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WELCOME in 
  

TORINO!! 



Thanks to all of you for coming! 
 

Thanks to INFN 
This workshop is the evolution of a seed idea launched at the INFN 

 “What Next” general meeting, Rome, May 2014… 
 

… followed by discussions with many of you, meetings,  
seminars at various Commissioni Scientifiche Nazionali (CSN3, 
CSN1, CSN4*,CSN2*), informal meetings, seminars, NPQCD… 

 
Thanks in particular to the INFN Torino section 

 
  We warmly thank the MBC of Turin University for hosting our workshop 
 
 
 



Practical details 
•  Coffee breaks are served in the courtyard 

•  Lunch is offered by INFN in the courtyard 

•  Dinner at 20.30: “La via del Sale” 
     Via San Francesco da Paola, 2 
 
    If you want to come, sign in.  



This is a workshop: 
let’s try to understand together 

 
In the following, only a few and  

incomplete guidelines to the  
 

p-He à p-, e+, γ, d- 
 

cross section physics case  
 



 GALACTIC COSMIC RAYS 
 

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

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 



CRs production and propagation history 
Charged nuclei - isotopes – antinuclei - leptons 

 1. Synthesis and acceleration 

    * Are SNR the accelerators? 
    * How are SNR distributed? 
    * What is the abundance at sources? 
    * Are there exotic sources out of the disc? 

 2. Transport in the Milky Way 
 
     * Diffusion by galactict B inhom.  
 
            * electromagnetic losses 

        - ionization on neutral ISM 
        - Coulomb on ionized plasma  

 
          * Convection 
 
   * Reacceleration 

 4. Solar Modulation 
 
 * Force field approximation? 
 * Charge-dependent models? 

3. Nuclear interactions CRs&ISM: 
 
* Production of secondary nuclei 
* Destruction of nuclei on the ISM 



 Cosmic antiprotons  

Antiprotons are produced in the Galaxy by inelastic scattering  
of cosmic proton and He (p/He~5)  

(and marginally heavier nuclei)  
off the ISM (90% H and 10% He): 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 

 
 



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 DATA on other nuclei,  
and for limited energies  

+ X 



Protons à antiprotons 

Kachelriess+PRD2015 

I(E) is the incoming CR spectrum 
 
z= E_pbar/Ep 
 
E_pbar = 1, 3, 10 GeVs 
 
Eγ = 10 GeV 

The bulk of antiprotons is produced by protons with  
kinetic energy  10-30 times greater    

Gamma rays are more spread on proton energies  

4

have not spoiled the treatment of high energy interactions, we
compare in Fig. 3 the calculated transverse momentum spec-
trum of antiprotons in pp-collisions at

√
s = 900GeV with

the data of the ALICE experiment (Aamodt et al. 2011). As
can be judged from the Figures, there is a reasonable overall
description of p̄-production over a wide energy range. The
differences with the results of the EPOS-LHC model can be
used as a measure for model uncertainties in the calculations
of secondary antiproton spectrum using QCD MC genera-
tors. For comparison, we plot in Figs. 2 and 3 also the re-
sults obtained using the original QGSJET-II-04 model. At√
s = 900GeV, the differences between the models QGSJET-

IIm and QGSJET-II-04 are pretty small. On the other hand, at
lower energies there is a significant reduction of the antipro-
ton yield predicted by QGSJET-IIm, which reaches ≃ 20%
already at 158GeV/c.

4. Z−FACTORS FOR P̄ PRODUCTION: COMPARISON
OF MODEL PREDICTIONS

To compare the impact of different interaction models and
parameterizations on the predicted CR antiproton spectrum,
it is convenient, similarly to the γ-ray case (Kachelrieß et al.
2014), to use the corresponding “Z-factors.” They are de-
fined as the spectrally averaged energy fraction transferred to
antiprotons in proton-proton, proton-nucleus, nucleus-proton,
or nucleus-nucleus collisions, assuming that the spectra of CR
species in the relevant energy range can be approximated by a
power-law, Ii(E) = KiE−αi . Then the contribution qijp̄ (Ep̄)
to the flux of secondary CRs (here, antiprotons) from inter-
actions of the CR species i with ISM component j (i, j =
protons or nuclei) of number density nj ,

qijp̄ (Ep̄) = nj

∫

∞

Ethr(Ep̄)
dE

dσij→p̄(E,Ep̄)

dEp̄
Ii(E), (1)

can be rewritten as (Kachelrieß et al. 2014)

qijp̄ (Ep̄) = nj Ii(Ep̄)Z
ij
p̄ (Ep̄,αi) . (2)

