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The energy region covered
by CR experiments
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Spectrometers
(ΔA = 1 resolution,
good E resolution)

Calorimeters
(less good resolution)

Air
showers

EAS arrays
on the ground to
overcome low flux.
Don’t see primaries
directly. 

The beam !
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Xv = X0 exp(-h/h0)

X0 ≈ 1030 g/cm2

h0 ≈ 6.4 – 8.4 km

“Standard” atmosphere :

σp-Air ~ 300 mb @    E ~ 1-100 TeV

Λp ~ 80 g/cm2 ΛFe ~ 2-3 g/cm2 Λrad ~ 37 g/cm2

X0 ~ 13Λp ~ 28 Λrad

Xv ~ Λp ⇔ h ~ 18km

The (high energy physicist) atmosphere
The target !
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Soft: p, n, π, e, γ,..

Hard: μ, ν

Čerenkov light (mainly produced by electrons)

Fluorescence light 

EAS Components
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Čerenkov light

# charged part.
# underground μ

Fluorescence light

Approximate threshold value 
(it depends on specific detector features and location)
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Shower axis

Shape of the lateral distribution

MC simulations of the shower 
development and of the detector 

response

Measurement of the muon
component

Measurement of energy 
spectra and arrival directions

Information on the chemical 
composition vs energy

Information on particle 
interactions

Cerenkov light image and lateral 
distribution

Shower development information 
provided by the fluorescence light 

Detector features and performances

Characteristics of the experimental site

Reconstruction algorithms

Analysis procedures

Data Analysis flowchart in a “typical“ EAS experiments
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Measurement of the 
unaccompanied hadron flux

with high altitude calorimeters
with suitable veto systems
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Measurements on Air Showers
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Exploit the attuenuation of the 
proton beam in the atmosphere
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•The passage of charged particles in an EAS 
through the atmosphere ionizes and excites N 
molecules. This excitations produces isotropical UV 
fluorescence emission (properly “luminescence” or 
“scintillation”)

•Air fluorescence studied (early 60’s) by Los Alamos 
Sc. Lab. as a method for detecting the yield on 
nuclear explosions in atmospheric tests.

•Emission spectrum studied by A. Bunner (PhD
thesis, 1967) , a student of Rossi and Greisen
(formerly in Manhattan Project).

Measuring the shower profile: The FD
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FD: the beginning…

1967 Bunner, Ph.D
Thesis Cornell Univ.

337 nm

Excitation of the nitrogen molecules
and their radiative dexcitation . 
Collisional quenching 

313 nm

357 nm

391 nm

1967 First full-scale        
experiment by
Greisen’s group at 
Cornell

~ 300 - 400 nm 1976 Fluorescence Detector realized by Utah
University and installed at Volcano Ranch, 
New Mexico
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The Fly’s Eye   experiment
1981 The University of Utah Cosmic Ray group
(G.Cassiday and coworkers) constructed Fly’s Eye, a 
full-scale observatory based on the Volcano Ranch 
prototype basic design. 
The experiment was located in the West Desert of 
Utah, within the US Army Dugway Proving Ground
(DPG), 160 km southwest of Salt Lake City.

(Baltrusaitis et al., 1985)
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Better reconstruction (geometry) 

for “stereo” events

SDP
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)()()( 0max riseXPXPXP ⊗=
… and the experiment resolution has to be taken into account

Measuring the shower profile with air  
Fluorescence Detectors
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Measure the shower profile with air  
Fluorescence Detectors

Λ
−

∝
max

)( max

X

eXP

For sufficiently large Xmax values and fixed
energy

However Λ = k λint mainly because of collision
inelasticity, shower fluctuations and detector 
resolution. 

hadronic interactions

detector features and location (atm. depth)

actual set of experimental observables

analysis cuts

energy, ...
σp-Air (mb) = 2.4 104 / λint(g/cm2) Then:

The factor k is determined by simulations and depends on: 
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The Fly’s Eye  result



The HiRes experiment
HiRes1:  atop Five Mile Hill
21 mirrors, 1 ring

HiRes2:  Atop Camel’s Back Ridge 
12.6 km SW of HiRes1.
42 mirrors, 2 rings

The two telescopes
are 12.6 km apart
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HiRes: Measured shower profile

Event by event:
• Xmax in g/cm2;
• Total energy of the primary 

particle:
• Arrival direction

Statistically:
• p-air inelastic cross-section;
• Mass composition.

Measured shower parameters.
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HiRes: Measuring the cross section

)()()( 0max riseXPXPXP ⊗=

A suitable deconvolution procedure, allows

the exrtaction of λint from data:

The data from december 1999 till november
2005 were analyzed.

After taking into account the effect of heavier
primaries, the result is:

at E = 1018.5 eV.

