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 Charged cosmic rays (p/nucleus)  
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Viktor Hess, 1912  



From Beatty, Matthews, and Wakely, “Cosmic Rays", in Review of Particle Physics, 2018 

 Energy spectrum (E >1014 eV ) 

 



Anthropomorphic representation 
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Origin ? 
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Surpass human-made accelerators ! 

Year of completion 

The Large Hadron Collider (LHC) 

~1930 

~ 10 MeV 
High Luminosity     
Sophisticated detectors 
Central region             
Energy limited  

14 TeV 
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R  ∼10 km, B ∼ 10 T          
E  ∝ BR ∼ 10 TeV 



Where can be these accelerators 

in the Universe? 

Hillas plot 

Pulsar 

SNR 
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AGN 

Starburst Galaxies 



How to generate bottom-up energies 

much higher than thermal? 
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Enrico Fermi, Werner Heisenberg and Wolfgang Pauli  



 Acceleration mechanism  
Fermi 2nd order (1949) 

particles accelerated in stochastic 
collisions with massive interstellar clouds 
(collisions to a moving diffusive wall!)  

In the cloud reference frame 

Back to the Lab reference frame 

Then: 

But: 
Probability 
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 Acceleration mechanism  
Fermi 1st order 

Particles gain energy by consecutive 
crossings of the shock front!  

Now (plane shock front): 

Solar coronal mass 

ejection  9 Mar 2000 

Shock formation : 
•  Sudden  release of Energy (CMEs, SNRs, GRBs,…) 

• Supersonic flow hits an obstacle  (AGNs jets, pulsar winds, …)     

Crossing probability α cos(θ) 
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 The power law   E
dE

dN

  1 EEN

In each cycle the particle gains a small fraction 
of energy ε.  After n cycles: 

En = E0 (1+ ε)n 

Or the number of cycles to attain an energy E is: 

n = ln(E/E0)/ln(1+ε )   

The particle may escape from the shock region with some probability Pi. Then the 
probability to escape with E>En is: 

and 

7.2)(. 
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Supersonic shock 



The Greisen-Zatsepin-Kuzmin 

(GZK) cutoff 
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The Greisen-Zatsepin-Kuzmin 

(GZK) cutoff 

protons 
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Propagation distance (Mpc) 
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Predicted (and observed) Spectrum 

Particle flux 
multiplied by E2 

Energy density per decade 

No cosmogenic neutrinos observed so far 



Galactic                B ~ 10-6  G  
Extra-Galactic      B ≤ 10-9  G 

Milky Way Galactic Magnetic Field  

 as seen by Planck satellite 



T.Stanev 

Deflection in the Galactic Magnetic Field (p) 

Above 1019  : Astronomy ! 
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Entering in the Atmosphere 
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Entering in the Atmosphere 
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Entering in the Atmosphere 
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Entering in the Atmosphere 
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Entering in the Atmosphere 
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Entering in the Atmosphere 
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The first interaction! 



 Shower development 
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 Shower development 



Shower hits Earth surface 
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P(Fe) Air ➝  Baryons  (leading, net-baryon ≠ 0) 
                ➝  π0                   (  π0 ➝  𝛾𝛾➝ e+e- e+e- ➝ …) 
                ➝  π ±           ( π ± ➝  𝜇±  if  Ldecay<  Lint ) 
  ➝  K±, D. … 
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Shower hits Earth surface 



Particle interactions 

- well known ! 

- forward region, small pt, very high 

hadronic interations 

- large uncertainties ! 

s

- main parameters: σin, kin, <n>, (fraction π0, Nb of  Baryons, … ) 

e.m. and weak interations 

Nuclear fragmentation 

Missing Energy 

- Nuclei are not just a superposition of nucleons !   

- 5% to 10% … 

P(Fe) Air ➝  Baryons  (leading, net-baryon ≠ 0) 
                ➝  π0                   (  π0 ➝  𝛾𝛾➝ e+e- e+e- ➝ …) 
                ➝  π ±           ( π ± ➝  𝜇±  if  Ldecay<  Lint ) 
  ➝  K±, D. … 
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Shower cascades  



Extensive Air Showers (EAS) 

1019 eV 
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Particles 

EAS detection 

Cherenkov 

Fluorescence 

electrons excite N2 molecules 
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airfly 



Fluorescence from space 

JEM-EUSO 
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Example: event observed with Auger Observatory 

Lateral distribution 

Time structure 

15% duty cycle 

100% duty cycle 

Measurements by an Hybrid 

detector at Earth 
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Pierre Auger Observatory 
Province Mendoza, Argentina  

1660 detector stations, 3000 km2 

27 fluorescence telescopes 

Telescope Array (TA) 
Delta, UT, USA 

507 detector stations, 680 km2 

36 fluorescence telescopes 

Together full sky coverage 

TA: 
8.1 x 103 km2 sr yr (spectrum) 
8.6 x 103 km2 sr yr (anisotropy) 

