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Cosmic Rays are always with us
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A particle detector: the Spark Chamber
(courtesy Universty of Birmingham) 

Rate of cosmic rays at ground ≈ 1 / cm2 / minute

Typical cosmic ray energy  1 GeV



Ultra High Energy Cosmic Rays

1 particle/m2/year

~ 1 particle
/km2/century

Power law ~ E-3

1015 eV 

1020 eV 

16 Joules! 
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Amazing energies?

Sicilian cannolo:Ultra High Energy Cosmic Ray

Energy/mass = 1028 J/kg
 

Energy/mass = 107 J/kg 

Energy/size = 1031 J/cm2 Energy/size = 104 J/cm2 

300 Cal  = 1.2 MJoule !!!1020 eV =  16 Joule !!!



UHECR  
    vs  

    LHC   
   

LHC beam
7  TeV 108 TeV 

LHC 
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ECMS(UHECR)  ≈ √2 mp Ep

 = √2 109 1020 ≈  4.4 1014 eV
 

= 440 TeV  

ECMS (LHC) = 14 TeV



UHECR vs LHC   
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Proton pizza 

Air pizza 

 

Measurement of the p-p cross section, a 
fundamental quantity in particle physics

(Courtesy of F. Le Diberder)

UHECR allow to explore “pizza-pizza” 
interactions (underlying events, minimum bias 
events) way above LHC energy. 

NOTE: too few events to study Higgs, 
supersimmetry, etc.  

LHC UHECR



UHECR and Cosmology

The Greisen-Zatsepin-Kusmin 
“cutoff”

Penzias and Wilson discovery of Cosmic Microwave Background (1965) 

A definite prediction:          
strong suppression of the flux



The Greisen-Zatsepin-Kusmin 
“cut-off”

1 b = 10-24 cm2 1 pc = 3.26 light years ≈ 1018 cm 



Astronomical distances

120 pc 

Distance earth to Alpha Centauri 1.3 pc 

30 kpc 

The Solar neighborhoodThe Milky Way

Distance Sun to center of Milky way 8 kpc 



Local group of galaxies

2 Mpc 



The Greisen-Zatsepin-Kusmin 
“cut-off”

γp

p

π

 E = 10 20 eV 
Ep ~  Ep’ +  Eπ       

Ep - Ep’ = ΔEp =  Eπ       

γLab  =  Ep/(mp + mπ)     

Eπ  = γLab mπ =  Ep mπ /(mp + mπ) 

at threshold

boost

ΔEp                mπ                          

             Ep       mp    + m π 

 ~  ~ 15 %
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Proton energy 
at the source

     

Proton energy 
at distance D

     

UHECR source must be closer than 50-
100 Mpc!



Local supercluster

40 Mpc 



Can we find their origin?



• Galactic magnetic fields:
 

A 1020 eV proton is almost not deflected in the galactic magnetic field (μG)



Can we find their origin?



• Inter-Galactic magnetic fields:
 
A 1020 eV proton is almost not deflected in the inter-galactic magnetic 
field (nG)

1 EeV = 1018 eV 



1020 eV accelerator?

American Physical 
Society  1954 

5 1015 eV 

Fermi’s 
Globatron



Enrico Fermi 
(1901 Rome – 1954 Chicago)  

!

Chain reaction, the first atomic pile, theory of beta decay, Fermions, Fermilab, …. 





Gravity assist

 Cassini



 Fermi’s notebook 
University of Chicago Library 
Special Collections

Saturday! 

Head-on 
collision

Running 
after collision

Frequency of collisions 
≈ relative velocity

Velocity of B field cloud 
c

β =



 Fermi’s notebook 
University of Chicago Library 
Special Collections

Power law!

The measured spectral index gives 
information on absorption and scattering 



 Fermi’s notebook 
University of Chicago Library 
Special Collections



 Fermi’s notebook 
University of Chicago Library 
Special Collections

Relativistic calculation



 Fermi’s notebook 
University of Chicago Library 
Special Collections

Sunday! 



Fermi’s time 
capsule

Opened June 2, 2011 





Magnetic Clouds

“Local Fluff”



Fermi acceleration (2nd order)
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ΔE ≈  β2

 E

Mechanism not efficient enough to accelerato to high energy

Magnetic cloud



Fermi acceleration (1st order)

β

B

B

ΔE ≈  β
 E

The cosmic ray moves back and forth between shocked and unshocked medium

Shock front



Shocks!

