
High Energy Cosmic Rays II  
 

Cosmic Rays above 1018 eV

Alan Watson 
University of Leeds, UK 

a.a.watson@leeds.ac.uk

  21st ISCRA  
August 2018



1953: Bassi, Clark and Rossi – scintillators and fast timing

Thickness of electron disc and fact that electrons lead muons  
close to the axis:  inferences about energy of nucleons !2

Directional uncertainty ~ 7°
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• Bassi, Clark and Rossi found that the 
electrons arrived EARLIER than the muons 

• Linsley and Scarsi found that electrons 
arrived LATER than the muons 

Why?  What about the photons? 

Why is there LESS invisible energy at high 
energies? 

Homework:
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A proton typically makes ~ 10 – 12 interactions as it comes 
through the atmosphere 

At low energies, the electromagnetic cascades from the π0s 
will die out quite quickly so that at sea-level you see only 
the electrons of electromagnetic cascade from last proton 
interaction 

The muons come from all of the interactions but are not 
as fast as the protons and so arrive after the electrons 

At higher energies, far from the core, the electrons are from 
energetic cascades high in the atmosphere and will suffer 
scattering and so be delayed relative to the muons 

Photons arrive contemporaneously with the electrons  
Essentially they are in equilibrium with them 



!6

Invisible Energy  

This is the energy carried into the ground by muons and 
neutrinos.  Not measured by the fluorescence detectors 

Reason that this is relatively more of a correction at low 
energies is because at the higher energies pions tend to 
interact, not producing muons or neutrinos.  Also explains 
difference between p and Fe (think energy per nucleon)
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Outline

• Measuring the properties of Extensive Air Showers 

• The energy spectrum 

• Arrival Directions 

• The mass - the problem of hadronic interactions 

• Neutrinos – Diffuse and Multi-messenger  

• Plans for the future 
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 Questions to answer: 

    (i) Are there excesses from some regions of sky?  
   
      Deflections in magnetic fields:  
           at ~ 1019 eV: still ~ 10° for proton in Galactic magnetic field  
   
  (ii)  Steepening of spectrum above 5 x 1019 eV as predicted?  

      Greisen-Zatsepin-Kuz’min – GZK effect (1966) 

                 γ2.7 K + p !  Δ+ ! n + π+  or  p + πo  
                                     and 
                   γIR/2.7 K  + A ! (A – 1) + n   
       Sources must lie within about 100 Mpc 

  (iii) Mass Composition – nuclei, neutrons and photons? 
Results from all three observations are needed to infer the origin(s) 
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Arrays of water-            → 
Cherenkov detectors 

Fluorescence →

The design of the Pierre Auger 
Observatory marries two 
well-established techniques 

  !  the ‘HYBRID’ technique

11

AND

The Auger Schematic Design
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LH
CLHC

The Pierre Auger Observatory: Malargüe, Argentina
• 1600 water-Cherenkov 
   detectors: 10 m2 x 1.2 m 

• 3000 km2 

• Fluorescence detectors 
   at 4 locations 

• Two laser facilities for  
  monitoring atmosphere and 
  checking reconstruction 

• Lidars at each FD site 

• Capital cost ~$50M 

• About 1/8th the area of 
Sicily

CLF

XLF...CLF

XLF
..
.Glasgow

Edinburgh
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2004: Data taking started with about 200 water-    
          Cherenkov detectors and two fluorescence    
          telescopes  - 13 years after first discussions 

Soon surpassed the exposure at Haverah Park accrued 
in 20 years – now over 67,000 km2 sr years  

HP After Michael Unger 2017



!12

Important feature of 
the hybrid approach 

Precise shower 
geometry from 
degeneracy given  
by SD timing 

Essential step towards 
high quality energy and 
Xmax resolution

Times at angles, χ , are key to finding Rp
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Angular Resolution from Central Laser Facility

Mono/hybrid rms  1.0°/0.18°
355 nm, frequency tripled, YAG laser, 
 giving < 7 mJ per pulse: GZK energy
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Precision of energy and Xmax 
measurements
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839 events 

7.5 x 1019 eV

Auger Energy Calibration
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67 000 km2 sr yr 
  290 000 events
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That cut-off energies agree within 1 sigma taken as 
evidence of agreement between two measurements 

TA Spectrum: Abbasi et al. arXiv: 1801.07820



!20One or both measurements are in error
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The steepening itself is INSUFFICIENT for us to claim  
that we have seen the Greisen-Zatsepin-Kuz’min  
effect 

It might simply be that the sources cannot raise particles  
to energies as high as 1020eV – Nature could be teasing us!  
                                                                    probably is! 
Energy densities of CMB, galactic magnetic field, cosmic rays 
and starlight are very similar – this may be another coincidence

• Are there anisotropies in the arrival direction distributions? 

