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Air Shower  Observation 
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[determination of  the 
 Energy and Mass
 of the primary particles]
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the Source

the Shower

the Data

[The estimate of the 
  Energy and Mass
  of the shower  requires the
  detailed modeling of shower 
  development]
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COSMIC RAYS ASTROPHYSICS

PARTICLE  PHYSICS



 1. Obtain data  at accelerators 
    (LHC  + others)

 2. Develop a sound theoretical 
    framework  to extrapolate to
    high  energy.

 3. Interpret  the CR data

HE Cosmic Ray
Data

Theory  (QCD) + 
[Accelerator Data]

“Direct Route”   Program:



 1. Obtain data  at accelerators 
    (LHC !   + others)

 2. Develop a sound theoretical 
    framework  to extrapolate to
    high  energy.

 3. Interpret  the CR data

 1.  What new  measurements
      are most important/possible ? 

 2. What are the  best theoretical
     instruments  to guide the 
     extrapolation?    
 
 3.  Where are we?
 4.  What can we achieve ?

HE Cosmic Ray
Data

Theory  (QCD) + 
[Accelerator Data]

“Direct Route”   Program:

Questions:



HE  Cosmic Ray  
Data

Particle Physics
 [hadronic interactions, 
  “exotica” ?]

  Is it possible to obtain
   information  about 
   Particle Physics  from  the
   UHECR  data ?



UHE  Cosmic Ray  
Data

Particle Physics
 [hadronic interactions, 
  “exotica” ?]

  Is it possible to obtain
   information  about 
   Particle Physics  from  the
   UHECR  data ?

 Isn't  (the lack of information
 about)  composition an
 “impossible obstacle” ?

1.  Astrophysical composition
     measurements:
  *  Magnetic deviations
  *  Energy losses imprints on
      the energy spectrum
 
2. “Self-consistency”  or 
    “Bootstrap”  ?



Tibet Air Shower Energy Spectrum

 SAME DATA
 Different shower simulation
 (different composition models)



Tibet   ASgamma

The “Shape of the KNEE”



IceCube 

Tibet

EAS TOP 



Kascade Grande

“Iron Knee”

“post knee hardening”

Smooth, 
broad shape



“Iron Knee”

“2nd Knee”
IceCube 

HiRes

Kascade Grande



Simple “2 knees pictures”  very likely insufficient. 

Auger



Auger

“ANKLE”

 High Energy
 suppression



TIBET   AS-gamma  CR spectra

HIRES spectrum

AUGER spectrum Energy scale discrepancy.



Op

He

Fe

Horandel Model  (largely motivated by Kascade data)
for the evolution of composition 

Same structure [“Peters cycle”]  repeated “rescaled in Z”



Proton Knee at 4.51 PeV Where does the extragalactic 
 component  enters ?



Model Dependence !

KASCADE  /KASCADE-GRANDE

 KASCADE 
 results













Bending  of Light Component
at lower energy





Questions/Comments  after looking at the ARGO  result:

   Why the discrepancy with previous measurements ?

       Different method  of mass measurement

      KASCADE :  Muon content  [Large A = large Nmu]

       ARGO :  Shape of the lateral distribution of the shower
   

If this “early bending”  measurement of the bending of
the proton/helium component is correct, this is important.

Does this has something to do with  
the modeling of the shower ?



Energy Region

“from the Knee to the Ankle”

TUNKA 

TELESCOPE ARRAY / TALE

KASCADE GRANDE



Vasily Prosin





 Masaki Fukushima



Masaki Fukushima





Juan Carlos Arteaga-Velazquez



ULTRA HIGH ENERGY
COSMIC  RAYS

Where the interplay between 
   

   Hadronic physics and 

   Cosmic Ray  Astrophysics

is most important  and most interesting

AUGER  Observatory
TELESCOPE ARRAY







Masaki Fukushima



Beautiful agreement !
[Model independent 
 (quasi calorimetric) 
method to measure energy.

Calibration  at the highest energy 
VERY important to establish the
nature of the high energy suppression

Masaki Fukushima
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Measurements of 
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Measurements of  Composition  evolution. 



Jim Matthews



Masaki Fukushima



Masaki FukushimaTelescope Array





AUGER Coll.   
astro/ph 1408.4121

Average Muon number
in  UHECR hybrid events



Modeling of 

HADRONIC INTERACTIONS



   Quantum 
  Chromo 
  Dynamics
 

Fundamental theory of the strong interactions



   Quantum 
  Chromo 
  Dynamics
 

Instant history 
of QCD in 4 nobel prizes



The proton is  NOT point-like
 (1955-1956)

1961 Nobel prize to Robert Hofstadter
“for his pioneering studies in electron scattering
in atomic nuclei and for his thereby achieved discoveries
Concerning the structure of the nucleons





 Baryons and Mesons
 are (formally) made of
 “Fundamental Entities”



 Quarks as “Partons”    (1969) 



QCD



 Parton
 Distribution 
 Functions

 Rapid growth
 for x → 0



Hadronic  Interactions

Composite  (complex) Objects
Multiple  interaction  structure QCD





Multiple Parton Interactions 
(in the same collision)
is  the essential  element in the modeling

Problem of 
“correlated PdF's”  (energy conservation).

Problem of the “b-dependence”  of the PdF's.