Auger: 
6.7 x 104 km2 sr yr (spectrum) 
9 x 104 km2 sr yr (anisotropy) 

Earth Observatories 



Northern hemisphere: Utah, USA 

Middle Drum: based on HiRes II 

LIDAR 

Laser facility 

Electron light 

source (ELS): 

~40 MeV 

Infill array and high 

elevation telescopes 

Test setup for 

radar reflection 
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TALE (TA low energy extension) 

Talk by Abu-Zayyad 

Telescope Array (TA) Area ~ 680 km2   

    3     fluorescence telescopes 

507     double-Layer scintillators 



Southern hemisphere: 

Province Mendoza, Argentina 
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Pierre Auger Observatory Area ~ 3000 km2   

24+3  fluorescence telescopes 

1600 water Cerenkov detectors  
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telescope building  
“Los Leones” 

LIDAR station 

communication tower 
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telescope building  
“Los Leones” 

LIDAR station 

communication tower 
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E.M. and μ signal in the WCDs 

Individual time traces 

Proton, ϴ =45º , E= 1019 eV , 
d= 1000m 
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The fluorescence detectors (FD) 
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The fluorescence detectors (FD) 



The fluorescence detectors (FD) 
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The fluorescence detectors (FD) 
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A 4 eyes hybrid event !  
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SD Energy calibration in Auger 

ID762238 

S(1000) Calibration 
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Auger is running smoothly   

4

8 

The Swiss clock!   

Many and important results !    
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Energy spectrum  
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Ankle 

GZK like 
suppression !!! 
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Energy spectrum  
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Figur e 4. Fluxes of protons and nuclei obtained as in figure 2. The addit ional galact ic component

is plot ted as dot ted black line. Experimental data are the Auger data on flux [38, 39].
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Figur e 5. Mean value of the depth of shower maximum ⟨X m ax ⟩ and its dispersion σ(X m ax ) as

measured by Auger [15] and in our calculat ions with the same choice of parameters of figure 4. The

different colors of the shadowed regions correspond to the three choices for the addit ional galact ic

component : protons (red), helium (gray) and iron (blu).

On the other hand, as discussed above, an addit ional CR component appears to be

required by the Auger data in the energy range E < 5× 1018 eV, therefore here we int roduce

such a component in the form of a speculat ive Galact ic CR flux, parametrized as:

Jgal (E ) = J0e− E / E⋆
E

E⋆

− γ

(3.2)

with E⋆ = 1018 eV, γ = 2.65 and J0 chosen in order to fit the observat ions. The choice of the

power law index γ in equat ion (3.2) comes from the galact ic cosmic rays spectra as computed

in [47]. In figure 4 we plot the all part icle spectrum with the same choice of the inject ion

parameters used in figure 2 and the addit ional galact ic component , Eq. (3.2), plot ted as a

dot ted black curve.

Given the speculat ive nature of the Galact ic component used here, we left its chemical

– 10 –

GZK or the exhaustion of sources ???  

Composition is the key to disentangle the two scenarios! 
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Old Data 



Proton                    

Nuclei          ( 
Iron, …)                    

Xmax and the “beam composition” 
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ΔX 

Xmax  =  X1 +  ΔX 

Shower  development  

X1 
Xmax 

em 
profile muonic 

profile 

 dX
dX

dNe

E ∝  Ne 
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Nμ ∝ 
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Fe/p  longitudinal profiles  

Iron ～ 56 nucl(E/56) 

Smaller fluctuactions 

Smaller Xmax 54 



Xmax 

distributions 

As the energy increases 
the distributions become 
narrower !!! 
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<Xmax> and RMS(Xmax) 

A clear change above 3 1018 eV                              
Beam composition ???  Hadronic interactions???  

γ Fe p 
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Mass composition 

57 

fluorescence telescope data (15%  duty cycle) 

Composition could be explained by disintegration of ~ C or Si nuclei, very 
hard energy spectrum at injection favored ( ~ E-1 ) ... 

20.0 

Auger, preliminary 



The “Particle Physics” interpretation … 

58 

R.Ulrich (2008) 

Reduced statistics 

If just proton …  

A dramatic increase in the proton-

proton cross section  

100 TeV 

But no violation of the 

Froissart bound ! 

100 TeV 

Grey to black disk 

J. Dias de Deus et al. (2012) 



<Xmax >distribution 

ΔX 
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Experimental  resolution  X1 ΔX 



Proton cross-section 

Slightly lower than it was expected at 
the time by most of the models, but 
in good agreement with recent LHC 
data. 

