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1.  What are cosmic rays (CRs) 

2.  Searches for dark matter in CRs 

3.  Cross sections for CR phenomenology 



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 at least 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 



All particle spectra (from Pamela experiment) 

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



Transport equation in diffusion models 
 

Diffusion Convection Destruction on ISM 

CR sources: primaries,  
secondaries  
(spallations) 

Reacceleration Eneegy losses (EM) 

1.  DESTRUCTION:  Γ=nISMvσR ,   σR = σtot – σtot
el 

2.  SOURCES: 

 Primary  
production  

in SNR 

Secondary production  
by fragmentation  
of heavier nuclei 



    Cosmic antimatter fluxes from DM 
annihilation in the Milky Way halo 

 
 
 

Diffusive models for CR 
propagation in the Galaxy 
 
Jopikii & Parker 1970;  Ptuskin & Ginzburg, 1976;  Ginzburg, Khazan & Ptuskin 
1980;  Weber, Lee & Gupta  1992, ....;  
Maurin, FD, Taillet, Salati 2001; Maurin, Taillet, FD 2002; Putze, Derome, Maurin 
2010; Strong & Moskalenko  1998; Moskalenko, Strong, Ormes, Potgieter,2002; 
Shibata, Hareyama, Nakazawa, Saito  2004; 2006;); Evoli, Gaggero, Grasso, 
Maccione 2008;  Di Bernardo et al. 2010; … 

AMS data on CRs:  
great step forward for fixing  
Propagation and source models!  

AMS Coll. ICRC July 2013 



Propagation of CRs: DATA and MODELS 
BORON/CARBON (B/C): A “STANDARD CANDLE” 

             

B/C: still high 
degeneracies in the  
propagation models 
 
 
 
 
 
Radioactive isotopes 
could help break 
degenearcy 

Putze, Derome, Maurin A&A 2010 



The composition of the Universe 

Hypothesis: the solution is a particle, 
 a WIMP (weakly interacting massive particle) 



Indirect DARK MATTER searches 
Dark matter can annihilate in pairs with standard model final states.  
Low background expected for ANTIMATTER, and for neutrinos and 
gamma rays coming from dense DM sites 

p- 

p 

γ, ν 



WIMP Dark Matter Indirect Searches 
Annihilation inside celestial bodies: 
       à ν at ν telescopes as up-going µ’s 
   
Annihilation in the galactic halo(s): 
         à Photons (γ-rays, radio,…)  
         à  
ν  and γ keep directionality  

can be detected only if emitted from high χ density regions 
Clue is DM space distribution ρ(r)  
 

Charged particles diffuse in the galactic halo 
       antimatter searched as rare components in cosmic rays (CRs)  
            Clue is the astrophysics of charged cosmic rays 
 
 

 

Dpe ,,+

N.B. New particles are searched at colliders 
but we cannot say anything about being 
 the solution to the DM in the Universe! 



The case for  
 

antiprotons  



 Cosmic antiprotons  

Antiprotons are produced in the Galaxy by fragmentation 
of proton and He (and marginally heavier nuclei)  

on the ISM (secondary antiprotons). 
 

These antiprotons would be the background to  
an exotic component due to  

dark matter annihilation 
 in the galactic halo (primary antiprotons).  

 
 

N. B. Thousands of cosmic antiprotons have already been  
detected by balloon-borne (Bess, Caprice,…)  

 or satellite experiments (Pamela), and AMS-01,  
and 290000 (out of 54 billion events)  from AMS-02 on the ISS 

 
 



New analysis of p-pàpbar data  
                    Di Mauro, FD, Goudelis, Serpico PRD 2014, 1408.0288; Kappl, Winkler 1408.0299, JCAP2014 

Existing data on the production cross section  



Di Mauro, FD, Goudelis, Serpico PRD 2014 



Uncertainties due p-p scattering 

Uncertainties in the pbar production spectrum from p-p 
scattering are at least 10%. 