Shock produced by object moving faster than sound in the medium 



Shock acceleration of cosmic rays 
by the sun 

SOHO (SOlar and Heliospheric Observatory)  spacecraft

Coronal mass ejection: billions of tons of matter at millions of km / hour   



Shock acceleration in SNR
Popular model for high energy cosmic rays (up to 1015 eV)   

CasA Supernova Remnant in X-rays

Shock fronts

Fermi acceleration

SNR expands for ≈ 1000 yearsβ  ≈ 0.01 



Dec

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

ASCA X-ray

~0.04°

Distance from earth 1 kpc
Shell radius = 10 pc

TeV Gamma Rays from SNR

HESS in Namibia                                       
  Atmospheric Cherenkov Telescope



1020 eV accelerator?

E ~ z β B R

B
R

E

Particles must be confined by 
the magnetic field till they 
escape the accelerating region  

Hillas plot 



z = 0.1745



FR-II                   z = 0.0565 ≈ 200 Mpc

100 kpc



z = 0.1745Active Galactic Nuclei



Proton vs heavy nuclei

E ~ z β B R

B
R

E

For the same magnetic field strength and 
accelerating region size, nuclei can reach an 
energy  Z times larger than a proton 
(example: Z = 26 for Iron)    but……
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Nuclei loose rapidly their energy through 
photodisintegration processes. Iron still ok.     

If UHECR are heavy nuclei, their 
directions will be scrambled and they 
will not point back to the source!



z = 0.1745

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?. 
………
………



z = 0.1745



z = 0.1745

One example 



z = 0.1745



z = 0.1745



z = 0.1745

X-particle decay cascade
Particles at the end of 
the cascade:
 
predominantly photons

Neutrinos  

Few protons

No nuclei

UHECR photons 
signature for New 
Physics



The UHECR 3-piece puzzle
1) The Greisen -Zatsepin-Kusmin  cutoff: 

3) The UHECR composition: 
protons? Heavier nuclei 
(deviation in magnetic fields)  

Only by understanding all of 
the three pieces we will unveil  
the true nature of UHECRs

 Pion  photoproduction (on CMB radiation)

  p + γ2.7 K → N + π  for Ep > 5 10 
19  eV

47

2) The UHECR sources: 
Close-by astrophysical 
accelerators?                  
<100 Mpc due to GZK.  
New Physics?





Electromagnetic Showers

Pair production

Bremmstrahlung

After ≈ one X0 (radiation length) the 
electromagnetic particle (photon or e±)  

interacts

X0  in cm or (multiplying length by density 
of absorber) in g/cm2

Examples:
 
 X0 (Pb) = 6.4 g/cm2  = 0.56 cm
 
 X0 (air) =  37 g/cm2  = 300 m !
   X0 (Pb) = 6.4 g/cm2  = 0.56 cm                                 X0 (air) =  37 g/cm2  = 300 m !

  
CMS     PbWO4



Heitler model of shower development

N(t)         2    4      8    16  …………………     2t      

The energy per particle after t radiation length is  E = E0/2t

The maximum of the shower tmax  is reached when the particles’ energy is = to Ec 

Assume that each time energy is divided 
equally between the two particles produced 
in the interaction

The shower will stop growing when the 
particle energy goes below a critical energy 
Ec (when energy loss by ionization 
overcome photon production by 
Bremmstrahlung) 

Nmax = 2   = E0/Ec

tmax 

tmax = log2 (E0/Ec)
tmax 

Ec = E0/2

shower max increases logarithmically with E n. of particles at the max is proportional to E 



Shower development

Fundamental for particle physics calorimetry: imagine if tmax would increase linearly 

with energy ……



Atmosphere as a “calorimeter”

Air depth ≈ 25 X0 for a vertical shower  

Air density

h 



Hadronic Showers

• Shower particles mainly e± and 
photons

(π± interacts or decay, π0 -> γγ) 

• ≈ 90% of the primary cosmic ray 
energy is converted to ionization 
energy

• ≈ 1011 particles in a 1019 eV shower!
 

At ground mainly e± and photons, muons, neutrinos  

Let’s detect 
UHECR 

showers!
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