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          Plan of my lectures 
 
 
- What are COSMIC RAYs (CRs) 
 
- Why CRs and Dark Matter (DM) 
 
- Theory and phenomenology of galactic CRs  
 
- Signals from DM in antiprotons, antideuterons, positrons 
 
- CR Backgrounds to DM signals 
 
 
 
 



What are cosmic rays 



CHARGED (GALACTIC) COSMIC RAYS 
 

are charged particles (nuclei, isotopes, leptons, antiparticles) 
diffusing in the galactic magnetic field 

Observed at Earth with E~ 10 MeV/n – 103 TeV/n 
 
 
1.  SOURCES 

PRIMARIES:  directly produced in their sources 
SECONDARIES:  produced by spallation reactions of primaries on  the 

interstellar medium (ISM) 
 

2. ACCELERATION 
SNR are considered the powerhouses for CRs. They can accelerate particles up 

to 102 TeV 
 
3. PROPAGATION 

  CRs are diffused in the Galaxy by the  inhomogeneities of the galactic magnetic 
field. 

 
+   loose/gain energy with different mechanisms 



Primaries    = present in sources: 
                 Nuclei: H, He, CNO, Fe; e-, (e+)  in  SNR (& pulsars) 
                 e+, p+, d+ from Dark Matter annihilation 
Secondaries = NOT present in sources, thus produced by  

            spallation of primary CRs (p, He, C, O, Fe) on ISM 
            Nuclei:  LiBeB, sub-Fe; e+, p+, d+; … 



CR discovery: Victor F. HESS 1912 

1912 VF Hess embarked on 7 flights  
onboard hot-air balloon.  
August 7, 1912 reached 5200m height! 
 
In the data he collected, the radiation 
was increasing with the altitude: the 
opposite of what expected for 
radiation originating in the Earth crust. 
 
There is a “rain” of particles pervading 
 the sky, called cosmic rays (CRs). 



All particle spectra (from Pamela experiment) 

Credits: Valerio Formato & Mirko Boezio, Pamela Collaboration, 2013 



Why Cosmic Rays 
 and  

Dark Matter? 



WIMP INDIRECT SIGNALS  
(see lecture by Torsten Bringmann) 

Annihilation inside celestial bodies (Sun, Earth): 
Ø  ν at ν telescopes as up-going µ’s 

              (see lecture by David Boersma) 
 
Annihilation in the galactic halo: 
       � γ-rays (diffuse, monochromatic line), multiwavelength 
 
       �                       antimatter searched as rare components in cosmic        
rays (CRs) 
 
 ν and γ keep directionality 
 
Charged particles diffuse in the galactic halo 

à ASTROPHYSICS OF COSMIC RAYS! 

Dpe ,,+



 

Theory and phenomenology 
  

of galactic CRs  
 



Enrico FERMI, PR 75 (1949) 1169 
 
 

« A theory of the origin of cosmic  radiation is proposed  
according to which cosmic rays are  

originated and  accelerated  primarly in the  
interstellar space  of the galaxy  

by collisions against moving magnetic fields. 
 

One of the features of the theory  
is that it yields naturally an inverse power law  

for the spectral distribution  of cosmic rays […]. » 
 
 
   



| 







Characteristic times for various processes 

 
For a particle to reach z and come back 

(diffusion time) : tD≈ z2/K(E) 
 

At the same time, convection time: tC=z/VC 
 

A particle in z can come back to the disk 
only if tC<TD  à zmax= K/VC 

 
N. B. The smaller the time,  

the most effective the process is 
 

  For protons:    escape dominates > 1 GeV 
          E<1 GeV, convection and e.m. losses 

 
  For iron:  Spallations dominate for E<10 GeV/n 

















At “high energies”: 
Primary CRs:  N(E) ~ E-α-δ 

Secondary CRs:  N(E) ~ E-α-2δ 
 

Prim/Sec ~ E-δ (i.e. Boron/Carbon) 





 Free parameters of a 2(3) D diffusive model 

•  Diffusion coefficient: 
K(R)=K0βRδ	



 

•  Convective velocity: Vc 
 

•  Alfven velocity: VA 
 
•  Diffusive halo 

thickness: L 
 

•  Acceleration 
spectrum: Q(E)=q0pα	

	



 K0, δ, Vc, VA, L, (α) 



Spatial origin of cosmic rays 

Some species have a local origin:  Lmax ~ √K(E)t 
 
Radioactive nuclei: trad = γτ0 =γ ln2 t1/2 

         @ GeV/n, K0 ~1028 cm2/s, t10Be = 1.5 Myr à lrad ~ 0.1 kpc 
 
Leptons: tloss = 300 Myr (1 GeV)/E 

       @ E>10 GeV à le+e- ~ 1 kpc 
 



Propagation of CRs: 
 DATA and MODELS  

            Putze, Derome, Maurin A&A 2010 

B/C: still high 
degeneracies 
in the propagation 
models 



 To calculate the secondary antiproton flux: 