Conservative: 20% at low energies (GeV) up to 50% (TeV) 
(data expected at least up to ~ 500 GeV) 

Di Mauro, FD, Goudelis, Serpico PRD 2014 



Protons à antiprotons 
Kachelriess, Moskalenko,Ostapchenko PRD2015 

z= Epbar/Ep 
Epbar = 1, 3, 10 GeVs 
Eγ = 10 GeV 

 
The bulk of antiprotons  

 
is produced by protons  

 
with kinetic energy  

  
10-30 times greater 

 
 
 
 
 

AMS energies ~ 1-500 GeV in Epbar à  
 

Proton energies  with ~ few GeV – 10 TeV  



(includes 8% on σpp)   

Uncertainties on the antiproton flux from  
nuclear cross sections  

(Donato+ ApJ 2001, PRL 2009) 

•  pp: Tan& Ng 

•  H-He, He-H, He-He: 
DTUNUC MC 

•  Functional form for 
the cross section 
derived from other 
reactions, given 

     NO DATA!! 

Maximal uncertainty from p-He cross sections: 20-25%!  
 

Data from AMS-02 on cosmic antiprotons are at ~ 10% accuracy  



Secondary antiprotons:  
theoretical uncertainties  

Giesen+ 1504.04276 

Proton and helium Production cross sections 

Propagation in the Galaxy Solar wind modulation 



Prediction and AMS data 

Figure 2: The combined total uncertainty on the predicted secondary p̄/p ratio, superim-

posed to the new Ams-02 data.

that an additional source of uncertainty that we do not include consists in the uncertainties
a↵ecting the energy loss processes. These are however expected to be relevant only at small
energies and in any case to have a small impact.

Finally, antiprotons have to penetrate into the heliosphere, where they are subject to the
phenomenon of solar modulation (abbreviated with ‘SMod’ when needed in the following). We
describe this process in the usual force field approximation [44], parameterized by the Fisk
potential �F , expressed in GV. As already mentioned in the Introduction, the value taken
by �F is uncertain, as it depends on several complex parameters of the solar activity and
therefore ultimately on the epoch of observation. In order to be conservative, we let �F vary
in a wide interval roughly centered around the value of the fixed Fisk potential for protons �p

F

(analogously to what done in [22], approach ‘B’). Namely, �F = [0.3, 1.0] GV ' �p
F ± 50%. In

fig. 1, bottom right panel, we show the computation of the ratio with the uncertainties related
to the value of the Fisk potential in the considered intervals. Notice finally that the force field
approximation, even if ‘improved’ by our allowing for di↵erent Fisk potentials for protons and
antiprotons, remains indeed an e↵ective description of a complicated phenomenon. Possible
departures from it could introduce further uncertainties on the predicted p̄/p, which we are not
including. However it has been shown in the past that the approximation grasps quite well the
main features of the process, so that we are confident that our procedure is conservative enough.

Fig. 2 constitutes our summary and best determination of the astrophysical p̄/p ratio and
its combined uncertainties, compared to the new (preliminary) Ams-02 data. The crucial
observation is that the astrophysical flux, with its cumulated uncertainties, can reasonably well
explain the new datapoints. Thus, our first —and arguably most important— conclusion is

6

Giesen+ 1504.04276 
AMS Coll., Cern 15.04.2015 

Very recent AMS-02 results up to 450 GeV 
Can be explained by secondary production in the Milky Way,  

considering several theoretical uncertainties 



He cross sections: effect on DM interpretation 

AMS-02 is providing data with much  
higher precision up to hundreds of GeV!!!  
Their interpretation risks to be seriously  

limited by nuclear physics 

Uncertainties due to helium  
reactions range 40-50% on  

Secondary CR flux Fornengo, Maccione, Vittino JCAP2014  

Effect of cross section uncertainty  
on DARK MATTER interpretation  

FD+2013 



The case for 
 

 positrons  



  
 
 

Sources of e+ and e- in the Galaxy: 
 

1. Secondary e+ e-:  spallation of cosmic p and He on the ISM (H, He)  
   * p+H(He) à p+Δ+  à p+π0 & n+π+    (mainly below 3 GeV) 
   * p+H(He) à p+n+ π+  

    * p+H(He) à X + K± 

 
2. Primary e- and e+ from Pulsars (PSR):  
    pair production in the strong PULSAR magnetoshpere 
 
3. Primary e- from SNR: 1°  type Fermi acceleration mechanism 
 
 
4. Primary e+ e- from exotic sources (DARK MATTER) 

 

