31]. All plots are obtained assuming r = 0.05, taking the four di↵erent choices of the
inflaton potential: � = 2 upper left panel, � = 4/3 upper right panel, � = 1 lower left panel and
� = 2/3 lower right panel. The corresponding values of the SHDM parameters (M

X

, ⌧
X

) are labelled
in the di↵erent panels.

Sibyll 2.1 [67], QGSJet 01 [68] and QGSJet 02 [69], in order to derive for each given nuclear
primary a simple prescription for hXmaxi and �(Xmax). To account also for the contribution
of UHE photons to Xmax and �(Xmax) we have used CONEX simulations of �-induced
showers, taking into account the Landau Pomeranchuk Migdal (LPM) and the Geomagnetic
field e↵ects on the showers development [70].

The observations of Auger point toward a mixed composition of UHECR with a preva-
lent light composition at low energies E < 5⇥1018 eV and a progressively heavier composition
at the highest energies [28, 29, 30]. The highest energy bin with an observed chemical compo-
sition is placed at E ' 5⇥ 1019 eV, at highest energies there are no available measurements
of composition [28, 29, 30]. As discussed above, the decay of SHDM gives a substantial
contribution to the composition of UHECR only at energies larger than 5⇥ 1019 eV, where
the fraction of photons and neutrinos rises over a few %, therefore in an energy band not
scrutinized by Auger and TA because of the extremely low statistics of the collected events.

In figure 3 we plot hXmaxi and �(Xmax) corresponding to the fluxes of the upper left
panel of figure 2, obtained with a tensor to scalar ratio r = 0.05 and an inflaton potential
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Q⌫,�,p / E�1.9

ü  SHDM 
lifetime τX 
regulates the 
expected CR 
flux. 

ü  SHDM halo 
density profile 
(Moore in figs) 

ü  Integrating 
over the whole 
sky. 

ü  Taking into 
account the 
whole 
universe. 
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The most constraining observations that limit (from below) τX are 
 
ü  Chemical composition of UHECR 
ü  Photons fraction at E>1019 eV at the level of 1 % 

 RA, Matarrese, Olinto (2015) 
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Figure 5. Shadowed red areas represent the regions in the plane (r, ⌧
X

) (or (M
X

, ⌧
X

) as labelled in
the upper abscissa of each panel) accessible to the JEM-EUSO experiment, each panel corresponds
to a di↵erent choice of the power law index of the inflaton potential (as labelled): upper left panel
� = 2, upper right panel � = 4/3, lower left panel � = 1 and lower right panel � = 2/3.

particles produced by SHDM decay. Given the currently planned UHECR and UHE neutrino
detectors, JEM-EUSO is best placed to e↵ectively study the allowed SHDM lifetimes with
possible lifetime detections or constraints reaching values as high as ⌧X ' 1024 yr.
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ü  UHECR experiments 
are more suitable to 
detect UHE particles 
produced by SHDM 
decays.  

ü  JEM-EUSO has the 
capability of exploring 
SHDM till τX ~ 1024 yr.  



SHDM anisotropy contribution 
The observed UHECR events are distributed in the sky depending on both real 

celestial anisotropy and the detector relative acceptance ω(δ) (terrestrial equatorial 
coordinates: α right ascension and δ declination). Assuming a superposition of  
(isotropic) extragalactic astrophysical generated protons and galactic UHECR  

from SHDM decay, the total flux will be  

The number of events at energy E>E0 collected during T0  inside the Auger field 
of view in declination (with a uniform exposure in right ascension α) is  

The SHDM component is photon dominated and it does not feel the effect of the 
galactic magnetic field, following the behavior of the galactic DM density 

distribution with an enhancement in the GC direction. On the other hand the 
(astrophysical) extragalactic contribution to the flux JEG(E) at the lowest energies is 

highly isotropic.  

Even a very small anisotropy signal at the lowest energies could help  
in tagging any SHDM contribution to the flux. 

