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The energy spectrum of high energy cosmic rays

1 particle cm-2s-1

1 particle m-2y-1

1 particle km-2century-1

Direct measurement: Direct measurement: 
satellites (AMS), satellites (AMS), 
balloons (CREAM)balloons (CREAM)

Ground array Ground array ~ km~ km22  
Kascade-Grande, IcetopKascade-Grande, Icetop

High-altitude ground High-altitude ground 
array, array, ~0.01 km~0.01 km22  
ARGO-YBJ, Tibet ASgARGO-YBJ, Tibet ASg

Ground/Hybrid array Ground/Hybrid array   
Auger Auger 3000 km3000 km22

TA  TA  700 km700 km22

courtesy of R. Engel

“knee”

“ankle”

Above LHC energy



  

ARGO-YBJ: light component (p+He)

ICRC 2015
Standard paradigm: 
knee as the energy 
“edge” of our Galaxy

E
knee

 ∝ Z

(Rigidity dependent)

Iron knee as seen by 
KASCADE-Grande

Additional proton component 
observed: possibly of 
extragalactic origin

Light elements knee as 
seen by ARGO, 
KASCADE, Tibet and 
others

knee region



  

Ankle

Transition galactic to  
extra-galactic cosmic rays 

Energy spectrum 

Arrival directions 

Composition 

Search for photon and 

neutrinos as primary 

cosmic rays

Hadronic physics 

“GZK”  

End of the spectrum 

GZK

Particle Data Group

The physics case at the highest energies 

Auger/TA

LHC 14 TeV 

Ankle



 

Greisen Zatsepin Kuz'min effect (1966):
Interaction with the cosmic microwave background (CMB)

nuclei:   photo-disintegration and 
              pair production on CMB (RB IR)

protons:

End to the cosmic ray spectrumEnd to the cosmic ray spectrum

“horizon” (p and nuclei) ~ 100 Mpc  ( ~1020 eV )

propagation scenariopropagation scenario

Composition at the highest energies and the detection of cosmogenic 
neutrino and/or photons is of key importance 

source scenariosource scenario

We may be observing the end of cosmic ray accelerators “fuel”. E
max 

Z B R 

] E  7 1019 eV



  

The Hybrid ConceptThe Hybrid Concept

accurate energy and 
direction measurement 

mass composition studies in 
a complementary way  

Surface Detector Array
lateral distribution, 100% duty cycle   

Air Fluorescence Detectors
Longitudinal profile, calorimetric energy 
measurement, ~15% duty cycle



  

an array of 1660 Cherenkov 
stations on a 1.5 km hexagonal 
grid (~ 3000 km2)    

4+1 buildings overlooking the 
 array  (24+3 telescopes)     

The Pierre Auger Observatory The Pierre Auger Observatory 

~ 60 km

AMIGA: dense array (24km2) 
plus muon detectors 
HEAT: three further high 
elevation FD telescopes  

    Radio detector
130 Radio Antenna (17 km2)

~3000 km2

Fluorescence detector

 Surface detector

Low energy extensions



  

1.5 km

1.5 km

1.5 km

1.5 km

Camera: 
440 PMTs 

Aperture of 
the pixels: 1.5°

Fluorescence detector

Surface detector

Pierre Auger 
Observatory



  

Atmospheric monitoringAtmospheric monitoring

IR cloud camera

 balloons 

Central Laser Facility

355 nm steerable lasers 

CLF



  



  

                    Auger and Telescope ArrayAuger and Telescope Array

TA

Auger

Auger ~3000 km2, TA ~ 700 km2

- Auger and TA are complementary
 

Overlapping region

Exposure (Time ⊗ Area)

Auger exposure ~ 8 times TA



  

FD-Hybrid geometry reconstructionFD-Hybrid geometry reconstruction

SDPSDPSDPSDP

Shower-Detector Plane (SDP) using the 

directions of the triggered pixels

Time FitTime FitTime FitTime Fit

monocular

hybrid

Hybrid angular resolution ~ 0.6°

Core resolution about 50 meters



  

Photons at 
diaphragm

Edep Nγ(λ) Photons in 
FD FOV ADC counts  

Fluorescence yield
(from laboratory
measurements)

