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The cosmic-ray flux of antiprotons is measured with unprecedented precision by the particle spec-
trometer AMS-02 on the International Space Station. Its interpretation requires a correct descrip-
tion of the dominant production process for antiprotons in our Galaxy, namely, the interaction of
cosmic-ray proton and helium with the atoms of the interstellar medium. In light of new cross
section measurements by the NA61 experiment of p+ p→ p̄+X and the first ever measure-
ment of p+He→ p̄+X by the LHCb experiment in a fixed target configuration, we update the
parametrization of proton-proton and proton-nucleon cross sections and their uncertainties. The
new parametrizations for the cross section are used to derive the total source term of secondary
antiprotons. Since uncertainties, in particular at low energies, are significantly larger than those
on the measured antiproton flux by the AMS-02 experiment, we finally quantify the necessity of
new data on antiproton production cross sections, and pin down the kinematic parameter space
which should be covered by future high-energy experiments.
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1. Introduction

With the last generation of particle detectors in space, physics of charged cosmic rays (CRs)
has become a precision discipline. During the last decade, the space-based spectrometers PAMELA
and AMS-02, which is borne to the International Space Station, have driven measurement uncer-
tainties in the CR fluxes as low as the percent level in an energy range from 1 GeV to a few TeV.
They have measured the CR nuclear [1, 2, 3, 4, 5] and leptonic (positron and electron) [6, 7, 8, 9, 10]
components, as well as CR antiprotons [11, 12]. The most recent antiproton flux measurement by
AMS-02 extends from 1 to 400 GeV with an uncertainty of 5% for almost the whole energy range.
It is generally established that the bulk of antiprotons in our Galaxy is produced by the interaction
of CRs on the interstellar medium (ISM) [13], conventionally called secondary antiprotons. The
dominant contribution is provided by the proton-proton (pp) channel, namely CR proton on ISM
hydrogen, and either the CR projectile or the ISM target replaced by helium (Hep, pHe, and HeHe).

In reference [14] (hereafter DKD17), we discussed the requirement on cross section measure-
ments to determine the antiproton source term at the uncertainty level of AMS-02 flux data. In [15]
(hereafter KDD18) we seek to determine the source term and its uncertainty from existing cross
section measurements.

2. The antiproton source term

The source term of antiproton qi j is given by the convolution of the CR flux φi, the ISM density
nISM, j, and the production cross section σi j as stated in

qi j(Tp̄) =

∞∫
Tth

dTi 4π nISM, j φi(Ti)
dσi j

dTp̄
(Ti,Tp̄). (2.1)

Here Ti is the CR projectile energy and Tp̄ the kinetic energy of the produced antiproton. The
dominant channels for the production of secondary antiprotons are pp at roughly 50-60% of the
total spectrum, and pHe and Hep at 10-20% each, while the channels involving heavier incoming
CRs contribute only up to a few percent (see below). Until very recently, no measurements of the
helium channels were available, rendering the pp channel the baseline for any scaling to proton-
nucleus (pA) or nucleus-nucleus (AA) channels.

Figure 1 shows this relative contribution to the source term for different high-energy exper-
iments in the proton-proton and proton-nucleus production channels. We note in particular two
points: Firstly, in the pp channel recent experimental data by NA49 [16] and NA61 [17] only cover
the source term well above Tp̄ ∼ 5 GeV. Secondly, due to the large projectile proton energy the
LHCb data [18] in the pHe channel contribute to the source term only at very high energies and at
a low ratio.

3. Methods

High-energy experiments measure the fully-differential cross section of antiproton produc-
tion as function of center-of-mass energy,

√
s, antiproton transverse momentum, pT, and Feynman
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scaling x f , conventionally expressed in the Lorentz-invariant form

E
d3σp+p→p̄

d p3 (
√

s, pT,x f ). (3.1)

We fit the two most recent analytic parametrization suggested by Di Mauro et al. (parametriza-
tion I) [19] and Winkler (parametrization II) [20], respectively, to new data provided by NA61 and
LHCb as summarized in Table 1. To obtain the energy-differential cross section which enters the
source term integral, Eq. (1), we integrate over all angles. Figure 2 displays this energy-differential
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Figure 1: Left: Fraction of the pp source term originating from the kinematic parameter space of the cross
section which is experimentally determined by NA49 and NA61. The contribution is normalized to the total
pp source term. The NA61 data are taken for

