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Outline

• Some background 

• Why and how we study particles of the highest 

energies

• The Pierre Auger Observatory

• Measuring the properties of Extensive Air Showers

• The energy spectrum

• Arrival Directions

• The mass - the problem of hadronic interactions

• Neutrinos – Diffuse and Multi-messenger 
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S Swordy

(Univ. Chicago)

32 decades

in intensity

11 Decades

in Energy

1 particle m-2 s-1    

‘Knee’

1 particle m-2 per year

Ankle

1 particle km-2 per year

Flux of Cosmic Rays

Air-showers

LHC

AMS

115 billion CRs

PAMELA

(ISS-) CREAM

…….

Auger

Telescope Array

KASCADE, KASCADE-Grande, 

Argo YBJ, LOFAR, Tunka…
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Questions to answer to discover the origin of the highest energy 

cosmic rays

(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?

All three observations are needed to infer the origin(s) 
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Shower initiated by 

proton in lead plates 

of cloud chamber

1.3 cm Pb

Fretter: Echo Lake, 1949

Detectors can find

particle number and

arrival times

10 GeV proton
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‘Fast timing’ gives the direction

Accuracy of finding 

direction ~ 1 - 2°

Water-Cherenkov detectors
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Haverah Park (UK: 12 km2): a tank opened at the ‘end of 

project’ party on 31 July 1987.  The water shown had been 

in the tank for 25 years but was quite drinkable!
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250          300            350            400          450 nm

5 W blue light bulb

moving at velocity of 

light ~ 15 km away

at ~ 3 x 1018 eV

Auroral

Light

Visible



10Idea of Fly’s Eye Detector (University of Utah): 880 photomultipliers 
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A Fluorescence Detector of the Utah University Group



12

x 1010

3 x 1020 eV (?)
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Different techniques gave different results

- but all agreed that rate of energetic cosmic rays is low:-

< 1 per km2 per century at 1020 eV

(~ 10/min on earth’s atmosphere)

1990: Needed larger areas > 1000 km2

1991: Started working with Jim Cronin (Chicago) to form 

a collaboration to design and build such an 

instrument (3000 km2) - and to raise the money

These efforts helped create the Pierre Auger Observatory
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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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L

H

C

LHC

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 the area of 

Limerick

CLF

XLF.
..CLF

XLF

..

.
Glasgow

Edinburgh
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The Auger Observatory Campus in Argentina

The Office Building in Malargüe

- funded by the University of Chicago ($1M)
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GPS Receiver

and radio transmission
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Fluorescence telescopes: 

Number of telescopes: 24

Mirrors: 3.6 m x 3.6 m with field 

of view 30º x 30º, each telescope is 

equipped with 440 

photomultipliers
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S(1000)
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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 the energy measurement
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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
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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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However 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…
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• 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
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image of M87 with

Hubble Space Telescope

Active Galactic Nuclei
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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 Mpc
UHECR come from Starburst Galaxies 

and from AG: ApJ Letters January 2018
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Auger and Telescope Array Hot-Spots

3.4 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!
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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 experiments

• 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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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

51



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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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 evidencs (~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)