Sources of positrons in the Milky Way 
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Figure 3. Results of our simultaneous fit on the AMS-02 data for the electron flux (top left), positron
flux (top right), electron plus positron flux (bottom left) and positron fraction (bottom right). The
best fit model is represented by the solid black line, and is embedded in its 3� uncertainty band (cyan
strip). In each panel, the dot-dashed yellow line represents the electron flux from the far (>3 kpc)
SNR population, the dotted green line the electrons from the local SNRs, while the short dashed blue
line describes the positron and electron flux from PWN and the long dashed red takes into account
the secondary contribution to both electron and positron flux. The fit is performed on all the AMS-02
data simultaneously. Together with our theoretical model, data from AMS-02 [6–8], Fermi-LAT [4, 5],
Pamela [1–3], Heat [182–185], Caprice [186, 187], Bets [188, 189] and Hess experiments [46, 190] are
reported. Long-dashed lines report the corresponding interstellar fluxes, before solar modulation.

In Fig. 3, we show the result of the fit on all the four leptonic observables: the flux
of electrons plus positrons, electrons, positrons and the positron fraction. The four panels
report the total flux for each observable, together with the single subcomponents arising
from the different categories of sources. Fig. 3 also shows AMS-02 data and data from
previous experiments. The best fit to each observable is shown as a solid line, embedded in
its 3� uncertainty band. The result of the analysis shows a quite remarkable agreement with
AMS-02 data: this is confirmed by the value of the best-fit chi-squared: �

2
/d.o.f. = 0.65,

for 236 data points and 6 degrees of freedom. The best fit-values of the 6 parameters are:
⌘ = 0.0320± 0.0016, �PWN = 1.90± 0.03 for the PWN sources, Q0 = (2.748± 0.027)⇥ 1050

GeV�1 and � = 2.382± 0.004 for the far SNRs, the renormalization of e+ and e

� secondary
contribution is q̃sec = 1.080 ± 0.026, and the Fisk potential turns out be 830 ± 22 MV. The
value of Q0 is similar to the one derived in Sec. 2.1 for the 88 sources of the Green catalog
with measured radio index, flux and distance.

The various electrons and positrons sources have different impact in the reconstruction

– 9 –

Di Mauro, FD, Fornengo, Vittino JCAP 2014 

AMS lepton data:  
an astrophysical interpretation 

TH: Secondaries + supernovae + pulsars 
EXP: Ams data precise + wide range à  

Small features can bring strong information! 

SEC PSR 

Far SNR 
close SNR 

SEC PSR 



The secondary positron source term:  
effect of cross sections  

Effect of proton flux  
determination - negligible 
 
Effect of production  
cross sections is  
not negligible!! 
  
Up to factor 2 in p-p! 

(upper) 
 
(lower) 

4 Delahaye et al.: Galactic secondary positron flux at the Earth

Tan & Ng

Badhwar et al.

Kamae et al.

Shikaze et al.

Donato et al.

Fig. 2. Comparison of the e↵ect due to di↵erent parameter-
izations for the cosmic ray proton spectra on the positron
source term, as a function of the positrons energy. The ad-
ditional e↵ect induced by the di↵erent nuclear physics pa-
rameterizations is also shown. The galactic protons density
is taken at 1 hydrogen atom per cm3.

model of Kamae et al. (2006) gives the faintest spectrum
in all the energy range (from 1 GeV to 1 TeV), while that
of Tan & Ng (1983) corresponds to the maximal spectrum.
The most significant di↵erence occurs at 20–30 GeV, of
about a factor of two.

The spatial dependence of the proton flux is determined
by solving the di↵usion equation and normalizing the re-
sulting flux to the solar value. This procedure will be re-
ferred to as retro–propagation in the following. We find that
retropropagation is not crucial and that one can safely ap-
proximate the proton flux as being homogeneous and equal
to the solar value. This is because most positrons detected
in the solar neighborhood have been created locally, over a
region where the proton flux does not vary significally. This
will be discussed further in the final section.

