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A dramatic increase in the accuracy and statistics of space-borne cosmic ray (CR) measurements
has yielded several breakthroughs over the last several years. The most puzzling is the rise in the
positron fraction above 10 GeV over the predictions of the propagation models assuming pure
secondary production. Antiprotons are produced in CR interactions with interstellar gas and are,
therefore, called secondary. These are the same interactions that produce charged and neutral
mesons which decay to secondary electrons and positrons and γ-rays. However, in contrast to CR
electrons and positrons that can be produced copiously in pulsars, there is no known astrophysical
source of primary p̄. Therefore, p̄ data and their correct interpretation hold the key to the resolu-
tion of many astrophysical puzzles. We calculated p̄ production in pp-, pA-, and AA-interactions
using EPOS-LHC and QGSJET-II-04, two of the most advanced Monte Carlo generators tuned
to accelerator data including those from the LHC. The new cross sections are being incorporated
into the GALPROP code to allow an accurate calculation of the spectrum of secondary p̄ in CRs.
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1. Introduction

Antiprotons in CRs are produced in CR interactions with interstellar gas and are, therefore,
called secondary. The same interactions produce charged and neutral mesons that decay to sec-
ondary e± and γ-rays. However, in contrast to CR positrons that can be produced copiously in
pulsars, there is no known astrophysical source of primary p̄. Since the p̄ “background” is fairly
low this provides an opportunity to search for a new phenomenon or an exotic signal if the CR p̄
flux is measured accurately.

Recent discoveries in astrophysics of CRs, however, have changed the landscape dramatically.
The most important was a clear confirmation of the rise in the positron fraction by PAMELA [1, 2]
– relative to expectations as if all positrons in CRs are secondary [3, 4] – that was earlier noticed
by the HEAT collaboration [5]. This was subsequently confirmed and extended to higher energies
by Fermi-LAT [6], and measured with even greater precision and extended to even higher energies
by AMS-02 [7]. Most recently, the measurement of the positron fraction has been extended up to
500 GeV by the AMS-02 collaboration hinting for some flattening of the fraction above 200 GeV
[8], but the statistics is still low in this energy range. New accurate p̄ measurements were done by
PAMELA [9, 10] covering the range from 70 MeV – 200 GeV, and more is expected from AMS-
02. Above a few GeV, the data are consistent with secondary production, in strong contrast with
positron results. Another important milestone is an accurate measurement of the B/C ratio up to
100 GeV/nucleon by PAMELA [11] that is consistent with preliminary AMS-021 measurements
reaching ∼400 GeV/nucleon. Both measurements indicate the index of the diffusion coefficient
α ≈ 0.4 or even smaller [11] that supports a Kolmogorov-type power spectrum of interstellar tur-
bulence [12], thus favoring the stochastic reacceleration model for interstellar propagation. Be-
sides providing more accurate data over a wider energy range these new measurements give an
important insight into CR acceleration and propagation processes. Also relevant are the new mea-
surements of CR proton and He spectra, the most abundant CR species. Combined measurements
by PAMELA [13], ATIC [14], and CREAM [15] hint on a break in both spectra at about the same
rigidity∼230 GV. The flattening of the CR proton spectrum at high energies was also confirmed by
the Fermi-LAT through observations of γ-ray emission of the Earth’s limb [16]. Recently, precise
measurements of the proton spectrum up to ∼2 TeV were reported by the AMS-02 team [17].

Antiproton data and their correct interpretation hold the key to the resolution of many astro-
physical puzzles. If the rise in the positron fraction is due to WIMP annihilations, p̄ data provide
important constraints on WIMP models [18, 19], for a review, see [20]. If the rise is due to conven-
tional astrophysics, p̄ and B/C measurements extended to higher energies may be able to discrim-
inate between the pulsar [21]-[25] and SNR hypotheses [26, 27]. The latter proposes a secondary
component with a hard energy spectrum that is produced in a SNR shock by accelerated protons.
It also predicts a rise [26]-[30] or flattening [31, 32] in all secondaries, such as the p̄/p and B/C
ratios, at high energies.

