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We compare the predictions of AAfrag for the spectra of secondary photons, neutrinos, electrons, and
positrons produced in proton-proton collisions to those of the parametrizations of Kamae et al., Kelner
et al. and Kafexhiu et al. We find that the differences in the normalization of the photon energy spectra
reach 20%–50% at intermediate values of the transferred energy fraction x, growing up to a factor of two for
x → 1, while the differences in the neutrino spectra are even larger. We argue that LHCf results on the
forward production of photons and neutral pions favor the use of the QGSJET-II-04m model on which AAfrag

is based. The differences in the normalization have important implications in the context of multimessenger
astronomy, in particular, for the prediction of neutrino fluxes, based on gamma-ray flux measurements, or
regarding the inference of the cosmic ray spectrum, based on gamma-ray data. We note also that the
positron-electron ratio from hadronic interactions increases with energy toward the cutoff, an effect which
is missed using the average electron-positron spectrum from Kelner et al. Finally, we describe the publicly
available PYTHON package aafragpy, which provides the secondary spectra of photons, neutrinos,
electrons, and positrons. This package complements the AAfrag results for protons with energies above
4 GeV with previous analytical parameterizations of particle spectra for lower energy protons.
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I. INTRODUCTION

A large variety of applications in astroparticle physics
relies on the precise knowledge of the production cross
sections of secondary particles in hadronic interactions.
A prominent example is the branch of multimessenger
astronomy which aims to connect photon, neutrino and
cosmic ray data [1,2]. While in the past simple estimates or
empirical parametrizations for these cross sections were
sufficient, the improved accuracy and large statistics of
current and future experiments like AMS-02 [3], LHASSO
[4], CTA [5] and IceCube-Gen2 [6] requires a correspond-
ing advancement of the theoretical predictions.
There exist two main approaches to the description of

hadronic production cross sections. In the first one, one
parametrizes hadronic interaction data using empirical
scaling laws. In spite of its convenience, the use of such
parametrizations becomes dangerous when the latter are
extrapolated outside the kinematical range of the data, they
are based on. In particular, high-energy extrapolations into
the multi-PeV range of such empirical parametrizations

are generally unreliable, but are required for the correct
interpretation of gamma-ray and neutrino data in the
100 TeV–1 PeV energy range. As an alternative, one can
use QCD inspired Monte Carlo event generators for the
description of hadronic interactions. In order to provide a
fast and user-friendly tool for the computation of the
production cross sections, one can first bin their results
and then either interpolate or fit them. Given sufficient
statistics, the former option reproduces exactly the results
of the used Monte Carlo event generator, while the
accuracy of the latter approach depends on the choice of
appropriate fit functions. Similar to the case of empirical
parametrizations, the use of such fit functions becomes
dangerous when they are extrapolated outside the fit range.
While most of the QCD inspired Monte Carlo event

generators used in cosmic ray physics were overall in a
satisfactory agreement [7] with various data from Run I of
the Large Hadron Collider (LHC), several of them have
been updated by re-tuning their model parameters with
LHC data. Moreover, the QGSJET-II-04m model [8,9] was
further tuned in Ref. [10] to improve antiproton production
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at low energies. The results of this QGSJET-II-04m tune were
used to provide AAfrag [11,12] with convenient tabula-
tions of the production cross sections of secondary parti-
cles in proton-proton, proton-nucleus, nucleus-proton, and
nucleus-nucleus reactions.
The aim of this work is to compare the predictions of

various available parametrizations for the spectra of seco-
ndary photons, neutrinos, electrons, and positrons pro-
duced in proton-proton collisions to those of AAfrag. The
predictions of these parametrizations are expected to vary
mainly because of differences in the physics of the event
generators used to produce the fit data. Moreover, para-
metrizations based on pre-LHC and post-LHC event gen-
erators are expected to differ significantly, especially for
forward particle production and in the multi-PeV energy
range. In addition, the treatment of the experimental data
and the choice of the fit functions affects the predicted
spectra. As a result of these differences, we find significant
variations between the results of these parametrizations and
we characterize the observed discrepancies. In addition, we
describe and make publicly available the PYTHON package
aafragpy, which provides the secondary spectra of
γ-rays, neutrinos, electrons and positrons for primary
proton energies in the energy range 1.5–1011 GeV. Since
AAfrag is restricted to proton energies above 4 GeV, we
complement it in this PYTHON package at lower energies
with the parametrizations of Kamae et al. [13].
This article is organized as follows: We start by describ-

ing in Sec. II the main features of the parametrizations we
examine. In Sec. III, we compare secondary particle
production for fixed energies of the incident protons, while
we discuss the case of an 1=E2 primary proton spectrum in
Sec. IV. After a presentation of the new PYTHON package
aafragpy in Sec. V, we conclude.