Here, we expressed the Z-factor Zij
p̄ via the inclusive spectra

of antiprotons dσij→p̄(E, zp̄)/dzp̄, zp̄ = Ep̄/E, as

Zij
p̄ (Ep̄,α) =

∫ 1

0
dz zα−1 dσij→p̄(Ep̄/z, z)

dz
. (3)

Note thatE corresponds to the energy per nucleon for nuclear
projectiles.
The Z-factors Zij

p̄ depend clearly both on the p̄ production
spectra and on the spectral slopes αi, containing all the depen-
dences on hadronic interaction models. On the other hand,
these factors are independent of the CR abundances. Using
two different interaction models, M1 and M2, the ratio of the
respective contributions to the secondary fluxes equals the ra-
tio of the corresponding Z-factors [c.f. Eq. (2)]:

qijp̄(M1)(Ep̄)

qij
p̄(M2)(Ep̄)

=
Zij
p̄(M1)(Ep̄,αi)

Zij
p̄(M2)(Ep̄,αi)

. (4)

In the following, we are going to compare the factors Zpp
p̄

obtained with the modified QGSJET-IIm model and with
EPOS-LHC to the Z-factors calculated using some widely
used parameterizations of p̄-spectra for pp-collisions. How-
ever, before doing so, let us investigate which projectile ener-
gies contribute mainly to Zpp

p̄ (Ep̄,α). To this end, we plot

in Fig. 4 the spectrally-weighted (for definiteness, we use
α = 2.6) distribution of the energy fraction zp̄ = Ep̄/E trans-
ferred to antiprotons

1

Zpp
p̄

dZpp
p̄

dzp̄
= zα−1

p̄

dσij→p̄(Ep̄/zp̄, zp̄)

dzp̄
(5)

for different kinetic energies Ekin
p̄ = Ep̄ − mp̄. For com-

parison, the same distribution for γ-ray production, 1/Zpp
γ ×

dZpp
γ /dzγ (zγ = Eγ/E), is also shown. Clearly, the range

of CR proton energies E = Ep̄/zp̄ which contributes signifi-
cantly to antiproton production is substantially narrower com-
pared to the γ-ray case. Since the p̄ spectrum is much softer
than that of gammas, the region of moderately large z con-
tributes much less to the production of p̄’s than to the produc-
tion of γ’s. Additionally, the distribution becomes substan-
tially narrower with decreasing Ep̄, which is a consequence
of both threshold effects and the interaction kinematics: For
small Ekin

p̄ , the region of not too small zp̄ becomes kine-
matically forbidden, because the corresponding proton energy
E = Ep̄/zp̄ falls below the production threshold. On the
other hand, the contribution of the region zp̄ → 0 is strongly
suppressed by the spectral factor zα−1

p̄ , c.f. Eq. (5). More-
over, for a given CR proton energy E, antiprotons are pro-
duced most copiously in the c.m.s. central region (xF ∼ 0),
which corresponds toEp̄ ∼

√
2mNE in the lab. frame (where

mN is the nucleon mass). Thus, the region Ep̄ ≪
√
2mNE

or zp̄ ≪
√

2mN/E corresponds to the target fragmentation
region in the c.m.s., while Ekin

p̄ → 0 corresponds to the kine-
matic boundary (xF → −1 in c.m.s.), where the p̄ spectrum
falls down rapidly. This can be clearly seen in Fig. 2 (right)
for the case of proton-carbon collisions.
The calculated energy dependence of the Z-factors for p̄

production8, Zpp
p̄ (Ep̄,α), is compared in Fig. 5 for QGSJET-

IIm, EPOS-LHC, and the parameterizations from Tan & Ng
(1983) and Duperray et al. (2003). We consider two values,
α = 2 and α = 3, for the slope of the CR proton spectrum,
which bracket the physically most interesting range.
Comparing first the results of QGSJET-IIm and EPOS-

LHC, we observe a relatively good agreement between them
in the high energy range for α = 2, while somewhat larger
differences are obtained for a steeper slope (α = 3) and for
Ekin

p̄ ! 100GeV. This is due to the harder p̄ production spec-
tra predicted by EPOS-LHC (c.f. Figs. 1, 2, and 10). However,
the results for the two MC generators show a reasonable over-
all agreement and, as already stated, the remaining differences
can be used as a measure for the model uncertainties.
Next we consider differences between the modified