For the sake of simplicity, we show only the impact of
the pH interaction on the determination of the positron
spectrum, but we recall that our results in the subsequent
sections refer to cosmic ray protons and ↵ interacting with
both IS hydrogen and helium with densities of nH = 0.9
cm�3 and nHe = 0.1 cm�3 respectively. These average val-
ues for the hydrogen and helium densities are of course
approximations based on local estimates, but we do not
expect significant changes in the averaging within the kpc
scale (Ferrière et al. 2007), which, as we show in the sub-
sequent sections, is the relevant scale for the secondary
positron propagation. Cross–sections for heavy nuclei were
dealt with in the same way as in Norbury & Townsend
(2007).

3. Propagation

In the Galaxy, a charged particle travelling between its
source and the solar neighborhood is a↵ected by several
processes. Scattering by magnetic fields leads to a random
walk in both real space (di↵usion) and momentum space
(di↵usive reacceleration). Particles may also be spatially
convected away by the galactic wind (which induces
adiabatic losses), and lose energy as they interact with
either interstellar matter or the electromagnetic field
and radiation of the Galaxy (by synchrotron radiation
and inverse Compton processes). Above a few GeV, the
propagation of positrons in the Milky Way is dominated
by space di↵usion and energy losses.

In this paper, the di↵usion coe�cient is assumed to
be homogeneous and isotropic, with a dependence on en-
ergy given by K(E) = � K0 (R/1 GV)�, where the mag-
netic rigidity R is related to the momentum p and elec-
tric charge Ze by R = pc/Ze. Cosmic rays are confined
within a cylindrical di↵usive halo of radius R = 20 kpc
and height 2L, their density vanishing at the boundaries
N(|z| = L, r) = N(z, r = R) = 0. As discussed below, the
radial boundary has a negligible e↵ect on the density of
positrons in the Solar System. In this section, we do not
consider the possibility of Galactic convection and di↵u-
sive reacceleration. These processes are taken into account
in Sect. 4.2, where we demostrate that they have little ef-
fect. The convective wind is assumed to carry cosmic rays
away from the Milky Way disk in the z direction at a con-
stant velocity Vc. Di↵usive reacceleration depends on the
velocity Va of the Alfvèn waves. The free model param-
eters are therefore the size L of the di↵usive halo, both
the normalization K0 and spectral index � of the di↵u-
sion coe�cient, the convective wind velocity Vc, and the
Alfvèn velocity Va (see Sect. 3.3 for additional details).
This model has been consistently used in several studies to
constrain the propagation parameters (Maurin et al. 2001,
2002; Donato et al. 2002) and examine their consequences
(Taillet & Maurin 2003; Maurin & Taillet 2003) for the
standard p flux (Donato et al. 2001), the exotic p and d

fluxes (Maurin et al. 2004, 2006; Donato et al. 2004; Barrau
et al. 2002, 2005; Bringmann & Salati 2007), and also for
positrons (Lavalle et al. 2008b; Delahaye et al. 2008). The
reader is referred to Maurin et al. (2001) for a more detailed
presentation and motivation of the framework.

3.1. The Green function for positrons

The propagation of positrons di↵ers from that of the nu-
clei in several respects. Although space di↵usion is an
essential ingredient common to all cosmic ray species,
positrons su↵er mostly from inverse Compton and syn-
chrotron energy losses, e.g. Moskalenko & Strong 1998,
whereas (anti–)protons are mostly sensitive to the galactic
wind and the nuclear interactions as they cross the Milky
Way disk. As a result, a positron line at source leads to
an extended spectrum after its propagation. This disagrees
with studies of most nuclear species for which, as first ap-
proximation, energy losses can be neglected. Consequently,
the di↵usion equation that leads to the positron number
density N per unit of volume and energy, with the source

Delahaye, FD, Fornengo, Lavalle, Lineros, Salati, Taillet A&A 2009   



The case for 
 

 antideuterons 



COSMIC ANTIDEUTERONS  
FD, Fornengo, SalFD, Fornengo, Maurin PRD 2001; 2008; Kadastik, Raidal, Strumia PLB2010;  Ibarra, Wild JCAP2013;  

Fornengo, Maccione, Vittino JCAP 2013; …ati PRD (2000) ADD 

 
Kinematics of spallation reactions  
prevents the formation of very low 

antiprotons (antineutrons). 
 