•  p and He in CRs                    (measured fluxes) 

•  Nuclear cross sections            (data + MonteCarlo) 
     (The only measured cross section is pp à       + X ) 
•  Propagation                                   (diffusive models) 

Antiprotons in CRs 
I. Secondary component  

Secondary antiprotons in cosmic rays (CR) are produced by  
spallation reactions on the interstellar medium (ISM) 

                                     
                                                    pCR + HISM 

                   pCR + HeISM 
                   pCR + HISM 
                   HeCR + HeISM 

 
 

+	
  X	
  	
  



SECONDARY ANTIPROTON FLUX and DATA 

Total 
flux 

   CR  – target 
 
      p  -  H 
      p  - He 
     He -   H 
     He  -  He 
 

 Solar Minimum  

BESS 95-97, BESS 98, CAPRICE 98  

N.B. Propagation parameters: B/C best fit 
 

FD et al, 2002 



Antiproton: data and models 

NO need for new phenomena (astrophysical / particle physics)  

Donato et al. PRL 2009 

Theoretical calculations with the semi-analytical DM,  
compatible with stable and radioactive nuclei 



Annihilation cross section 
χ Number 
density Production spectrum 

Production takes place  
everywhere in the halo!! 

 
Solutions  (still analytical  

in the 2D model) different  
from secondaries 

Source: 

-  - - Secondaries 
____  Primaries  

mχ=60-100-300-500 GeV 

Antiprotons in CRs 
II. Primary component from DM  



 

•  Proton and helium measured fluxes;  
  antiproton calculated/measured fluxes 
 
•  Production and non-ann (tertiary) cross sections  
 
•   Nuclear fusion: coalescence model, one parameter Pcoal  

    the flux depends on (Pcoal)3 (fit to data);  
   more realistic: Monte Carlo (few data to tune simulations) 
 

•  Propagation in the MW from source to the Earth:  
         2-zones semi-analytic diffusion model  
 

  

Antideuterons in CRs 
I. Secondary component  



Secondary antideuterons 
FD, Fornengo, Maurin arXiv:0803.2460, PRD in press 

Contributions to  
Secondaries 

p-p 
p-He 
He-H 
He-He 

 
- H 

-  He  
p
p



Secondary antideuterons: predictions (and no data!) 

Propagation uncertainties 
Compatibility with B/C 

Nuclear uncertainties 
Production cross sections & Pcoal 

Production from antiprotons 
Non-annihilating cross sections 



ANTIDEUTERONS from RELIC NEUTRALINOS 
 

In order for fusion to take place, the two  
antinucleons must have kinetic energy ~0 

 
Kinematics of spallation reactions prevents the formation  

of very low antiprotons (antineutrons). 
At variance, neutralinos annihilate almost at rest 

N.B: Up to now, NO ANTIDEUTERON has been detected yet. 
Several expreriments are planned: AMS/ISS, BESS-Polar, GAPS … 



Propagation uncertainties driven by L 
At lower energies, also effect from VC  

Antiprotons & Antideuterons 
Propagation Uncertainties  

FD, Fornengo, Maurin 2008 

Antideuterons in CRs 
II. Primary component from DM  



Positrons in CRs 
I. Secondary component  

  Spallation of proton and helium nuclei on the ISM (H, He) 

•   p+H à p+Δ+  à p+π0 & n+π+    (mainly below 3 GeV) 
•   p+H à p+n+ π+  

•   p+H à X + K±  

Diffusive semi-analytical model may be employed. 
 
Above few GeV:  only spatial diffusion and energy losses 
At higher energies: only energy losses 



Propagation of positrons (electrons): 
relevance of energy lossses 

Energetic positrons are quite local 

 
Synchrotron and Inverse Compton* dominate 
*IC=scattering of e- on photons (starlight, infrared, microwave) 



•  Distribution of DM in the Galaxy 

•  Mass and annihilation cross section: effMSSM  
         overall normalization 

 
•  Source term g(E): direct production or from secondary decays (from 

         bb,WW,ττ, ...) ◊ Pythia MC  
 
•  Propagation in the MW from source to the Earth:  
         2-zones semi-analytic diffusion model  
 
•  Solar modulation: force field approximation 

        φ= 0.5 MV for solar minimum 

Positrons in CRs 
II. Primary component from DM 



Positrons: predictions and data for secondaries and 
DM primaries 

Delahaye et al. PRD 2008 



 
AMS-02 is going to release a bunch of data on 

 
nuclei,  antiprotons and leptons which will lead  

 
to a significant improvement in the 

 
 understanding of the propagation of CRs in the  

 
Galaxy and in gauging the presence of  

 
DM in galactic haloes.  



Hope this lecture  
 

and the whole ISAPP school 
 

will help you in dealing 
  

a fruitful ISAPP PhD J 



 
 

       Backup slides  
 