Detector 
calibration

Geometry

A 
Ri

2

Atmosphere

T(λ)

FD: energy determinationFD: energy determination

Longitudinal ProfileLongitudinal Profile

Eem=∫
dE
dX
dX

XmaxXmax

Nγ()

Ri

A
T(λ)

Edep

ADC counts  

Energy “Calorimetric measurement”

Nearly  model independent



  

  Hybrid Event reconstruction

Energy estimator

Longitudinal profile: FD
Density of particles at the ground: SD

Use the energy scale provided by FD 
to calibrate the entire SD data sample



  

Energy resolution 
13% SD infill (dense array)
15% SD vertical (< 60°)
19% SD inclined (60°-80°)

Four independent measurements
Different energy ranges and relative 
weights

Exposure

Energy scale uncertainty 
- 14% (Auger)
- 20% (TA)

Calibration with the FD energy scale Auger Collaboration @ ICRC 2015



  
Auger Collaboration @ ICRC 2015

E < E
ankle

E > E
ankle

The combined Auger spectrum



  

AUGER vs Telescope Array

Position and steepness of the suppression quite different
 

Marginally consistent at the highest energies 

We are observing the sky from different Hemispheres  
Does the point of view matters? 

log10(E/eV)



  

Variations  ~ 5% (13%) below 
(above) the cutoff

Not enough to account for the 
difference Auger /TA (room for 
extreme variations at delta> 25°)

Declination dependent flux

Flux variations consistent with 
dipole anisotropy above 8 EeV 

4 declination bands

2 declination bands

Auger Collaboration @ ICRC 2015



  

Propagation scenario, photo-disintegration 
TA data fit to an extragalactic pure proton component    (Phys.Lett B 612:147 2005)  
[Auger would require a lower maximum energy of sources, or pure iron with an 
additional  lower energy contribution]
Source scenario, maximum rigidity
Auger data fit to a source exhaustion scenario E

Z
max = Z E

p
max      (Aloisio et al JCAP 2014) 

Kampert, Tinyakov C.R. Physique 2014

Astrophysical implications



  

Mass Composition Mass Composition 

<Xmax> and its RMS
 

- sensitive to mass composition
- key observables for composition studies

<
max

> = (ln E - <ln A>)+

The longitudinal profile is sensitive 
to the mass of primary particle

Auger Collaboration @ ICRC 2015



  

→  non constant composition 

increase of the mean mass above and below ~ 2 EeV

→  interpretation depends on hadronic interaction models 

Syst  uncertainty ~ 10 g cm-2 (20 g cm-2 at the lowest energies) 

Xmax  resolution  ~  20 g cm-2 (30 g cm-2 at the lowest energies)

Auger Collaboration @ ICRC 2015

  average of Xmax
std. deviation of Xmax



  

p

He

N

Fe

Heavier components take over with 
energy → exhaustion of sources

Few data 
above 
40 EeV

do p reappear 
at the highest 
energies?

PHYSICAL REVIEW D 90, 122006 (2014)



  

AUGER vs TA

Apparently the two measurements differ

different hadronic models except for Sibyll. 
different methods 

Auger data folded with TA  acceptance 
are in perfect agreement with TA data 
at the level of few g/cm2 (much less 
than systematic uncertainty)

pre-LHC models

Joint Working Group (arXiv:1503.07540)

Telescope Array Collaboration, APP 64 (2015) 49Auger; Phys. Rev. D 90, 122005 (2014)



  

Interestingly some hadronic models start to be significantly disfavored by 
Auger data

PHYSICAL REVIEW D 90, 122005 (2014)



  

Auger data (spectrum and X
max

 simultaneously) vs astrophysical scenarios

Several propagation models 
 cross sections for photo-disintegration and for background light spectrum
Post-LHC models for air shower propagation through the atmosphere 

Best fit  
Hard injection spectral index γ (~1)
Cutoff Energy E

log
~ Z X 4.5 EeV

Second scenario disfavored (~7σ)

Likelihood plot

Auger Collaboration @ ICRC 2015



  

Intermediate summary
Data relative to the energy spectrum alone cannot help us to identify the nature of CR 

Mass measurements provide indications

Auger data seem to favor a source exhaustion scenario but this would require hard 
injection spectra (unexpected) or close (low luminosity)  sources 

No significant excesses were 
found around the Galactic Center, 
the Galactic Plane, or the Super- 
Galactic Plane. 