At variance, dark matter  
annihilate almost at rest 

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

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



Secondary antideuterons 
 

Contributions to secondaries 
  

FD, Fornengo, Maurin PRD 2008 

p-p,  p-He,  
He-H, He-He 
H- pbar, He-pbar 

Propagation uncertainties 
Compatibility with B/C 

Nuclear uncertainties 
Production cross sections & Pcoal 
Production from antiprotons 
Non-annihilating cross sections 



Antideuterons: Dark matter detection 
perspectives  

Fornengo, Maccione, Vittino 1306.4171 

Fornengo, Maccione, Vittino 1306.4171 

Prospects for 3σ detection of antideuteron 
with GAPS (dotted lines are Pamela bounds  
from antiprotons) 

3σ expected sensitivities 



 
Few final remarks 

 
The astrophysics of cosmic rays is entering an era of remarkable precision 
(AMS-02/ISS) 
  
ANTIMATTER is a key element for testing galactic models and searching for DARK 
MATTER signals 
 
Propagation uncertainties confined to less than 20%, close to be < 10%  
 
 
The (production, total inelastic, inelastic non-annihilating, …) cross sections  
from Fe down, including isotopes and antimatter, rely on very few or (often) 
NO lab data!!  

  
à A HUGE EXPERIMENTAL PROGRAM IS REQUIRED FOR 

A SIGNIFICANT REDUCTION OF UNCERTAINTIES  
 

Proton-heliumà antiproton + X looks the most urgent case  
(contextually, measure of à e+, γ, D-) 

 
 
 
 
 
 



 
BACKUP SLIDES 



Characteristic times and distances 

The smaller the time,  
the most effective the process is 
 
Protons: escape E > 1 GeV 
convection and e.m. losses E<1 GeV, 
Iron: escape E > 1 GeV 
Spallations E<10 GeV/n 
 

Fe more local than p 
 
90% p from 5-6 kpc  
 

Taillet & Maurin A&A 2003 



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+; … from inelastic scatterings 



 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) 

(Slide from  D. MAURIN) 



(Slide from  D. MAURIN) 



Slide from   
D. MAURIN 



Transport equation in diffusion models 
 

Diffusion Convection Destruction on ISM 

CR sources: primaries,  
secondaries  
(spallations) 

Reacceleration Eneegy losses (EM) 

1.  DESTRUCTION:  Γ=nISMvσR ,   σR = σtot – σtot
el 

2.  SOURCES: 

 Primary  
production  

in SNR 

Secondary production  
by fragmentation  
of heavier nuclei 



         Z<=2 Nuclei Coste, Derome, Maurin, Putze A&A 2012  

1H, 2H, 3He, 4He almost as powerful as B/C 
Noticeable effort on reliable cross sections   
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The role of helium nuclei  

Note: The cosmic p flux is ~ 10 times higher than He flux 



Antiproton source spectrum from p-p channels 

All data fit 

Different analytical functions give similar chi2, but different extrapolation  
out of validity ranges à uncertainties at low and high energies 



Antiproton in CRs: data and models 

AMS-02 data now at high accuracy 1 – 450 GeV 

Donato et al. PRL 2009 

Theoretical calculations compatible with CR models 
 

Powerful tool for DARK MATTER models  

NO need for new phenomena (astrophysical / particle physics) 



Differential antiproton cross section 

Given that: 
1.  In the ISM nH=0.9/cm3, nHe=0.1/cm3,  

2. the cosmic p flux is ~ 10 higher than He 
             à the main production channel involving He is pCR-HeISM 

   



GAPS prototype flight 
P. von Doetinchem et al. 1307.3538 



Propagation of e+ & e-  
 

Diffusive semi-analytical model:  
Thin disk and confinement halo  
Free parameters fixed by B/C 
 
Above few GeV: only spatial  
diffusion and energy losses 

Energetic positrons & 
electron are quite local 

 
Relativistic (KN) energy 
losses induce a longer 

propagation scale  95%(80%) for 2kpc and  E>100(10) GeV 

Delahaye, Lavalle, Lineros, FD, Fornengo, Salati, Taillet A&A 2009 



Secondary positron production 
  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± 