If  % p > 20%,   % He < 25% 

60 

Measurement of the UHE Proton+Air Cross

Section
tail of Xmax distribution:
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Figure 2.27: Principle of the Xmax-distribution decomposition method. The Xmax-distribution results
from the convolution of the distributions of X1 and DX1, where DX1 = Xmax − X1.

kX = L obs/ l p− air. The found dependence of kX on a changing multiplicity as well as cross sec-

tion has never been taken into account by any air shower based cross section measurement.

Xmax-RM S method. For a short time it was believed that the proton-air cross section can be

obtained just from the measurement of Xmax-fluctuations [115, 116]. In fact, the fluctuations

are depending on the cross section, but nowadays it is well known that the RMS of the Xmax-

distribution does mostly reflect the primary composition of cosmic rays. As a matter of fact,

it is the best handle we currently have to learn about the primary mass composition. Only

the extremely doubtful assumption of a pure proton cosmic ray composition may allow a

measurement of the cross section this way.

Unfolding of the Xmax-distribution. A real improvement of the cross section measure-

ment techniques was proposed by taking the air shower fluctuations more explicity into

account [109]. This allows us to use not only the slope but more of the shape of the Xmax-

distribution, by at the same time restricting the analysis to a range in Xmax, where the pos-

sible contribution from primaries other than protons is minimal. The ansatz unfolds the

measured Xmax-distribution (2.14), by using a given DX1-distribution to retrieve the original

X1-distribution (see Figure 2.27). The HiRes Collaboration claimed model independence of

the used DX1-distribution, leading to a model independent result for the cross section.

Indeed, this would have been a major step forward, since all the previous techniques

are heavily depending on air shower Monte Carlo simulations and are therefore implicitly

model dependent. Of course also the DX1-distribution can not be accessed by observations,

but has to be inferred entirely from simulations. Recently this triggered a discussion about

the general shape and model dependence of the DX1-distribution [117]. Ultimately this in-

troduces a comparable amount of model dependence, as in the k-factor techniques (see Fig-

ure 2.28, left). This is a natural consequence of the fact that all air shower based analysis

techniques are based on expression (2.14) in one or the other way.

Figure 2.28 (left) visualizes the dependence of the DX1-distribution on hadronic inter-

action models. The DX1-distribution, which mostly reflects the shower startup phase, is

strongly depending on the parameters of the hadronic interaction models, like the cross
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Measurement of ⇤⌘
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Unbinned likelihood analysis

Data corrected for detector acceptance ! Can be used directly by theorists
Ralf Ulrich for the Pierre Auger Collaborat ion 5
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Measurement of the UHE Proton+Air Cross

Section
Proton-air cross section

log Energy [E/eV]
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Result s, σp− ai r in mb

Lower energy point

457.5± 17.8(stat)+ 19/ -25(syst)

Higher energy point

485.8± 15.8(stat)+ 19/ -25(syst)

Ralf Ulrich for the Pierre Auger Collaborat ion 12

R. Ulrich for the Pierre Auger Coll., Proc. 34th ICRC, arXiv:1509.03732
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P-air 

Derived UHE Proton+Proton Cross Section

Inelastic proton-proton cross section

Extended Glauber conversion with inelastic screening + propagation of modeling uncertainties
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ATLAS 2011
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UA5
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TOTEM 2013
This work

QGSJETII.3

SIBYLL2.1

EPOS1.99

EPOS-LHC

QGSJETII-04

Result s, σ i n el
pp in mb

Lower energy point
76.95± 5.4(stat)+ 5.2/ -7.2(syst)± 7(glauber)

at
p

spp = 38.7 ± 2.5TeV

Higher energy point
85.62± 5(stat)+ 5.5/ -7.4(syst)± 7.1(glauber)

at
p

spp = 55.5 ± 3.6TeV

(Model uncertaint ies may be underest imated, since there are other theoret ical models available for the conversion)

Ralf Ulrich for the Pierre Auger Collaborat ion 13

R. Ulrich for the Pierre Auger Coll., Proc. 34th ICRC, arXiv:1509.03732
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The “number of μs 

61 



1019 eV 

62 

Vulcano Workshop, 2 2 -2 8  May 2 0 16    A.Castellina 18

Muon content from hybrid events

no need for an energy rescaling 

observed muon signal 1.3 -1.6  

times larger than expected 

smallest discrepancy with 

prediction of EPOS-LHC for 

mixed composition (1.9σ level)

Hadronic signal in data 
is significantly larger 

The “number of μs 



Tension between data and all hadronic interaction models !!! 63 

The “number of μs (inclined showers) 



z 

Muon Production Depth (MPD) 
 L. Cazon, R.A. Vazquez, A.A. Watson,  E. Zas, 

Astropart.Phys.21:71-86 (2004)                               
L.Cazon, PhD Thesis (USC 2005) 

64 t t t 



z 

Muon Production Depth (MPD) 