By assuming an asymptotic log2(s) behaviour
of σpp cross section, a value of (107.3 ±1.2) mb 
is foreseen for LHC



The AUGER experiment
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The AUGER experiment

Hybrid reconstruction

Stereo events,….
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The AGASA experiment

( )1)sec(
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Use the shower frequency vs (secθ -1)

for fixed energy (Nμ) and shower age (Ne). 

h0 θ

Warning

Shower to shower fluctuations may seriously
compromise the experimental sensitivity to

the p-air cross section
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The AGASA result
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EAS-TOP
On top of Gran Sasso, L’Aquila
2000 m a.s.l.    820 g.cm-2

1989-2000

Hadrons (iron/streamer tube calorimeter)
E.M. (scintillator counters)
Low Energy  μ (Eμ > 1 GeV)
Atmospheric  Čerenkov lmaging
H.E. μ (E > 1.3 TeV) (MACRO & LVD)
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The Ne-Nμ method was used
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High Altitude Cosmic Ray Laboratory @ YangBaJing,Tibet, China
Site Altitude: 4,300 m a.s.l. ,  ~ 600 g/cm2

The ARGO-YBJ experiment

ARGO-YBJ
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through the…
Observation of Extensive Air Showers produced in 

the atmosphere by primary  γ’s and  nuclei

Cosmic ray physics:
spectrum and composition  (Eth few TeV),
study of the shower space-time structure,
p-Air cross section measurement,
anti-p / p ratio at TeV energies,
…..

VHE γ-Ray Astronomy: 
search for point-like (and diffuse) galactic and 
extra-galactic sources at  few hundreds GeV energy threshold

Search for GRB’s (full GeV / TeV energy range)
Sun and Heliosphere physics

The ARGO-YBJ physics goals
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The ARGO-YBJ detector

Strip = space pixel
Pad = time pixel
Time resolution ~1 ns

10 Pads 
(56 x 62 cm2)
for each RPC

8 Strips 
(6.5 x 62 cm2) 
for each Pad

78 m
111 m

99
 m

74
 m

(∼43 m2)
1 CLUSTER = 12 RPC

RPC

+ Analog charge read-out on “Big Pads”
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High space/time granularity
+ Full coverage
+ High altitude

detailed study on the 
EAS space/time structure
with unique capabilities

3-D view of a detected shower Top view of the same shower

EAS reconstruction
Event Rate ~ 4 kHz for Nhit >20
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Size of the deficit  ⇒ angular resolution

Position ⇒ pointing accuracy

West displacement ⇒ Energy calibration (Geomagnetic bending ≈ 1.57° / E (TeV) )

Antiprotons should give a shadow on the opposite side (measure the pbar/p flux ratio)

The Moon Shadow
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The proton-air cross section measurement

h0 θ
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Use the shower frequency vs (secθ -1)

However Λ = k λint mainly because of collision
inelasticity, shower fluctuations and detector 
resolution. 

It is determined by simulations and depends on: 
hadronic interactions

detector features and location (atm. depth)

actual set of experimental observables

analysis cuts

energy, ...

σp-Air (mb) = 2.4 104 / λint(g/cm2) 

for fixed energy and shower age. 

Warning

Take care of shower fluctuations

• Constrain XDO = Xdet – X0 or   

XDM = Xdet – Xmax

• Select deep showers (large Xmax, 

i.e. small XD0 or XDM)

• Exploit detector features (space-
time pattern) and location (depth).Then:
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Event selection based on:
(a) “shower size” on detector, Nstrip (strip multiplicity)

(b) core reconstructed in a fiducial area (64 x 64 m2)

(c) constraints on Strip density (> 0.2/m2 within R70 )
and shower extension (R70 < 30m)

Nstrip is used to get defferent E sub-samples

R70: radius of circle including
70% of hits

Full Monte Carlo 
simulation:

Data selection

Corsika showers

QGSJET I and II, SYBILL int. models

GEANT detector simulation
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Wheather effects, namely the atmospheric pressure dependence on time, have been
shown to be at the level of 1 %

h0
MC = 606.7 g/cm2 (4300m a.s.l. standard atm.)   h0

MC / h0 = 0.988 ± 0.007 ( ↔ 4200 m a.s.l. )

Experimental data
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Heavy primaries
contribution

Hoerandel AP 19 (2003) 193 
taken as reference.

JACEE and RUNJOB for the 
evaluation of systematic error

proton

helium

Z

TeV
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dE
dN

Z
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The ARGO-YBJ results

arXiv:0904.4198
Correction due to He

contamination

K
in

Apart from the boundaries of the covered energy
region (systematic effects)

Inelasticity
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The proton-air cross section

arXiv:0904.4198
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The total p-p cross section

arXiv:0904.4198
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Summary

Many possible approaches in a wide energy region

Results suggest asymptotic log2(s) behaviour of the cross section

Errors at large energies still large

The CR composition and the uncertainties on interaction models are 
among the major sources of systematics

Better situation after new inputs for interaction models from new
accelerator experiments (LHCf,….)

Unique opportunity to explore hadronic interactions up to
extreme energies

(√s ~ 100TeV)
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Stay tuned …


