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Cosmic Ray Physicists



The “divers”



The “divers”

© F. Montanet

~70 m

100 m

350 m

14.5 m

Link cable

Junction
Box

cable to
shore

Anchor/line socket

storey

2500m depth

10

ANTARES fishing high energy neutrinos



The “mountaineers”

Argo-YBJ 4.5 km altitude 



The “miners”

DAMA/LIBRA 

SNO at Sudbury MineSNO at Sudbury Mine



The “airmen”

AMS-02 

PAMELA



Cosmic Ray Physics

AMS-02 

“Cosmic Rays” have evolved in a vibrant field exploring the 
frontiers of astrophysics, particle physics and cosmology

• Neutrinos:                                                     
- the birth of neutrino astronomy: SN1987A                       
- solar and atmospheric neutrinos: neutrino oscillations

• Dark Matter:                                                   
direct searches (DAMA), indirect searches, TeV Gamma 
Rays, Neutrinos, Cosmic Rays in space (PAMELA) 

• Extreme events in the Universe: the origin of cosmic rays

Astro Particle Physics



The Cosmic Ray  spectrum

LHC beam

1 particle/m2/year

~ 1 particle
/km2/century

~ E-3

1015 eV

~1013 eV

1020 eV

LHC 

16 Joules!
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New York Times, 12/26/1932



Phys. Rev. 75 (1949) 1169



Phys. Rev. 75 (1949) 1169



Shock Acceleration of Cosmic Rays

Spectrum at the source ~E-2

e- + γ → e- + γ TeV
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• TeV Photons: point back to the source, 
attenuated by interaction with the 
Extragalactic Background Light  

• Ultra-High Energy Cosmic Rays (> 5⋅1019

eV) : protons minimally deviated by 
magnetic fields, attenuated by interaction 
with CMB 

• High Energy Neutrinos (PeV): point back 
to source, no attenuation, small cross 
section for detection  

Messengers from 
the Universe
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(after Ong 2005)

VERITAS

TeV Gamma Ray Detectors



TeVTeV GammaGamma--Ray Sky Ray Sky -- 19971997

tevcat.uchicago.edu

Crab nebula
(standard candle)



TeVTeV GammaGamma--Ray Sky Ray Sky -- 20072007

tevcat.uchicago.edu

71 Sources

6 Classes

21 Unidentified



Atmospheric Cherenkov Telescopes
Tank n. 1600

100 m

10 km

1° Fast ns signal

1 TeV gamma ray
~100 γ/ m2

c

c
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Atmospheric Cherenkov Telescopes

MAGIC                 
La Palma Canary Island

236 m2 mirror

Ethr ~ 50 GeV



Atmospheric Cherenkov Telescopes

High Energy Stereoscopic System



Multiple Telescopes

- improve angular resolution (<0.1°)
- improve energy resolution (~20%)
- reduce background
- improve stability



Backgrounds

γ signal ~ 10-3- 10-4 hadron bkg

γγ--likelike hadronhadron--likelike μμ--arcarc

MAGIC
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Dec

R
A H.E.S.S. RX J1713

ASCA X-ray

~0.04°
dN/dE ~ E- exp(-E/Ec)

~ 2     Ec ~ 18 TeV

1 kpc



Electron or proton accelerator?Electron or proton accelerator?
Blazar

AGNROSAT X-ray

RX J0852  SNR 0.2 kpc

ICSyncr.

Syncr. proton

Multiwavelength and variability 
measurements!
(Fermi Glast)

H.E.S.S.



Extragalactic Extragalactic 
sourcessources

BLAZARS

AGN HESS

Crab nebula

PKS2155    redshift = 0.116

Time variability: size of the 
emitting region, relativistic jet 

D ~ z ⋅ 5 Gpc



RX J0852

3C 279     redshift = 0.536

Extragalactic Background Light:
Integrate the history of electromagnetic 
energy production since the Big Bang

γ + γEBL → e+ + e-



Sources zoologySources zoologyGamma Ray BurstsGamma Ray Bursts

Dark MatterDark Matter

AGNROSAT X-ray

VLA 90cm

Sgr A*

Sgr East

HESS J1745-290 (2004)
HESS J1745-290 (2005/2006)

1 sigma total error circle

No evidence so far

No association found so far

- SNR are not the most common 
TeV γ emitters in the galaxy

- many Pulsar Wind Nebulae
- many sources without optical  
counterpart                                
TeV γ rays have opened a new 
frontier in the Extreme Universe!

Galactic center



Ultra-High Energy Cosmic rays

LHC beam

1 particle/m2/year

~ 1 particle
/km2/century

~ E-3

1015 eV

~1013 eV

1020 eV

LHC 

16 Joules!
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1020 eV accelerator?

E ~ β B R

B
R

E

Physics (well) beyond 
the SM?

A few articles titles….. 
- Microscopic black hole detection in UHECR
- Lorentz invariance violation …..
- Instant preheating mechanism and UHECR.
- Flipped Cryptons and the UHECRs. 
- Super-heavy X particle decay …..
- Strongly interacting neutrinos ……
- Electroweak instantons as a solution ……. 
- Quantum-gravity phenomenology ……
- Superheavy dark matter…….. 
- Long-lived neutralino ……

- Cosmic Rays and Large Extra Dimensions
- UHECR from relic topological defects. 
- Are UHECR a signal for supersymmetry?. 
………
………

E or MX ≈ 1021 eV

photons 2
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π� μ�
ν

e� ν

E = 10 20 eV

E    0.8 x 10 20 eV

The Greisen-Zatsepin-Kusmin
“cutoff”

Pion photoproduction

p + γ2.7 K → N + π

for Ep > 5 10 19 eV
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Proton energy 
at the source

Proton energy 
at distance D

UHECR source must be 
closer than 50-100 Mpc!