The accuracy of the p̄ production cross section is critical for astrophysical applications and
searches for new physics. This is especially true in view of many expectations connected with the
upcoming data releases by the AMS-02 experiment operating at the International Space Station, and
by soon-to-be-launched ISS-CREAM, CALET and GAPS experiments. This holds even more for

1http://www.ams02.org/2013/07/new-results-from-ams-presented-at-icrc-2013/
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Figure 1: Energy dependence of Z-factors for p̄ and n̄ production, Zpp
p̄ (Ep̄,α) (plotted as a function of Ekin

p̄ ),
for α = 2 (left) and α = 3 (right), as calculated with QGSJET-IIm (solid, red) and EPOS-LHC (dashed, blue),
or using the parameterizations by [36] (dot-dashed, green) and [37] (dotted; the lines marked “(1)” (black)
and “(2)” (red) correspond to the respective parameter sets).

new opportunities that would open up with antideuteron detection in CRs. In turn, the calculation
of antideuteron production relies on the inclusive p̄ production cross sections and the detailed
knowledge of two-particle correlations [33, 34].

In this work, we analyzed p̄ production in pp-, pA-, and AA-interactions using EPOS-LHC
and QGSJET-II-04, two of the most advanced Monte Carlo (MC) generators tuned to numerous
accelerator data including those from the Large Hadron Collider (LHC). The p̄ yields obtained
with these MC generators differ by a factor of few from yields of parameterizations commonly
used in astrophysics. More details can be found in [35].

2. Z−factors for p̄ production

To compare the impact of different interaction models and parameterizations on the predicted
CR p̄ spectrum, it is convenient, similarly to the γ-ray case [38], to use the corresponding “Z-
factors.” They are defined as the spectrally averaged energy fraction transferred to p̄ in pp-, pA-,
Ap-, or AA-collisions, assuming that the spectra of CR species in the relevant energy range can
be approximated by a power-law, Ii(E) = Ki E−αi . Then the contribution qi j

p̄ (Ep̄) to the flux of
secondary CRs (here, p̄) from interactions of the CR species i with ISM component j (i, j = protons
or nuclei) of number density n j,

qi j
p̄ (Ep̄) = n j

∫
∞

Ethr(Ep̄)
dE

dσ i j→ p̄(E,Ep̄)

dEp̄
Ii(E), (2.1)

can be rewritten as [38]

qi j
p̄ (Ep̄) = n j Ii(Ep̄)Zi j

p̄ (Ep̄,αi) . (2.2)
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Figure 2: Energy dependence of the enhance-
ment of the He p (solid, red) and p He (dashed,
blue) contributions to the p̄ spectrum, relative to
the pp-case, Zi j

p̄ (Ep̄,α)/Zpp
p̄ (Ep̄,α) (plotted as a

function of Ekin
p̄ ), for α = 2.6.

Figure 3: Energy dependence of partial contri-
butions ε

p̄
i j(Ep̄) to the nuclear enhancement factor

from different interaction channels: p He (solid,
red), He p (dashed, blue), He He (dot-dashed,
green), and all others (dotted, black); the CR com-
position given in Table 2 is used.

Here, we expressed the Z-factor Zi j
p̄ via the inclusive spectra of antiprotons dσ i j→ p̄(E,z p̄)/dzp̄,

zp̄ = Ep̄/E, as

Zi j
p̄ (Ep̄,α) =

∫ 1

0
dzzα−1 dσ i j→ p̄(Ep̄/z,z)

dz
, (2.3)

where E corresponds to the energy per nucleon for nuclear projectiles. The Z-factors Zi j
p̄ depend

both on the p̄ production spectra and on the spectral slopes αi, containing all the dependences on
hadronic interaction models. However, these factors are independent of the CR abundances.

