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hadrons

Diferent components



  

The Fly's Eye
Detector concept

Fluorescence Light

“Quasi-Calorimetric”
 Energy  Measurement
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Area      Energy

Shape  depends on :
● Primary Identity
● Interaction Model











 AUGER Energy spectrum 



 Auger 
 Telescope Array (TA)





“Knee”

“Ankle”

High
Energy
suppression

Structure in the energy spectrum

LHCColliders



Fixed 
Target

Cern
Tevatron LHC

“Fixed  Target”  measurements

Nucleus targets

Pion/kaon projectiles.

Cover entire 
kinematical  Phase Space 
[including fast particles
 in  forward region]

COLLIDERS

CERN Data



COMPOSITION
of UHECR

X
max

Fluctuations  of X
max

  
Other methods

Very high  astrophysical importance

Controversial -  [inconsistent?]  observations.
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HiReS (2009)[Inconsistent result/interpretation]



 Telescope  Array (TA)



HIRES   2009 Fluctuations on X
max



Theoretical curves:

The “theory curves”
 <Xmax(E)>  are  determined
by the  parameters 
that describe
hadronic  interactions.
(and by their 
energy dependence).

   Interaction Lengths
   Multiplicity
   Inclusive  Spectra 
   .......
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Example: one model



Xmax and  the Composition of Cosmic Rays

Logarithmic
dependence

“Superposition”
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Measurements of 



p

He
O

Fe

Measurements of  Composition  evolution. 



Obtain the average mass 
and its  variation
 with energy



Obtain the average mass 
and its  variation
 with energy

Theory



 AUGER



Importance  of
“CORNERS”

Abrupt  change in the  
variation  of the properties 
of hadronic interactions
with energy

Abrupt change in  
the composition  evolution. 
 



Electromagnetic   Showers  

versus 

Hadronic  Showers

Toy model
discussion.



Vertices  :
theoretically understood
(and  scaling) 

Electromagnetic Shower

Radiation Length
(Energy independent)

Pair production

Bremsstrahlung



Electromagnetic
Showers

Energy
Conservation

Logarithmic
growth  of the
penetration.

Elongation rate  =  85 (g/cm2)/decade



Heitler  toy model
for electromagnetic 
showerws

“Electron-photon”

  particle

Splitting length λ
Critical  energy ε



Fluctuations:

Electromagnetic showers:



Proton Shower Vertices  : theoretically not
                 Understood

                 (and energy dependent) 



  

Leading nucleon
∼ 50% of energy

 π ο →  γ  γ
Electromagnetic 
Shower

Interaction

Decay

HADRONIC INTERACTIONS

Inclusive spectra 
of secondary particles



Toy Model for hadronic shower

Energy equally divided
 among  n  photons.

n



1st interaction
Development of
 photon shower 
 of energy E/n



Particle production
 properties

Interaction
Length

Photon 
Shower



Evolution with
 energy   of the
“softness”  of the
spectrum

Evolution with 
Energy of the
Interaction length

Interaction length “Softness”

Elongation Rate



 Scaling model :
 85  (g/cm2)/decade  

Increasing cross
sections

Softer
spectra

 Elongation Rate
 for protons

Log[Energy]

X
m

a
x



Total pp Cross Section



Extension of energy with  LHC

 3.5 + 3.5 TeV 
 [7 + 7 TeV]
 pp collider



Event rate

 On tape

Level-1

Higgs discovery
golden channel



Pseudo-rapidity Distribution







 Multiplicity
 distribution
 [3.5+3.5 TeV]





arXiv:1106.2453



PROBLEM  of PHASE SPACE COVERING



  



  





LHCF  
Calorimeter
for  neutral  particles
in the very forward region

Two 
non-identical 
Detectors



Pseudo-Rapidity
versus  angle:

Very small angle
production:



LHCf  data     hep-ex/1104.5294 [photon distributions
 in 2 very forward
 angular regions]





LARGE  DISCREPANCIES !!
 
  What is the signifcance 
  for  the understanding of hadronic interactions ?

  What is the impact on 
  the interpretation of UHECR ?



 Directly relevant
 for  UHECR shower 
 development

  pT distribution 
 dependence





Transverse-Momentum  Distribution

Tsallis  parametrization
Used by CMS 



EXTRAPOLATION to  HIGH  ENERGY   (Pythia   pp)   



Montecarlo  code
pythia 



PROTON  Spectra (elasticity spectra) 



PROTON  Spectra (elasticity spectra) 



Astrophysical
Information

Hadronic
Interactions

C.R. DATA

Energy Spectrum
Composition

Cross sections,
Inclusive spectra
Multiplicities



Astrophysical
Information

Hadronic
Interactions

C.R. DATA

From Accelerator Data + Theory           Astrophysics 

Energy Spectrum
Composition

Cross sections,
Inclusive spectra
Multiplicities



Astrophysical
Information

Data

Hadronic
Interactions



Astrophysical
Information

Hadronic
Interactions

C.R. DATA

From Cosmic Ray Data            Hadronic Interactions

“Astrophysical
 Composition Methods”  1 < A < 56 (very likely)



“Astrophysical
 Composition Methods”

Energy Spectrum 
 “imprints”  of   Energy Loss

“Cosmic Magnetic
   Spectrometer”



Features in the Cosmic Ray  Energy Spectrum
can in principle give information
on the   nature of the particle

Interpreted  as  the efect
of  energy loss  during  propagation
from their extragalactic sources.

Known target:    2.7 K  CMBR   radiation feld

Energy Thresholds for  protons :

“GZK”
Pair Production



Berezinsky
et al.

Inject Smooth 
power law
Spectrum.

Let propagation
leave its
“imprint”
on the shape
of the spectrum.

“ANKLE” 
-->
“DIP”
 e+e- production



  

COSMIC  Ray ASTRONOMY  [?!]
(imaging of the sources)



AUGER  result  on  Correlations with the VCV AGN catalogue

  Update  september 2010.

14 ev.    8 coincid. (2.9)
13 ev.    9 coincid. (2.7)
42 ev.  12  coincid.(8.8)

Signifcant dilution 
[but not disappearance]
of the  statistical signifcance



  

Deviation in GALACTIC  Magnetic Field 

Deviation in EXTRA-GLACTIC
 Magnetic Field 



 AUGER



Nuclear interaction.
Several  Nucleons  
Interact  at  same point.







Mixing Protons  with Iron-nuclei









THEORY

Construction of 
Hadronic  Models  



Hadronic  Interactions

Composite  (complex) Objects
Multiple  interaction  structure QCD







Parton
Distribution
Function



Most particles in
Fragmentation 
Regions
Described  by the 
“beam remnants
  strings”  

Pythia
MC





Estimate  of the  average  number of 
Elementary interactions per pp scattering

“Spatial Distribution” 
(Transverse   coordinates)
 of the  partonic constituents.

Fluctuations  of the   
“parton  confguration”  of an interactig
hadron.

MULTIPLE  INTERACTIONS

[proton spin]

Beyond PDF's
Parton Distribution Functions 





We are  studying   at the same  time

“Gigantic  Astrophysical  Beasts”    
Millions of light years  away 

Length scale      10+24 cm

Microscopic

Partonic  constituents of matter
Length scale     10-13 cm

Exciting Difcult
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