√
s = 7.7 GeV to 17.3 GeV (blue dot-dashed line), while the

NA49 is taken at
√

s = 17.3 GeV and here assumed to be valid in the range 15-20 GeV (solid red line). The
red dashed line is obtained assuming that the NA49 data are valid in the

√
s range from 10 to 50 GeV, while

the dotted blue one is obtained extending the validity of NA61 data up to
√

s = 50 GeV. Right: as in the
left panel, but for the kinematic parameter space of the cross section which is experimentally determined by
NA49 pC and LHCb pHe data. Both panels are taken from KDD18.
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Figure 2: The differential cross section dσ/dTp̄(p+ p→ p̄+X) for prompt antiprotons, at the representative
proton energies Tp = 20 GeV, 450 GeV and 6.5 TeV. The dashed (solid) line and the red (blue) band are the
result of our analysis for Param. I and Param. II. We report for comparison some literature estimations (see
text for details). Tables with the full cross section results are provided in the supplementary material to this
paper. Figure is taken from KDD18.
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Experiment
√

s [GeV]

NA49 17.3
NA61 7.7, 8.8, 12.3, 17.3
Dekkers et al. 6.1, 6.7
BRAHMS 200
NA49 (pC) 17.3
LHCb (pppHe) 110

Table 1: List and available CM energies of the data sets employed in our analysis.

cross section as function of the antiproton kinetic energy, Tp̄, for three fixed proton energies, Tp.
Both energies are given in the ISM rest frame. The two fitted parametrizations agree well within
their uncertainties and reasonably within the original parametrization, labelled Winkler and Di
Mauro. However, the Monte Carlo driven approach by [21] shows significant deviations at low
energies. Finally we note, that LHCb data at high energies give a preference for parametrization II.
For details we refer to KDD18.

4. Results

We use the updated parametrization II to calculate the total source term of CR antiprotons,
which includes also the contribution from antineutrons and anithyperons subsequently decaying
into antiprotons. The results are shown in Fig. 3. The dominant contribution arise from the pp
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Figure 3: Source terms of CR antiprotons and separate CR-ISM contributions. The shaded bands report
the 2σ uncertainty due to prompt p̄ production cross sections. In the bottom panel we show the relative
uncertainty on the total source term. The grey band refers to the prompt p̄’s only, while the outer lines
quantify the additional uncertainty due to isospin violation and to hyperons decay. The figure is taken from
KDD18.
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channel, 50% to 60%, and the Hep and pHe channels with 15% to 20% each. At intermediate
energies from Tp̄ = 5 GeV up to a few hundred GeV the prompt source terms are affected by an
uncertainties of ±8% at the 2σ level and increase to ±15% below Tp̄ = 5 GeV. Antineutron- and
hyperon-induced production increases the uncertainty by an additional 5%.

5. Requirements for future experiments

In order to improve the current situation where uncertainties in the prediction of the antipro-
ton source term significantly overshoot the uncertainty of the antiproton flux measurement by the
AMS-02 experiment. We propose new cross section measurement and in Fig. 4 quantify the ki-
netic parameter space which is relevant for CR physics. If cross sections where measured with 3%
uncertainty inside the blue contours and known with 30% uncertainty everywhere else we could
predict the antiproton flux at same accuracy as measured by AMS-02. We note that new measure-
ments would be in particular important at low energies where the shape of the cross section is more
uncertain.

6. Conclusions

The role of high-energy particle physics in the interpretation of CR data receives increasing
attention, since data from space are provided with improving precision. In this contribution, we
present the analysis of the first-ever data on the inclusive cross section p+He→ p̄+X collected
by the LHCb collaboration at Cern, with beam protons at Tp = 6.5 TeV and a fixed helium target.
We use our updated cross sections to compute the antiproton source terms and their uncertainties
for all the production channels, considering also nuclei heavier than He both in CRs and the ISM.
Finally, we quantify the necessity of new data on antiproton production cross sections, and pin
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Figure 4: Parameter space of the antiproton production cross section which is necessary to determine the
antiproton source term at the uncertainty level of AMS-02 measurements [12]. We require the cross section
to be known by 3% within the blue shaded regions and by 30% outside of the contours. The left panel
(taken from DKD17) shows the kinetic parameter space for different

√
s as function of radial scaling xR and

transverse momentum pT , while in the right panel (taken from KDD18) we replace the radial scaling by the
Feynman scaling x f . Note that the kinetic parameter space shown in the left and right panel is identical.
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down the kinematic parameter space which should be covered by future data. For further details on
the topics treated in the present paper, we refer to DKD17 and KDD18.
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