(c.m. energy)2 

of parton-parton system

 Increasing   the 
 c.m. Energy:

 More parton-parton
 Interactions

  pp cross section  grows 
  Higher multiplicity.
  More complex event.
  Softer energy spectra.

Interacting Partons 

 all 

 hard



  TOTEM  measurements of total, elastic
                inelastic cross sections  sqrt[s] = 7,8 TeV



  Recent ATLAS  measurement at 7 TeV



Logarithmic scale

AUGER DATA
(Sibyll  simulation)



Logarithmic scale

Estimate of   p-Air interaction length.

Handle to identify the proton component

e of



Pioneering work of
 Fly's Eye

The  (p-air) “Pierre” cross section



Very attractive 
[.... and  also  “unavoidable” ]
      to  extend  this type of analysis
     to lower and higher energies

Proton-showers 
[growing energy]







Pseudo-Rapidity
versus  angle:

Very small angle
production:



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













Peter Skands



Peter Skands



Peter Skands



Peter Skands



What's Next ?

For fundamental Science ?

(and how INFN should   best continue its activity ?)



INFN   “What's Next”

“White paper” of Commissione-1  (accelerator Physics)
about future projects for Accelerator Physics

A question that has been asked  to the
“Astroparticle Physics Community”:

What  measurements and what experimental programs
at accelerators are relevant (and are possible)
and important   for Cosmic Ray Studies ?



INFN   “What's Next”

“White paper” of Commissione-1  (accelerator Physics)
about future projects for Accelerator Physics

A question that has been asked  to the
“Astroparticle Physics Community”:

What  measurements and what experimental programs
at accelerators are relevant (and are possible)
and important   for Cosmic Ray Studies ?

It is  important to try to answer to this  question
in a  complete and convincing way.



Quantify what are the uncertainties due to
hadronic interaction modeling  in air-shower measurements
in different energy ranges
(from the “Knee”  to the UHE/GZK suppression) 

Discuss, propose  (and support)  measurements 
that are can reduce these uncertainties.
(at  LHC but  also at lower energy).



What have we learned at LHC
about “soft” hadronic interactions ?
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…. of course the answer is : “A LOT !”
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about “soft” hadronic interactions ?

…. of course the answer is : “A LOT !”

How well constrained  is the modeling
of Cosmic Ray showers  in light of our
deeper and more extended knowledge ?

below LHC energies
(above LHC energies [extrapolation needed])



What have we learned at LHC
about “soft” hadronic interactions ?

…. of course the answer is : “A LOT !”

How well constrained  is the modeling
of Cosmic Ray showers  in light of our
deeper and more extended knowledge ?

below LHC energies
(above LHC energies [extrapolation needed])

…. I'm personally  somewhat more cautious
than at least some of my colleagues. 
Our models stands reasonably well,   but uncertainties 
still quite significant.



What are the most significant measurements 
(for cosmic ray studies)  to be performed at LHC ?

0.   c.m.  Energy extension (...obvious)

1.   Observed Phase Space  extension
      (very difficult .. but in my view also very important)

2.   Better diffraction cross section determination.

3.   Program of proton/light-nucleus   observations
3a. Program of nucleus/light-nucleus  



The interest of the Cosmic Ray community
in the continuation (and development !)  of
The “forward Physics”,   (Full Phase Space)
programs  at LHC is  VERY STRONG !



The interest of the Cosmic Ray community
in the continuation (and development !)  of
The “forward Physics”,   (Full Phase Space)
Programs  at LHC is  VERY STRONG !

A full  understanding of the 
Multi-Parton-Interaction  structure 
of inelastic collisions requires a 
coverage of the entire phase space  including the
very-forward – very/backward  
Fragmentation region.

So significant “intrinsic” (Particle Physics) interest
in these programs



More in general:

Uncertainties on  soft hadronic interactions remain 
 a significant source of systematic uncertainties 
for many different studies  on a broad  energy range

[From very low energy: pp → p p + few pions]
Study of acceleration in SN remnants 
Production of neutral pions (that decay into gammas)

Up to sqrt[s] = 430 TeV]

 



More in general:

Uncertainties on  soft hadronic interactions remain 
 a significant source of systematic uncertainties 
for many different studies  on a broad  energy range

[From very low energy: pp → p p + few pions]
Study of acceleration in SN remnants 
Production of neutral pions (that decay into gammas)

Up to sqrt[s] = 430 TeV]

 
1.  Fixed Target program at LHC
    (allow studies of meson interactions)

2.  Lower energy  (anti-proton production)
     Atmospheric neutrinos





Bridging the Gap 

 between 

Soft and  Hard  
Hadronic Interactions



Bridging the Gap 

 between 

Soft and  Hard  
Hadronic Interactions

Problem of CONFINEMENT



SOFT  QCD studies

Have NOT only a  simple  “engineering”  interest
as a instrument to  reconstruct the primary particle
mass and energy in a shower.

They confront a very significant  scientific 
open problem for the Standard Model

(In my view)  they deserve a strong,  broad
Experimental  and theoretical  program.



The  interconnection between 

Particle Physics 
   and 

Cosmic Ray  science
[High Energy, multi-messenger-Astrophysics]

has  a very  long  past-history 

My final message:



The  interconnection between 

Particle Physics 
   and 

Cosmic Ray  science
[High Energy, multi-messenger-Astrophysics]

has  a very  long  past-history 

… and a very promising future.

My final message:
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