No significant correlations with 
source from several  catalogs

Astrophysical Journal, 804:15, 2015

But do we see anisotropy?

231 events, zenith < 80°
black(white) vertical (inclined) 

E > 52 EeV

1/1/2004 - 31/3/2014



  

Sky survey with Auger and TA

TA
7 years, 109 Events (> 57 EeV) 

Auger 
10 years 157 events (> 57 EeV) 

Northern Hemisphere: hot spot 
seen by TA (3.4 σ) near the 
Ursa Major cluster 

Southern Hemisphere: hot 
spot seen by Auger 
(post-trial prob 1.4%) near 
to Cen A

The sky around Cen A

Auger and TA Collaborations @ ICRC 2015



  

Large Scale anisotropy at the highest energies 

 

Auger and TA (6.5 ± 1.9)% (p=5 10-3)Auger (7.3 ± 1.5)% (p=6.4 10-5)

dipole points 
outwards gal. 
center

dipole points 
to gal. center

Indication of transition from galactic to extragalactic cosmic rays
Prescription running for Auger till the end of this year to set confidence level 

Auger and TA Collaborations @ ICRC 2015

Rayleigh analysis in right ascension and azimuth 

Sky map of the CR flux E > 8 EeV Sky map of the CR flux E > 10 EeV

PhaseDipole Amplitude 



  

Observed change of phase in RA-analysis suggest a transition to an 
extragalactic component 

Only small deviations from overall isotropic sky
 either large deflections by B-fields, e.g. due to heavy primaries

supported by Auger composition studies
 or number of sources is very large (and luminosity low)

bounds by Auger from lack of autocorrelations: ρ  ≳ 10-4 Mpc-3 

small, medium scale

large scale

The lack of anisotropy at low energy suggest that protons (large fraction at ankle) are 
probably of extragalactic origin (unless extreme assumption on galactic magnetic field)

Not enough sensitivity at the highest energies to draw a conclusion on composition even 
with a better understanding of hadronic interactions.

Anisotropy and implications



  

Average muon content per shower 
(inclined hybrid) Muon content vs predictions for 

proton and iron plus prediction for the 
mix that matches FD Xmax data

More muons in data than in simulation 

How well our hadronic models match data? 

Physical Review D 91, 032003 (2015)

post-LHC models

Pion interaction major uncertainty for muon discrepancy  [R. Engel @ ICRC 2015]

Not easy to reproduce data with current models



  

Measurement of the p-air cross-sectionMeasurement of the p-air cross-section

Tail of the distribution of X
max

 sensitive to cross-section

Ellsworth et al. Phys. Rev. D26 (1982) 336
Baltrusaitis et al. Phys. Rev. Lett. 52 (1984) 1380

18< log
10

(E/eV)< 18.5

Use simulations to correlate


MC with cross-sections  

dominated by protons

Why = 20%?
25% helium contamination 
produces a bias at the level of 
the statistical uncertainties 

The Pierre Auger Collaboration, Phys. Rev. Lett. 109, 062002 (2012)

 is the fraction of 
“deepest” event from the 
unbiased X

max
 distribution



  

Lower energy  [457±18(stat)+19/-25(syst)] mb
Higher energy [486±16(stat)+19/-25(syst)] mb

Sys uncertainty: method, models, helium contamination

Auger Collaboration @ ICRC 2015

p-air cross-sectionp-air cross-section

Telescope Array 1505.01860



  

Lower energy  [38.7±5.2 TeV] =  [76.9±5.4(stat)+5/-7(syst) ± 7(glauber) ] mb
Higher energy [55.5±3.6 TeV] =  [85.6±5.0(stat)+5/-7(syst) ± 7(glauber) ] mb

Auger Collaboration @ ICRC 2015

p-p cross-sectionp-p cross-section
Glauber 
theory



  

