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Abstract. Cross sections of antiproton and antinucleus interactions with nuclei are
calculated using stochastic averaging method. A new implementation of the QuarkGluon-String Model (QGSM) is proposed for simulation of multi-particle production in
antinucleus-nucleus collisions. A combination of the cross sections and the new implementation of QGSM allows experimental data on antiproton and antinucleus interactions
with nuclei to be described. The combination is included in the well-known Geant4 simulation toolkit.

1 Introduction
One of the most exciting puzzles in cosmology is connected with the question of the existence of
antimatter in the Universe. Some cosmic ray experiments (PAMELA, BESS, AMS, CAPRISE etc.)
aim to search for antinuclei. Antinuclei have also been observed in nucleus–nucleus and protonproton collisions at accelerators by the RHIC and LHC Collaborations. An experimental study of the
antinucleus production and reactions requires the knowledge of antinucleus interaction cross sections
with the matter. The cross sections are needed to estimate various experimental corrections, especially
those due to particle losses which reduce the detected rate. We calculate the cross sections using the
Glauber approach [1–3].
Many particles (pions, K-mesons, baryons and so on) are produced in the antiproton-proton and
antinucleus–nucleus interactions. To simulate their production, we use the main ideas of the QuarkGluon-String model [4, 5]. The main ingredient of the model is the estimation of various process cross
sections of the quark–gluon string productions. The simulation of the string fragmentation is based
on the LUND fragmentation model. All of these allow the known experimental data to be described
successfully.
The combination of these models is included in the Geant4 simulation toolkit [6]. Geant4 is a software toolkit for the simulation of the passage of particles through matter. It is used by a large number
of experiments and projects in a variety of application domains, including high energy physics, astrophysics and space science, medical physics and radiation protection.
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2 Cross section of antinucleus–nucleus interactions
In the Glauber approach, the amplitude of the elastic scattering of an antinucleus containing B antibaryons on a target nucleus with the mass number A is given as:
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where γ is the amplitude of the elastic antinucleon-nucleon scattering in the impact
 parameter rep1
resentation averaged over the spin and isospin degrees of freedom, γ(b) = 2πi
d2 q eiqb F N̄N (q).
ΨA (ΨB ) is the wave function of the nucleus (antinucleus) in the ground state. Taking the origins of
the coordinate systems at the centers of the nuclei, the nucleon coordinates ({rA }, {tB }) are decomposed into longitudinal ({zi }) and transverse ({sj }, {τi }) components. The z-axis is directed along the
projectile momentum. b is the impact parameter vector orthogonal to the momentum. PBA (b) is the
profile function and J0 is the Bessel function of zeroth order.
2
Quite often γ is parameterized as γ(b) = σtot
(1 − iρ)/(4π β) · e−b /2β , where σtot
is the total
N̄N
N̄N
cross section of the antinucleon-nucleon interactions, ρ is the ratio of the real to imaginary parts of
the N̄N elastic scattering amplitude at zero momentum transfer, and β is the slope parameter of the
N̄N differential elastic scattering cross section.
Using these expressions, one can calculate various quantities characterizing the antinucleusnucleus interactions: total, elastic and inelastic cross sections and so on (see details in [7]). In Fig. 1,
the experimental absorption cross sections of the antiproton and antideuteron interactions with various
nuclei are presented and compared with our calculations. As one can see, there is a good agreement
between the calculations and the experimental data.

Figure 1. Absorption cross sections of the antiproton and antideuteron interactions with nuclei. Points are
experimental data. The lines are our calculations. The experimental data for d̄ + A interactions [8] are given
for two momenta – 13.3 and 25 GeV/c (open and close circles, correspondingly). The calculation results at the
energies are presented by solid and dashed lines.

The complexity of the Glauber expressions prevents their direct calculations. A way to the solution
is offered by the stochastic averaging method [9] in which a quantity is found as an average over
various samples of the nucleon coordinates. The nucleon coordinates are sampled according to the
measure |ΨA |2 |ΨB |2 . The method consists of multiple sampling of the nucleon coordinates according
to the function |ΨA |2 |ΨB |2 , calculation of needed expression for each sampling, and an averaging of
the calculation results over the samples. Results obtained in such manner were parameterized, and the
parameterizations were implemented in Geant4.
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Figure 2. Quark flow diagrams of p̄p interactions

3 Particle production in antinucleus-nucleus interactions
Usually, the list of diagrams shown in Fig. 2 is considered in the high energy phenomenology for
antiproton–proton interactions. The diagram a corresponds to string junction annihilation with 3
quark–antiquark string creation. The string junction is a gluonic object which couples together the
quarks in a baryon. The diagram b represents the quark–antiquark annihilation leading to a diquark–
antidiquark string creation. The diagram c shows a process of diquark–antidiquark annihilation and
one quark–antiquark string formation. The diagram e corresponds to quark–antiquark and string junction annihilations with the creation of 2 quark–antiquark strings. The diagrams d and f are responsible
for exotic meson production. The last diagrams at the bottom of the figure are important at high energies. They are connected with the pomeron exchange in the t-channel. The energy dependencies of
the cross sections of the processes are predicted in some cases by the reggeon phenomenology. They
are also shown in the figure. An elaborated scheme for the calculation of the cross sections in the
reggeon phenomenology was proposed in [10, 11]. As shown there, the approach is valid at Plab >
3 GeV/c. Since the experimental studies require much less energies, we undertook a new attempt to
estimate the cross sections. It is presented in [12].
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The parameterizations (2)–(4) of the process cross sections and the LUND string fragmentation
algorithm implemented in the FTF generator of Geant4 allow one to reproduce a wide set of experimental data on the p̄p and p̄A interactions [12]. Of course, the generalization of the approach given
above for the antiproton and antinucleus interactions with the nuclei is not a simple procedure. Some
details of the procedure were considered in [12, 13]. The most important issue of the moment is that
we can reproduce correctly the experimental data on the antideuteron–deuteron interactions (Fig. 3).
The figure 3 plots the π+ , π− and proton distributions in terms of transverse momentum squared
2
(PT ) respectively the rapidity (y). Fig. 3 points to a very good agreement between the experimental
data and our calculations.
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Figure 3. Distributions of particles on kinematical variables in the antideuteron-deuteron interactions at 12.2
GeV/c. Points are experimental data [14]. Lines are our calculations.

Conclusion
A new implementation of the Quark-Gluon-String model is proposed. Estimations of annihilation
cross sections in the Glauber model and the LUND string fragmentation algorithm allow consistent
description of a wide set of experimental data on the antiproton and antinucleus interactions with the
nuclei. The proposed approach is included in the Geant4 simulation package. It can be used in the
FTF_BERT physics list of Geant4.
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