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Cosmic Rays 







Neutrino fluxes 



Atmospheric Neutrinos  
   Cosmic ray nucleons interact with nucleons 

in the atmosphere producing mesons (pions, 
kaons, D-mesons, etc) 

   Mesons can further interact or decay 
   Decay of mesons results in neutrino flux  
   Neutrinos from pion decay represent the 

so-called  “conventional” atmospheric 
neutrino flux 

    Neutrinos from charmed meson decay 
represent  the  “prompt” neutrino flux 



Neutrino Fluxes at Earth 
                                                    Enberg, Reno and Sarcevic, Phys. Rev. D79, 043005 

   Neutrino flux is obtained by solving the evolution 
equations for nucleon, meson and neutrino fluxes: 

                                                                              atmospheric slant depth 

The  primary nucleon flux is given by: 



   S( k  j) is the regeneration function for 
pions, kaons and D-mesons, 

   dn/dEj is the meson (pion, kaon, D-meson) 
production or decay distribution : 



We define the Z-moments : 

●  The propagation of proton flux  over distance X  is given by  

●  The Z-moment is defined by  

    where  dn/dxE is the energy distribution of the meson M 
produced by N (or from M decay). 

●  Meson flux is determined by solving the evolution equation:    



 Charm contribution to atmospheric 
neutrinos can be calculated using 

parton distribution functions or in a 
dipole model which includes 

saturation effects 



 Charm Production and Cross Sections 
using pQCD and PDFs  

For high energies we need gluon PDF in low x, and low Q range. 

The total charm cross section in pQCD is given by: 

where 





Charm Production: dipole approach 

heavy quarks: 
r 

•  Dipole model fits small x data HERA data  (Stasto, et al., PRL 86 (2001)) 

•  Improved QCD motivated form – Balitsky-Kovchegov (BK) evolution 

•  Modified for gluon -> charm anticharm pair 





   Differential cross section for heavy-quark 
production 

where                       is partonic cross section  
calculated in the dipole model, 



   Dipole cross section that describes 
interactions of heavy quark-antiquark pair 
fluctuation of  the gluon with the target 
nucleon is given by  

where: 

and 







 We calculate the Z-moments for charm production taking into 
account the effects of parton saturation at high energies.  

                              Enberg, Reno and Sarcevic, Phys. Rev. D78, 043005 (2008) 

 To compute the Z-moments for pp we use the parametrization 
of the rapidity distribution,    dN/dxE=0.12(1-xE)2.6x-2E  



 Prompt Neutrino Flux 

Enberg, Reno, Sarcevic, Phys. Rev. D 78 (2008) 043005 

DM=dipole model 

GH=Gaisser-Honda 

TIG=Thunman et al. 
(PDF + pythia, small x 
extrapolation) 



Prompt  Neutrino Flux 

Enberg, Reno, Sarcevic, Phys. Rev. D 78 (2008) 043005 





Atmospheric neutrinos  
angular dependence 

Muon neutrino plus 
antineutrino flux, from our 
dipole model “prompt” 
calculation.  

Conventional flux from 
Gaisser-Honda. 

Enberg, Reno, Sarcevic, Phys. Rev. D 78 (2008) 043005 



IceCube measurement of Neutrino Flux 

IceCube collaboration, Phys. Rev. D84,  082001  (2011) 



Conclusions  
   Charm contribution to atmospheric neutrinos 

is important at high energies  (                   )                 
   Perturbative QCD calculation of charm 

contribution to atm neutrinos is sensitive to 
PDF’s at small x   dipole approach 
incorrporates parton saturation effects  

   Measurements of atmospheric neutrinos at 
high energies can provide valuable 
information about small-x physics (small Q) 

   Cosmic neutrinos can be used as probes of 
QCD 