QGSJET-IIm model and the parameterized p̄ spectra from
Tan & Ng (1983) and Duperray et al. (2003). In the en-
ergy range Ekin

p̄ = 10–100GeV, where the relevant proton-
proton interactions are covered by fixed target experiments,
the p̄ spectra calculated with these parameterizations agree
approximately with those obtained using QGSJET-IIm. How-
ever, at higher energies the parameterized results of Tan & Ng
(1983) and Duperray et al. (2003) are rather unreliable, which
is best illustrated by the large difference between the Z-

8 Here and in the following we take into account both p̄ and n̄ production
when calculating Z-factors; for brevity, we use the same notation Zpp

p̄ instead
of Zpp

p̄+n̄. For the parameterizations by Tan & Ng (1983) and Duperray et al.
(2003), we simply double the respective p̄ yields.
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Partial contributions from CR nuclei  
Kachelriß+2015 

pHe 

Hep 



(includes 8% on σpp)   

Uncertainties on the antiproton flux from  
nuclear cross sections  

(Model from Donato et al. 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 

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

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



Secondary antiprotons:  
theoretical uncertainties  

Giesen+ 1504.04276 

Proton and helium Production cross sections 

Propagation in the Galaxy: 
Expected to shrink with AMS B/C 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
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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 



  Reactions involving helium & higher energies 

AMS-02 will provide 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 



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 

FD, Fornengo, Maurin 2008 



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 



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, .. 

10-26

10-25

10-24

10-23

101 102 103 104

<
σ

v>
 [
cm

3
/s

]

mχ [GeV]

bb 2-σ ULs changing Galactic foreground

MODEL A
MODEL B
MODEL C

Thermal

Di Mauro & FD 2015 

Fermi-LAT Coll. 2013 



 
The astrophysics of cosmic rays is entering an 
era of remarkable precision (AMS-02, Fermi-LAT,…) 
  
Data on nuclei, isotopes, antimatter, leptons and gamma-rays 

will need complex modeling for their interpretation: 
 

1.  The accelerators of cosmic rays 

2.  The propagation in the Galaxy 

3.  The nuclear processes:  from the highest nuclei (i.e. nichel) 
to light antimatter one needs total inelastic, production, 
inelastic non-annihilating cross sections, … 

     which are modeled according to LAB experiments…if any… 



 

Focusing on cosmic antimatter  
 
 

ANTIMATTER (antiproton, positrons, antideuterons)  
in cosmic rays is a clue ingredient in order to: 

 
1. Test the galactic propagation models (fixed, i.e., by B/C) 

 
2. Search for (or set limits) to dark matter  

annihilating in the halo of the Milky Way 
 
 

Propagation uncertainties are now confined to ~20%,  
and will be significantly reduced by  

AMS-02 data on B/C and other nuclear species.  



 
Cosmic antiproton data are expected with few% errors 

while nuclear physics may bring uncertainties ~ 50% 
to the predicted cosmic flux   

 
The lack of data on several lab cross section puts serious 
limits in the interpretation of forthcoming cosmic ray data 

 
A direct measurement of ANTIPROTON, together with  

γ,e+, D-,.. production from p-He seems to me mandatory in 
order to interpret unambiguously future cosmic ray data. 

 
May we also improve in nuclear physics modelings,  

non perturbative QCD, etc? 
 

DATA in space à DATA at Cern? 



 
•  Is the physics case p+Heà p-, e+, γ  worth to be pursued 

within our community, and w.r.t. funding agencies? 

•  If yes, what should be done from the theory side?  
   And from the experimental side? 

•  The accelerator data (cross sections) needed to properly 
model the galactic cosmic ray data would make up a HUGE 
experimental program  

•  …… 

No conclusions!  
Let’s think about: 
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Kachelriess, Moskalenko & Ostapchenko 2015 

The role of helium nuclei  



 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   



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 



Antiproton source: p and He fluxes  

Cosmic p and He experimental data from AMS02 (2013).  
 

Excellent fit à negligible uncertainty due to this entry 



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 

   



New analysis of p-pàpbar data  
                    Di Mauro, FD, Goudelis, Serpico PRD 2014, 1408.0288; Kappl, Winkler 1408.0299 

Existing data  







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) 



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 



GAPS prototype flight 
P. von Doetinchem et al. 1307.3538 