JUHECR(E,↵, �) = JEG!(�) + JSHDM (E,↵, �)!(�)
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The number of events needed to  
detect at 4 σ level the expected  
anisotropy depends on the SHDM  
density profile. It spans from 2 
years (Moore profile) up to 8 years 
(NFW profile). Already at 3x1018 

eV the anisotropy could be at the 
level of few % , within reach Auger 
capabilities. 

RA, Tortorici (2008)  



Lorentz Invariance Violations  
Quantum Gravity 
It is generally believed that the picture of space-time locally modeled as a flat 
Minkowski space should break down at very short distances of the order of the 
Planck length: 
 
 
limitations in the possible accuracy of localization of spacetime events should in 
fact be a feature of a Quantum Theory incorporating gravitation. 

 
Wheeler (1957); Kirzhnits & Checin (1971);  Amelino-Camelia, Ellis, Mavromatos, Nanopoulos (1997-1998),  

Coleman & Glashow (1999); Dvali & Shifman (1999) 

lP =

✓
G~
c3

◆
' 1.6⇥ 10�33cm

Effective field theories  

f-terms non rinormalizable, experimental test: I and II order in p/MP 
g-terms renormalizable, extremely weak, no experimental test   

Relativity principle violated with a preferred reference  
frame (space-time foam, universe co-moving frame). 

Many different models of QG imply violations of the Lorentz invariance,  
all result in a modification of the dispersion relation of particles  



RA, Blasi,  Ghia, Grillo  (2000)  

Interactions of UHECR with astrophysical backgrounds test Lorentz 
invariance up to scales not differently attainable: γ = 1011 . 

E2 � p2 ' m2
i + fi

p2+n

Mn
P

Proton interactions 
 
fp< 0 threshold moves to higher energies, 
LIV limits 
 
 
fp > 0 thresholds move to lower energies,  
exotic processes appear: Cerenkov in 
vacuum (excluded). 

n = 1 ! fp < �3⇥ 10�14

n = 2 ! fp < �3⇥ 10�6
If UHECR are protons with 
high maximum energy (>1020 
eV). The observation of GZK 
cut-off implies stringent limits 
on LIV.   
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Auger data imply: 
 
ü  Low maximum acceleration energy 

(Emax < few x 1019 eV, for protons).  
ü  Steep injection of light nuclei 
ü  Flat injection of heavy nuclei 

Because of the low maximum  
energy no effective limits on  
LIV models from UHECR 
propagation.  



Interactions of UHECR with the earth atmosphere can place other 
bounds to possible violations of the Lorentz invariance. 

Effects on pions decay 

E2 � p2 = m2
i + fi

p2+n

Mn
P

consequences on the observed shower 
development (position of the maximum, 
muon content) 

⇡0 ! �� ⇡± ! µ±⌫µ(⌫̄µ)

E⇡ >

✓
Mn

Pm
2
⇡

|f⇡|

◆ 1
n+2

fπ < 0 suppression of the processes at high energies 



Boncioli, di Matteo, Salamida, RA, Blasi, Grillo, Ghia, Petrera, Pierog (2015)  

105 showers simulated with CONEX, case 
with n=1 and -fπ=1, π0 decay inhibited for 
 
 
 
The overall effect of LIV on the 
atmospheric shower development is to 
mimic an heavier composition with 
lower Xmax and higher number of 
muons. 
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ü Super Heavy Dark Matter 
ü  The observation of UHECR at extreme energies (E>1020 eV) can 

set stringent limits on the SHDM lifetime. SHDM can be 
discovered by future precise cosmological measurements  
combined with future observations of ultra high energy cosmic 
rays and neutrinos. 

Conclusions      

ü Lorentz  invariance violations 
ü  The observation of UHECR at extreme energies (E>1020 eV) can 

set stringent limits on LIV in the case of pure proton composition. 
In the case of Auger data, with low maximum energies, reduced 
capability of UHECR observations to constrain LIV.  

ü  Interactions of UHECR with earth atmosphere can still provide 
some limits to LIV models.   