 
   

 Different parameterizations of cross sections and incident p energy 



Low energy positrons:  
the power of AMS precision data 
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Figure 4. The positron spectrum for the MIN (red), MED (blue) and MAX (green) propagation
models are displayed together with AMS-02, Fermi-LAT [4, 5] and Pamela [2] data. The theoretical
contribution has been derived for the secondary (dashed), PWNs (dot-dashed) and total spectra
(solid).

of the properties of the four set of observables. At high energies, local sources are the most
relevant: SNR for the electron flux and the (e+ + e

�) total flux, PWN for the positron flux
and, in turn, the positron fraction; at lower energies, far SNR are dominating the flux of
electrons and of (e+ + e

�) (this occurs for energies below about 100 GeV), while secondaries
determine the positron flux and the positron fraction (for energies below 10-20 GeV). It is
therefore remarkable that a single model for all the source components, for both positron
and electrons, fits simultaneously all the leptonic AMS-02 data, without any further ad-hoc
adjustment. The best fit values found for the free parameters of SRN and PWN are in very
good agreement with the ones quoted in Sections 2.1 and 2.2.

Another quite interesting result concerns the positron flux interpretation. The secondary
positron component adopted in our analysis, as discussed above, depends only on the p and He
primary fluxes (which we have determined by a separate, independent, fit on the recent AMS-
02 data), on the nuclear cross sections involved in the spallation process and on propagation
in the Galaxy. Therefore, this component does not require additional assumptions (like it
is in the case of the SNR and PWN contributions, which have free unknown parameters),
and is therefore somehow fixed once a specific propagation model is assumed. In order to
check a posteriori the compatibility with the AMS-02 data, we have allowed the normalization
parameter q̃sec to freely vary: the fact that we find a best-fit value of q̃sec very close to one,
for the MED propagation parameters, is a confirmation of the good level of consistency in
the analysis. A further discussion of the secondary positron component is given in the next
Section.

4.1 The case for secondary positrons

The positron spectra is interpreted in terms of a secondary production at low energy and of a
PWNs emission at higher (>10 GeV) energies. As already recalled, the secondary positrons
depend on their progenitor p and He spectra, on the involved spallation cross sections, and
on the propagation in the Galaxy. The uncertainties of the first two ingredients are definitely
smaller than the ones induced by propagation. We study here the effect of the different MIN,

– 10 –

Di Mauro, FD, Fornengo, Vittino JCAP 2014; Lavalle, Maurin, Putze PRD 2014 

Secondaries in  
3 propagation models 

Pulsars  in  
3 propagation models 

AMS POSITRON data  at low energy are so precise 
 to start constraining the Milky Way models (as well as B/C)!  



The case for 
  

gamma rays 
 

(very briefly) 



p+He à π0 à 2γ :  
galactic foreground in the Fermi-LAT data  

Contextually to p+Heà antiprotons, it would be of very interesting  to 
measure also the photons (gamma rays) coming from the hadronization 
processes via π0 decay.  
 
This process occurs in the galactic disk and enters the calculation of the 
galactic emission, crucial for understanding: 
 
1.  DARK MATTER annihilation                      2. ORIGIN of COSMIC RAYS   
  (Galaxy,  dwarf spheroidal galaxies, ..)              galaxy emission,  SNRs, .. 
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Figure 2. Left: Top of atmosphere electron flux (times E

3) from the nine most powerful and close
( 3 kpc) SNRs (from Tab. 1), shown together with their sum (red dashed line). The green dashed
line represents the electron flux from the far (> 3 kpc) SNR population, while the solid black line is
the sum of all the contributions. Right: Positron flux (the same occurs for electrons) from the nine
most powerful pulsars of the ATNF catalog, along with their sum (solid red line) and the sum of the
fluxes of all the pulsars of the catalogue (solid black line). Galactic propagation with the MED model;
solar modulation parameter � = 830 MV. In both panels, the dot-dashed (violet) line refers to the
interstellar flux.

references therein):