Back to the origin

EeV = 1018 eV

The GZK cutoff

… and we should be able to 
see it!
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Argentina, Mendoza, Malargue  
1.4 km altitude, 870 g/cm2

The Pierre Auger Observatory

Argentina  
Australia
Bolivia*

Brazil 
Czech Republic
France 
Germany    
Italy

Mexico
Netherlands
Poland
Slovenia 
Spain
United Kingdom 
USA
Vietnam*

45 km

1600 water Cherenkov detectors, 
1.5 km spacing, 3000 km2,

4 x 6 fluorescence telescopes
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Auger vs Geneva

LHC

Rate ≈ 1 / Km2 / sr / century!



The Auger site



SD physicists making friends



The Auger hybrid detector concept

Fluorescence 
Detector

• E + longitudinal    
development

• Time ≈ direction

• ≈ 10% duty cycle

300-400 nm light 
from de-excitation of 
atmospheric nitrogen 
(fluorescence light)   
≈ 4 γ’s / m /electron

1019 eV 1010 e

Surface Detector

• Shower size  ≈ E

• Time ≈ direction

• 100% duty cycle

Trigger efficiency           
Energy-direction  calibration, 
syst. errors        
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Airfly



PMT

water

Cerenkov
light

μ , e±

1.2 m
 ~ 3 X

o

γ

Communication
antenna

GPS
antenna

Solar Panel

Battery
box

three 9”
PMTs

Plastic tank 
with 12 tons 

of water

Electronics 
enclosure

40 MHz FADC, local 
triggers, 10 Watts

Auger Surface 
Detector 
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≈100 ns timing accuracy x c

≈30 m 

Δθ ≈ 30/3000 = 10 mrad ≈ 0.5°
3 km

shower fro
nt

diffusive 
Tyvek

Angular resolution



AUGER SD in 
action ~ 70 EeV

Flash ADC traces

Lateral density 
distribution

S(1000) ~ E

Shower front

EM 
shower

750 
g/cm2
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LHC

≈ R-3
Time Over Threshold 
Trigger
~  Hz

Threshold Trigger
~ 20 Hz

5 μs



Good old days: Haverah Park (U.K.) Cosmic Ray Detector 
late 60‘s

Malargue 2006Malargue 2006……

Do you think
they need help?



The 
Fluorescence 

Detector

UV filter window

Corrector ring

3.4 m spherical 
mirror

440 PMT 
camera
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FADC
trace

30° x  30°
field of view

30°

100 μs

FADC



UHECR Calorimetry

E ~ 3.5 1019 eV

Xmax~ 810 g/cm2

Atmospheric depth

• Air as an electromagnetic-hadronic calorimeter medium:                              
25 radiation lengths, 15 interaction lengths

• UHE cosmic ray, high energy secondary hadrons  interaction vs decay, 
very good hadronic calorimeter   “e/h” → 1  (only 10% of energy not in 
e.m. cascade)

• Robust energy determination for UHECR

Energy resolution ~ 10%
Systematic unc. ~ 20%

Gaisser-Hillas
(Longo-Sestili)



ESD =  A (S38)b

b ~ 1

Energy resolution
better than 20%

FD

SD
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SD Energy Calibration



20000 events   > 3⋅1018 eV
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Flux suppression   
> 6 
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expected   observed
Nevents(E>4 ⋅1019 eV):   167 66
Nevents(E>1020 eV)  : 35 1



20 / 27 events correlate  (5.6 expected for isotropic flux)

UHECR Auger sky above 
5.7⋅1019 eV

Super Galactic Plane

AGN < 71 Mpc
(VC catalogue)

circles of 3.1° radius  centered
at UHECR arrival direction 

Shading level:
exposure 
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Prob. chance correlation =21%

Isotropy of UHECR rejected at 99% CL
Tantalizing possible correlation with nearby extragalactic sources



Exotics Physics limits

disfavour exotic
“particle physics”

models

Signal risetime
and curvature

24



UHECR 
Composition

Xmax ~ ln(E)

E air
p

Xmax ~ ln(E/A)

E , A air
Particle interactions
at the highest energy

23

e-X/λint



79 degreesNeutrino limits from 
inclined showers

Shower core
hard muons

Shower front
EM shower

1000 g/cm2 3000 g/cm2

“Old” shower“Young” shower
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Cherenkov Neutrino 
Telescopes

IceCube



AGNROSAT X-ray

High Energy Neutrinos  



Cherenkov 
Detection

Neutrino 
interaction



AGNROSAT X-ray

½ taking data!





Neutrino detection  

IceCube 22ANTARES 100 days

ANTARES complete and taking data
(important step towards KM3Net)

~200 neutrinos



AGNROSAT X-ray

Preparing for 
discovery  

~1 event/year

No cosmic neutrino yet



Outlook
• TeV gamma rays, Ultra-High Energy Cosmic Rays, High 

Energy Neutrinos are opening new frontiers in the exploration 
of the Universe

• Already with the current detectors significant advances of our 
knowledge in the field are expected

• Coordinated multi-messenger and multi-wavelength 
measurements are becoming a fundamental part of the field

• Preparation for next generation of detectors has started:       
TeV Gamma Rays: AGIS and CTA (10 x higher sensitivity) 
UHECR: AUGER North (21000 km3) in Colorado, (EUSO from 
space)  
High Energy Neutrinos: KM3Net in the Mediterraneum and 
R&D for neutrino detection (radio and acoustic)

Big Projects…, Big Collaborations…., Adequate Funds……