As follows from Eq. (2.2) and the more detailed discussion by [38], the respective partial
enhancements compared to the yield from pp-interactions are proportional to the corresponding
Z-factors,

ε
p̄
i j(E p̄) =

qi j
p̄ (Ep̄)

qpp
p̄ (E p̄)

=
n j

np

Ii(E p̄)

Ip(Ep̄)

Zi j
p̄ (Ep̄,αi)

Zpp
p̄ (Ep̄,αp)

. (2.4)

In particular, contributions of CR nuclei may be additionally enhanced, if the spectral indices αi <

αp, because of the strong α-dependence of the Z-factors [38].
The calculated energy dependence of the Z-factors for p̄ production2, Zpp

p̄ (Ep̄,α), is compared
in Fig. 1 for QGSJET-IIm, EPOS-LHC, and the parameterizations from [36] and [37]. Two values,
α = 2 and α = 3, for the slope of the CR proton spectrum are considered, which bracket the
physically most interesting range.

The energy dependence of the Z-factors is affected by threshold effects (Fig. 2). As a result,
the partial contributions of CR nuclei in the region of relatively small Ep̄ are suppressed. This
suppression diminishes at higher energies, where one approaches the asymptotic limit.

2Here 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 [36] and [37], we double the p̄ yields.
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Zi j
p̄ (Ep̄,α), mb

Ekin
p̄ , GeV Projectile Target α = 2 α = 2.2 α = 2.4 α = 2.6 α = 2.8 α = 3

1 p p 0.0254 0.0138 0.00772 0.00441 0.00258 0.00153
1 He p 0.0808 0.0442 0.0248 0.0143 0.00838 0.00501
1 CNO (A = 14) p 0.184 0.101 0.0567 0.0326 0.0192 0.0115
1 Mg-Si (A = 25) p 0.273 0.150 0.0845 0.0486 0.0286 0.0171
1 Fe (A = 56) p 0.447 0.245 0.138 0.0792 0.0465 0.0278
1 p He 0.0919 0.0498 0.0277 0.0158 0.00920 0.00546
1 He He 0.271 0.147 0.0824 0.0472 0.0276 0.0165
1 CNO (A = 14) He 0.649 0.352 0.196 0.112 0.0654 0.0389
1 Mg-Si (A = 25) He 0.933 0.506 0.282 0.161 0.0937 0.0556
1 Fe (A = 56) He 1.53 0.834 0.468 0.269 0.158 0.0944

10 p p 0.279 0.164 0.100 0.0633 0.0413 0.0276
10 He p 0.979 0.573 0.350 0.222 0.144 0.0964
10 CNO (A = 14) p 2.67 1.58 0.978 0.624 0.410 0.276
10 Mg-Si (A = 25) p 4.22 2.50 1.54 0.977 0.639 0.428
10 Fe (A = 56) p 7.78 4.63 2.87 1.84 1.21 0.815
10 p He 0.970 0.560 0.339 0.213 0.138 0.0917
10 He He 3.16 1.83 1.11 0.695 0.449 0.298
10 CNO (A = 14) He 9.16 5.33 3.24 2.04 1.32 0.875
10 Mg-Si (A = 25) He 14.5 8.45 5.16 3.26 2.12 1.41
10 Fe (A = 56) He 26.0 15.2 9.31 5.90 3.85 2.57

100 p p 0.535 0.308 0.187 0.119 0.0789 0.0536
100 He p 2.03 1.17 0.715 0.455 0.300 0.204
100 CNO (A = 14) p 6.21 3.61 2.20 1.40 0.926 0.628
100 Mg-Si (A = 25) p 10.6 6.19 3.79 2.42 1.60 1.09
100 Fe (A = 56) p 21.8 12.7 7.80 4.99 3.30 2.25
100 p He 1.79 1.02 0.612 0.385 0.251 0.169
100 He He 6.41 3.66 2.21 1.39 0.914 0.619
100 CNO (A = 14) He 20.8 11.9 7.15 4.50 2.94 1.98
100 Mg-Si (A = 25) He 35.2 20.2 12.2 7.69 5.04 3.40
100 Fe (A = 56) He 72.0 41.3 24.9 15.7 10.2 6.87