Search for photon primariesSearch for photon primaries

Photon showers develop deeper in 
the atmosphere and have less muons

steeper LDF steeper LDF   longer rise-timelonger rise-time

FD FD  →  → deeper Xmaxdeeper Xmax

SD SD →→  steeper LDF and longer rise-time signalssteeper LDF and longer rise-time signals

Higher fraction of 
muons (hadrons) 
flattens the LDF

Muons are produced higher in the atmosphere 
and arrive within a shorter time

Photon signature



  

4 photons candidate above 10 EeV
Strictest limits at E> 1 EeV  
Top-down model strongly disfavored 
CR proton dominated scenario start to be disfavoured  

Auger Collaboration @ ICRC 2015



  

Search for neutrinosSearch for neutrinos

Important for neutrino detection: observable only if almost horizontal 
Neutrino signature: an inclined shower with large electromagnetic component

hadron

neutrino-like

old shower

flat front, muons 

young shower 

electr. and muons 



  

Neutrino-like event selectionNeutrino-like event selection

Length/width >5Length/width >5

0.29< speed  < 0.31 m/ns0.29< speed  < 0.31 m/ns

rms< 0.08 m/nsrms< 0.08 m/ns

Earth-skimmingEarth-skimming

Similar selection rules for down-goingSimilar selection rules for down-going 

DataData
Simulated neutrinoSimulated neutrino



  

Upper limit on the diffuse neutrino fluxUpper limit on the diffuse neutrino flux

dN/dE = k E-2

→ k  ～ 6.4 x 10-9 GeV cm-2 s-1 sr-1 [0.1 – 25] EeV 

Auger limits constrains models with pure proton primaries 



  

Correlation with UHE neutrinosCorrelation with UHE neutrinos

∆TA > 57 EeV  O Auger > 52 EeV + IC cascade X IC tracks 

All correlations less than 3.3 sigma significance
To be monitored with larger data set 
(in particular the analysis with cascades)

Telescope Array, Auger, IceCube Collaborations @ ICRC 2015

Joint analysis of 3 
Collaborations!



  

 Synthesis and perspectives  
Combined measurements, up to 50000 km2 sr y, ankle observed 
at about 4 1018 eV, suppression established  (E > 4 1019 eV), its 
nature still not fully understood 

Spectrum

Composition  heavier with increasing energy (interpretation is model dependent). 

Astronomy

Photons
neutrinos 

flux photon limits above 1 EeV (top-down models disfavored, standard 
astrophysical sources expected). Absence of cosmogenic neutrinos 
disfavor pure proton composition

   

Spectrum and composition together favor the “source” scenario 

The sky looks almost isotropic at small scale. 

Open science case at the highest energy

- need composition data in the suppression region 

- better understanding of hadronic interaction models 

- isolate a light component pointing back to astrophysical sources

Hadronic 
interactions

Great potential (p-air cross section measurements). Mismatch data 
models for muon content 



  

Auger upgrade program: Auger Prime

Equip each SD tank with a 4 m2 
(1 cm thick) scintillator layer on top 

Goal:  improve on the sensitivity to mass composition in the suppression region 

Scintillators sensitive to the 
electromagnetic content of the shower

Robust, not invasive, cost effective

Moreover
- Upgraded and faster electronics
- Extension of the dynamic range 
- Cross check with underground 
buried AMIGA detectors
- Extension of the FD duty cycle

Auger Collaboration @ ICRC 2015

Upgrade ready by 2018. DAQ till 2024Time Schedule

How?:have a further and independent measurement  



  

Scenario 2: photo-disintegration

Scenario 1 : maximum rigidity

High separation potential
(shower fluctuations and detector 
resolutions taken into account) 

Auger Collaboration @ ICRC 2015



  

TA upgrade program

Extend the SD area by a 
factor 4 
700 → 2800 km2

Hybrid 3 times the 
exposure



  

What we learn ever day

Combining the efforts among 
different collaborations is driving 
the progress of our understanding

Interaction between Auger, TA and IceCube very constructive

LHC data important for more reliable composition interpretation

Good connection with the community of particle and nuclear Physics 
is being extremely productive 

 