• Knowing the mass composition would be useful – but for this  
     we need to extrapolate key features of hadronic interactions 
     to high energies 
- cross-section, multiplicity, inelasticity, pion collisions…



!22

• The cosmic-ray sky is remarkably isotropic, even at the very highest energies 

• This surely reflects the high charge of the particles and magnetic fields that  
      lie between us and the sources – or there could be a huge number of sources 

• There may be hot-spots in the sky at the highest energies 

• There is now very strong evidence for a dipole anisotropy 8 EeV 

Arrival Direction studies
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Equatorial 
Coordinates
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Harari, Mollerach and Roulet PRD 89 123001 2014 
                 Single Source Model

Coherence length = 1 Mpc.    
  LH    B= 1 nG;                                                 RH    B= 3 nG 

 -proton primaries are assumed

Auger --------

25 Mpc

400 Mpc
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Harari, Mollerach and Roulet PRD 89 123001 2014             
  Multiple sources

Auger

2 MRS

Uniform: ρ = 10-5 Mpc-3 

                 B = 1 nG

Soon: Results on amplitudes and phases above 8 EeV as function of energy



!30

image of M87 with 
Hubble Space Telescope

Active Galactic Nuclei

Testing for correlations
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Production 
in Starburst 
Galaxies 
ApJ Letters 
(Jan 2018)
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M82 Starburst Galaxy at 3.6 Mpc 
NGC 253: Sculptor Galaxy at 3.5 Mpc

NGC 4945 at 3.6 Mpc

Cen A: AGN at 3 MpcUHECR come from Starburst Galaxies 
and from AG: ApJ Letters January 2018
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Auger and Telescope Array Hot-Spots

Was 3.4 sigma 
Jan 2018 only 3 
sigma

  < 2 sigma
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It would be enormously useful to know the mass composition 

Uncovering the mass composition is extremely difficult 

In absence of a strong point-like anisotropy (protons?), one must  
rely on extrapolations of hadronic physics from accelerators to 
help interpret the data 

Eventually, we will find a hadronic model that fits all of the data 

It will give a unique mass composition – but we are not there yet! 

Will also benefit from using galactic magnetic field as  
a magnetic spectrometer 
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photons
protons

Fe

Data

log (Energy)

Xmax

One method to try to infer the variation of mass with energy

Need to assume a model to 
interpret what is observed

< 1% above ~1 EeV

dXmax/log E = elongation rate
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Some Longitudinal Profiles measured with Auger

rms uncertainty in Xmax  < 20 g cm-2  from stereo-measurements    

1000 g cm-2 = 1 Atmosphere ~ 1000 mb
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Results on mass from depth of maximum with  
fluorescence detectors

Predictions from Sibyl model lie between those with QGSjet and EPOS-LHC
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• New Sybil model moves depth of maximum DEEPER into atmosphere 
 and thus pure proton claims become harder to sustain 
                                                  This is a key issue for neutrino searches 

• Change of elongation rate seen in BOTH data sets 
        

Comparison of TA and Auger results against a single model  
   – Michael Unger
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Hillas 1984 
  ARA&A 
   B vs R 

Magnetars? 

GRBs X

High-Z nuclei easier to accelerate
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Search for UHE neutrinos at the Auger Observatory

Parente and Zas: Venice Meeting  1996, arXiv 960609

τ at EeV  may decay before reaching the ground  
! Secondary shower (Double Bang event) 

Also interactions in mountains or upward-going in earth
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Search Method for neutrinos

Look for inclined, BUT young, showers
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1 km, 22° 1 km, 80°: ~ 5000 g cm-2

37 stations

69 stations
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Using inclined showers to look for neutrinos

3 µs
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Searching neutrinos in coincidence with other ‘happenings’ 

1. GW170817  Superbly positioned for Auger neutrino searches 
  -but only upper limits – joint paper with ~7000 others! 

2. TXS0506+056 
 Again no neutrinos seen.  Joint paper with IceCube,  
                ANTARES and Auger
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Astrophysical Models 

There are many and the data are not very constraining
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Next steps: 

On the ground 

TA x4:  
this will increase area of TA to that of Auger.  
Operational in next year or so.  Fully 
Sensitive above ~ 30 EeV.  Main aim is to increase 
Statistics on Hot Spot 

Auger to Auger Prime: 
4 m2 of scintillator to allow muon separation: 
event by event mass at highest energies 

Radio antenna on every tank
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(ii) 4 m2  Scintillators above  
Water-Cherenkov detectors Scintillators respond to muons 

and electromagnetic component 

Water-Cherenkov detectors absorb  
all of the em component and are 
fully sensitive to muons 

It has been demonstrated with  
simulations that techniques exist 
to separate out the muon  
component
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(iii) Buried Muon Detectors (1.3 m below surface)

60 x 20 m2
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Linsley proposed (1979) that a 
fluorescence 
detector should be put into 
space 
Eventually led to EUSO (ESA 
phase A  (with Livio Scarsi)) 

and then to JEM-EUSO 

Currently module at TA 
and super-pressure balloon test 
flights 

ISS flight 

Twin satellites: 
POEMMA: Probe of Extreme 
Multi-Messenger Astrophysics
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Summary of experimental data discussed above 

• Ankle at ~ 4 EeV and steepening at ~ 50 EeV clearly established 

• Strong evidence for dipole anisotropy in Auger data above 8 EeV 

• Weaker evidences (~4 sigma) for coincidence with starburst 
     galaxies above 39 EeV and some evidence (~2.5 sigma)  
     for γAGNs above 60 EeV 

• Mass composition getting heavier above the ankle  
                                                                              (still some dispute) 

• No diffuse neutrinos seen (at level similar to IceCube) nor any  
    from specific events (GW170817 or TX0506+56)

Remains a fascinating field with very exciting prospects!