@tN � ~r ·
n

K(E)~rN
o

+ @E

⇢

dE

dt

N
�

= Q(E, ~x, t) . (3.1)

where we have neglected the effect of convection and reacceleration [12]. In this equation,
K(E) is the energy-dependent diffusion coefficient while dE/dt is the energy-loss term and
Q(E, ~x, t) denotes the source term (discussed in the previous Section). The solution to
Eq. (3.1) is found within a semi-analytical model in which the Galaxy is shaped as a cylinder,
made of the stellar thin disk (with half-height of 100 pc), and a thick magnetic halo whose
height L varies from 1 to 15 kpc [174]. In our analysis we closely follow Ref. [14], to which
we refer for any detail. We only remind here that we have included a full relativistic treat-
ment of the IC energy losses, while for the synchrotron emission we have set the magnetic
field to 1 µG. The spatial diffusion coefficient K(E) = �K0(R/1 GV)� is set to one of the
three benchmark sets of parameters derived in Ref. [175] and compatible with the boron-to-
carbon analysis [174]. Namely, for the MIN/MED/MAX models we fix � = 0.85/0.70/0.46,
K0 = 0.0016/0.0112/0.0765 kpc2/Myr and L = 1/4/15 kpc, respectively. Finally, for the
solar modulation affecting low energy (about < 10 GeV) charged CRs, we use the force field
approximation [176, 177], with a solar modulation parameter � determined within our fitting
procedure on the electron and positron data sets. Apart from the force field approximation,
more complex models, in which solar modulation is assumed to depend on the sign of the
particles charge, have been employed (see, for example, Refs. [178, 179]).

We show in Fig. 2 the electron and positron fluxes produced from SNR and pulsars,
propagated according to the above prescriptions, for the MED propagation parameters. The
left panel shows the electron flux from the nine most-powerful among the near ( 3 kpc around
the Solar System) SNRs, along with the sum of their single fluxes. The source parameters
have been derived from Tab. 1, as explained in Sect. 2.1. We also plot the contribution from
the average population of distant (> 3 kpc) SNR, whose spectral index � and normalization
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Partial contributions from CR nuclei  
Kachelriß+2015 

11

0

0.1

0.2

0.3

0.4

0.5

10 10
2

10
3

10
4

 

 E p
_kin  (GeV)

 p
ar

tia
l e

nh
an

ce
m

en
t

 i + j  →  p
_
,  n

_
 

FIG. 8.— Energy dependence of partial contributions ϵp̄ij(Ep̄) to the nuclear enhancement factor from different interaction channels: pHe (solid, red), He p
(dashed, blue), He He (dot-dashed, green), and all others (dotted, black); the CR composition given in Table 2 is used.
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FIG. 9.— Feynman x-spectra of p̄’s (c.m.s.) for fixed pt (from top to bottom: 0.1, 0.3, 0.5, 0.7, and 0.9 GeV) in pp-collisions at plab = 158GeV/c, calculated
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The contribution of He nuclei, in CRs and in ISM, is similar (50%) of the p-p one 



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

           
                           
                pCR   + HISM 
 

      pCR   + HeISM 
 

      HeCR + HISM 
 

     HeCR + HeISM 
           
 
 

The only measured cross section is p-p à       + X  
 

ALL CROSS SECTIONS  
INVOLVING He (projectile or target)  
ARE DERIVED FROM OTHER DATA!! 

+ X 



 
1.    p+p: σp+p à antiprotons NA49 data analysis 
    (Di Mauro, FD, Goudelis, Serpico PRD 2014; Kappl, Winkler JCAP 2014)  

        or analytical expression  (Tan & Ng, PRD26 1982, 1983 
 
 
 
 
 
2.  p+ He, He+p, He+He: σ(p + He  à antiprotons): NO DATA 
    à derived from MonteCarlo   simulations, i.e. DTUNUC 
         verified on p+C,p+Al and heavier nuclei (Duperray et al. 2003, 2005; Donato et al. ApJ 563 (2001)172 ) 
 
 
 
 
 

Donato+ ApJ2001 Data from Sugaya+1998; fit: DTUNUC 

Antiproton production from p and He 