1000 p p 0.721 0.410 0.248 0.158 0.105 0.0715
1000 He p 2.79 1.60 0.978 0.625 0.416 0.286
1000 CNO (A = 14) p 8.87 5.12 3.12 1.99 1.32 0.903
1000 Mg-Si (A = 25) p 15.3 8.81 5.37 3.42 2.27 1.55
1000 Fe (A = 56) p 31.4 18.1 11.1 7.09 4.72 3.24
1000 p He 2.35 1.32 0.787 0.495 0.324 0.221
1000 He He 8.62 4.85 2.90 1.82 1.19 0.805
1000 CNO (A = 14) He 29.0 16.4 9.81 6.18 4.05 2.75
1000 Mg-Si (A = 25) He 48.1 27.0 16.0 10.0 6.50 4.36
1000 Fe (A = 56) He 103 58.1 34.9 22.1 14.5 9.85

10000 p p 0.931 0.516 0.307 0.193 0.127 0.0860
10000 He p 3.60 2.02 1.20 0.754 0.493 0.334
10000 CNO (A = 14) p 11.5 6.46 3.87 2.44 1.61 1.09
10000 Mg-Si (A = 25) p 19.9 11.1 6.61 4.12 2.68 1.80
10000 Fe (A = 56) p 41.6 23.4 13.9 8.72 5.69 3.84
10000 p He 3.02 1.65 0.959 0.587 0.376 0.249
10000 He He 11.1 6.14 3.61 2.24 1.46 0.983
10000 CNO (A = 14) He 37.4 20.5 12.0 7.40 4.77 3.20
10000 Mg-Si (A = 25) He 63.7 35.0 20.5 12.7 8.18 5.48
10000 Fe (A = 56) He 135 74.5 43.6 27.0 17.4 11.6

Table 1: Z-factors for ( p̄+ n̄) production, Zi j
p̄ (E p̄,α), calculated with QGSJET-IIm.
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Groups of nuclei
Parameters H (A=1) He (A=4) CNO (A=14) Mg-Si (A=25) Fe (A=56)

K 14900 600 33.2 34.2 4.45
α 2.74 2.64 2.60 2.79 2.68

Table 2: Spectral parameterizations for groups of CR nuclei [39].

Table 1 shows the calculated Z-factors Zi j
p̄ for different Ekin

p̄ , slopes α , and different combina-
tions of CR and ISM nuclei. These results may be used for the calculation of secondary p̄ spectra
when the partial spectra of CR mass groups can be approximated by a power law behavior in the
corresponding energy range.

The partial contributions ε
p̄
i j(Ep̄) to the nuclear enhancement factor from different interaction

channels are shown in Fig. 3.

3. GALPROP code

The new p̄ production cross sections are being incorporated into the GALPROP code to allow
an accurate calculation of the spectrum of secondary p̄ in CRs.

The GALPROP model has established itself as a standard self-consistent model for CR prop-
agation in the Galaxy and associated diffuse emissions (radio, microwave, X-rays, γ-rays) that is
widely used by the astrophysical community – the experimental teams and individuals. The key
concept underlying the GALPROP code is that various kinds of data, e.g., direct CR measurements
including primary and secondary nuclei, electrons and positrons, γ-rays, synchrotron radiation,
and so forth, are all related to the same astrophysical components of the Galaxy and hence have
to be modeled self-consistently [40]. The goal is for GALPROP-based models to be as realistic as
possible and to make use of available astronomical information, nuclear and particle data, with a
minimum of simplifying assumptions. A full description of the rationale and motivation is given
in the review [41]. The GALPROP code is available from a dedicated website3 where a 500+ core
facility for users to run the code via online forms in a web-browser (WebRun) is also provided [42].
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