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Cosmic Rays

Solar System: Lodders, ApJ 591 (2003) 1220
GCR: Israel, ECRS 2004
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Cosmic Rays and Anti-Particles 

p, He, C
N, O

ISM gas

CR secondary
production
( pp → X ) p, He, C, 

N, O, Li, 
Be, B, ...

π+, π-
decay

e- e+

π0

p

γs

Bremsstrahlung, Synchrotron,
Inverse Compton

decay γs

credit: ESA

Solar Modulation, lower 
interstellar cosmic ray spectra

e-

γs

Mirko Boezio, UCLA Dark Matter 2016, 02/17/16



P. Blasi, TeVPA 2011, Stockholm 2011



Positron to Electron Fraction

Secondary production
Moskalenko & Strong 98
(GALPROP)



Secondary positrons (1)
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PRIMARY COSMIC RAY SPECTRUM AT EARTH

 

ne(E) ≈
N (E)ℜτ loss (E)

D(E)τ loss (E)
∝ E−γ−1/2−δ /2

SPECTRUM OF PRIMARY ELECTRONS AT EARTH

IF ENERGY LOSSES
ARE DOMINANT 
UPON DIFFUSION
(TYPICALLY E>10 GeV

Courtesy by P. Blasi



Secondary positrons (2)
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INJECTION RATE OF SECONDARY POSITRONS
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EQUILIBRIUM SPECTRUM OF SECONDARY POSITRONS (AND ELECTRONS)
AT EARTH
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Courtesy by P. Blasi



WIZARD/PAMELA, CSN2, Roma 
18/12/2017

We report the detection, using the High-Altitude Water 
Cherenkov Observatory(HAWC), of extended tera–
electron volt gamma-ray emission coincident with the 
locations of two nearby middle-aged pulsars (Geminga
and PSR B0656+14). The HAWC observations 
demonstrate that these pulsars are indeed local 
sources of accelerated leptons, but the measured tera–
electron volt emission profile constrains the diffusion of 
particles away from these sources to be much slower 
than previously assumed. We demonstrate that the 
leptons emitted by these objects are therefore 
unlikely to be the origin of the excess positrons, 
which may have a more exotic origin.

But see also: e.g.
D. Hooper & T. Linden, 
arXiv:1711.07482



Anisotropy in the PAMELA e+ and e- data

Significance map for
backtraced positrons
Background: Protons
Angular scale 10°

Histogram of calculated
significance

Histogram of calculated
significance

Positrons - R > 10 GV Electrons R > 10 GV

Significance map for
backtraced electrons
Background: Monte Carlo 
simulations
Angular scale 10°

Number of events as a 
function of the angular
distance from the Sun
direction

O. Adriani et al., ApJ 811 (2015) 21



Antiproton results: PAMELA vs BESS Polar & AMS-02



A. Kounine for the AMS-02 Collaboration, ICRC 2017, Busan, South Korea



Antiproton Data

Kappl, Reinert, Winkler JCAP 2015

Propagation model fitted on preliminary AMS-02 B/C data
Greatest uncertainty set by nuclear cross sections

Background antiproton can explain data naturally, mainly because of the   small diffusion 
coefficient slope

G. Giesen et al., JCAP 1509 (2015) 023



Diffusion Halo Model



Fixing the diffusion coefficient:
the Boron-to-Carbon ratio 

• Li, Be, B are produced by fragmentation of heavier nuclei, mostly C, N, 
O, on H and He

• B/C is very sensitive to 
• propagation effects

M. Aguilar, PRL 117 (2016) 231102

B/C = Sec/Prim 

~ Qsec(E)/Qprim(E)

~ Qprim(E)/D(E) / Qprim(E)

~ 1/D(E)

Courtesy by F. Donato

Diffusion coefficient:   D(R)=D0βRδ



Time-dependent, pitch-angle-averaged distribution function
Diffusion

Convection with solar wind
Particle Drifts

Adiabatic energy changes
Any local  source
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Parker (Planet. Space Science, 13, 9,1965)

Transport Equation for the transport, modulation 
and acceleration of cosmic rays in the heliosphere

Second order Fermi acceleration
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Courtesy by M. Potgieter



TE in spherical coordinates; diffusion tensor What about the magnetic field?

Modified and        Ideal Parker

Burger & Hitge 2009

Courtesy by M. Potgieter



Electron 
spectrum

Solar modulationSolar modulation



Background “free” Signals?











CR Antihelium
Cirelli, Fornengo, Taoso, Vittino, JCAP2014;   Carlson, Coogan, Linden, Profumo, Ibarra, Wild et al. PRD2014 



A. Kounine for the AMS-02 Collaboration, ICRC 2017, Busan, South Korea



Bending in 
spectrometer: 
sign of charge

Ionisation energy 
loss (dE/dx): 
magnitude of 
charge

Interaction 
pattern in 
calorimeter: 
electron-like or 
proton-like, 
electron energy 

Time-of-flight: 
trigger, albedo
rejection, mass 
determination 
(up to 1 GeV)

Positron
(NB: p/e+ ~103-4)

Antiproton 
(NB: e-/p ~ 102)

PAMELA case: Antiproton / positron 
identification 



PAMELA Antiproton case:       
proton ‘spillover’ background

Selected antiprotons

• Spectrometer tracking information is 
crucial for high-energy antiproton 
selection

• Finite spectrometer resolution - high 
rigidity protons may be assigned wrong 
sign-of-charge
• Also background from scattered 
protons

• Eliminate ‘spillover’ using strict track 
cuts (χ2, lever arm, no δ-rays, etc)
• MDR > 10 × reconstructed rigidity

• Spillover limit for antiprotons expected 
to be ~200 GeV.

Protons

Spillover 
protons

MDR > 850 GV, no EM shower

(50 GV)
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