Reconstruct the MPD from 
the measured time traces at 
each SD detectors 

 L. Cazon, R.A. Vazquez, A.A. Watson,  E. Zas, 
Astropart.Phys.21:71-86 (2004)                               
L.Cazon, PhD Thesis (USC 2005) 

65 t t t 



Vulcano Workshop, 2 2 -2 8  May 2 0 16    A.Castellina 19

Muon Production Depth

Data bracketed by models only for QGSJetII-0 4  

Composition is not constant, ER~-2 5  g cm-2 /

decade 

QGSJETII-0 4  compatible with data within 1.5 σ,     

EPOS-LHC incompatible at 6 σ level

The best model for the muon 

content EPOS-LHC) fails 

in describing the MPD 

[a small change in π-Air 

inelasticity can induce a 

cumulative effect in MPD 

and Nµ
tot]

<X μ
max > 

Θ ~ 600 

66 



<ln A> from Xmax and Xμ
max 

(Xmax , X
μ

max ) is sensitive  to hadronic development of the shower 
(rapidity distributions, … ) 
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Muon Production Depth

Data bracketed by models only for QGSJetII-0 4  

Composition is not constant, ER~-2 5  g cm-2 /

decade 

QGSJETII-0 4  compatible with data within 1.5 σ,     

EPOS-LHC incompatible at 6 σ level

The best model for the muon 

content EPOS-LHC) fails 

in describing the MPD 

[a small change in π-Air 

inelasticity can induce a 

cumulative effect in MPD 

and Nµ
tot]
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? 

Origin  
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Arrival directions follow mass distribution of near-by galaxies  

Auger - 6.5% dipole at 5.2 sigma 

Galactic center 

Extragalactic Origin 
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Galaxies with D < 45  Mpc 
(2MASS catalog)  

Hot/Warm spots 

TA and Auger: over-densities ~20° size 



Anisotropy – Correlation with catalogs (Auger)  

71 

Starburst galaxies AGNs 

(Giaccari  ICRC 2017) 



nuclear reactor 

 The Multimessager Era  
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GW170817  

The first multimessenger 
discovery of a binary 
neutron star merger 
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2008 2017 

IC170922A 

TXS 0506+056 

z = 0.33 

IceCube 1709922A, publications in preparation 

MAGIC: flare E > 100 GeV 

FERMI: flare (found 6 days later) 

(A. Franckowiak) 

First source of astrophysical 
neutrinos at high energy? 
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Energy density per decade similar in all three messenger particles  

E = 1020 eV 

The Universe at the highest energies ! 



The Universe remains to be discovered ! 



International Doctorate 
Network in Particle 

Physics, Astrophysics 
and Cosmology  

Mário Pimenta                                
May 2018 
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Origin and evolution of the Universe  

Particle Physics:  

“Matter” and Interactions 

Cosmology:  

Astronomy/ 
astrophysics:  

“Objects” in the sky 
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Not really a super 
Man/Woman ...  

BUT !!!  



Several scientific profiles have to co-exist! 
from the experimental physics students interested in the 
development of new detectors or data acquisition and 
readout systems  to the theoretical physics student interested 
in the development of string theories.   
 
to all students a minimum common scientific background 
should be provided.  
 
This common background will favour the future mobility and 
employment of the students either in scientific research 
projects and institutions or in the society at large. 

Student profiles  



Activities  

•Schools and Workshops 
A general IDPASC school every year 

(2 weeks: mornings lectures/afternoon 
exercises/exam at the end) 

 Thematic schools 
•Courses 
Specific courses via video-conference 

•Public sessions 
General public (in particular last years high    
school students and teachers) 

• Doctoral Scholarships (IDPASC-Portugal) 
2010/2011/2012 – 20 grants 
2014/2017 – 20 grants 
    



IDPASC Posters ...    



www.idpasc.lip.pt  







Propagation distances of different messenger particles 

8

8 

Not visible in 
gamma rays 
(secondary 
 cascades) 

Not visible in 
in cosmic rays 
(energy loss effects) 

(M. Kowalski) 

Magnetic horizon for cosmic rays 
(diffusion time exceeds lifetime of Galaxy / Universe) 

Cosmological evolution 
of sources important 



Combined fits   

A Fit (spectrum, <Xmax >, RMS(Xmax )) is always possible but it 
requires a very unusual metallicity of the sources! 

89 

Composition Scenarios
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(Di Matteo, Auger ,

ICRC 2015)
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Interpreting the energy spectrum

• hard injection ( ~1) and low cutoff (Rcut<10 18 .7 eV) favoured 

• ~2  strongly disfavoured by Xmax distribution width 

• EPOS-LHC favoured over Sibyll2 .1 and QGSJet0 4

best fit local min

Composition Scenarios
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