II. PARAMETRIZATIONS

In addition to AAfrag, we discuss the three most com-
monly1 used parametrizations of Kamae et al. [13], Kelner
et al. [15], and Kafexhiu et al. [14]. Their main character-
istics are summarized in Table I. A drawback of QCD
inspired event generators is that they cannot be used below
a minimal energy, which is typically in the range of few to
100 GeV for the energy Ep of the projectile in the lab
frame. Note that the recommended minimal energy is with
56 and 100 GeV for PYTHIA and SIBYLL, respectively, rather
high. In contrast, it was shown in Ref. [11] that QGSJET-II-
04m can be used down to primary energies as low as 4 GeV.
All three parametrizations complement fit functions from
event generators at high energies with phenomenological
models at low energies. Kamae et al. used several para-
metrized models, including resonance-excitation compo-
nents for primary energies Ep below 52.6 GeV. Kelner et al.

proposed to use a δ function approximation for the
calculation of the production spectra of secondaries at
Ep ≤ 100 GeV or for Es=Ep ≤ 10−3, where Es denotes the
energy of the secondary particle of interest. This approxi-
mation is restricted to the case of a power-law spectra in
momentum of the proton primaries and the (invalid)
assumption of a constant inelastic cross section.
Kafexhui et al. relied on a compilation of experimental
data below Ep < 2 GeV and applied GEANT4.10.0 at inter-
mediate energies. These latter authors considered only the
production of photons. Moreover, they re-used the results
for the meson spectra from Kelner et al. in the case of
QGSJET-I and SIBYLL2.1, but applied different fit functions
for the resulting photon spectra. Thus one can view the
differences between the results of Kafexhui et al. and
Kelner et al. as a measure for the deviations introduced
by the fit procedure. Note also that SIBYLL2.1 was released
in the year 2000, while the version of QGSJET-I used in
Refs. [14,15] was published in 1997. Similarly, PYTHIA6.2 is
a pre-LHC event generator dating from the year 2001.

III. ENERGY SPECTRA FOR
MONOENERGETIC PROTONS

A. Photons and neutrinos

We start our comparison with the spectra E2dσ=dE of
photons and neutrinos, produced in proton-proton inter-
actions with fixed primary energies. These spectra, which
correspond to the spectral energy distribution (SED)
of hypothetical sources of monoenergetic protons, are
shown in Figs. 1, 2, and 3. In Fig. 1, which corresponds
to the incident proton energy Ep ¼ 10 GeV, we observe a
20% scatter in the model results for the photon spectra
at the peak of the SED, in the photon energy range
10−2Ep < Eγ < 0.1Ep. The differences between the model
predictions grow up to ∼50% in the high-energy tails of the
SED, which reflects the lack of experimental data for very
forward photon production at these energies. The calcu-
lated neutrino production spectra shown in the right
panel of Fig. 1 deviate somewhat stronger, with ∼30%
differences. In particular, the SED of AAfrag is more sharply
peaked in the forward direction than the one of Kamae

TABLE I. Characteristics of the models.

High-energy
interaction model

Range in Kinetic
energy, GeV

This work QGSJET-II-04m 3.1–1011

Kamae et al. PYTHIA6.2 0.488–5.12 × 105

Kelner et al. SIBYLL2.1 100–108

Kafexhiu et al. GEANT4.10.0 0.280–105

PYTHIA8.18 50–106

QGSJET-I 100–106

SIBYLL2.1 100–106

1For a discussion of other models see Ref. [14].
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et al., which reflects the harder spectra of charged pions in
QGSJET-II-04m compared to that parametrization.
Moving to higher energies, the differences between

AAfrag and earlier models stay within 20% at the peak of
the SED of secondary particles, cf. with Figs. 2 and 3.
On the other hand, the results of the different calculations
deviate much stronger in the forward direction, for
x ¼ Es=Ep ≳ 0.1, where differences exceed 50% for some
parametrizations. For the particular case of the model of
Kamae et al., this deviation is related to deficiencies in their
modeling of inelastic diffraction, as discussed in some
detail in Ref. [16]; the corresponding contribution is visible
by eye as the sharp rise of the blue lines for Eγ → Ep in the
lower left panels of Figs. 2 and 3. On the other hand, the
softer photon spectra for Eγ → Ep obtained in the para-
metrization of Kafexhui et al., based on the outdated
QGSJET-I model [17], are caused by the too soft pion
production spectra in that model. Overall, the increase
with energy of the differences between the various pre-
dictions for the forward production of secondary particles
is due to the fact that relevant experimental data have till
recently been available at fixed target energies only, for
Ep ≤ 400 GeV. This lack of experimental data has been
especially unsatisfactory, because the role of forward
production is greatly enhanced in the case of a steep
spectrum of primary cosmic rays, as discussed in some
detail in Refs. [16,18]; this issue will be in this work further

addressed in Sec. IV below. Therefore, the measurements
of forward photon and neutral pion production at LHC
energies,

ffiffiffi
s

p ¼ 0.9, 2.76, 7, and 13 TeV, by the LHCf
experiment [19–22] are of great importance. In Fig. 4, we
compare LHCf measurements (black squares with error
bars) of the differential cross section of π0 production at
7 TeV c.m. energy as function of Feynman xF to the

FIG. 1. Gamma-ray (left) and neutrino (right) spectra E2dσ=dE
as a function of the transferred energy fraction x ¼ E=Ep, for
10 GeV incident protons. The upper left panel compares the
photon spectra calculated with AAfrag with those of Kamae et al.
based on PYTHIA6.2 and Kafexhiu et al. based on GEANT4.10.0.
The spectra of all-flavor neutrinos are compared to Kelner et al.
and Kamae et al. The lower panels show the ratio of the spectra to
the AAfrag results.

FIG. 2. Gamma-ray and neutrino spectra E2dσ=dE (top) and
ratios (bottom) as a function of the transferred energy fraction
x ¼ E=Ep, for 1 TeV incident protons. The parametrizations of
Kelner et al. based on SIBYLL2.1 and Kafexhiu et al. based on
SIBYLL, PYTHIA and QGSJET-I are added to the analysis.

FIG. 3. Same as Fig. 2 for 100 TeV primary protons.
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predictions of QGSJET-II-04m (solid red line), SIBYLL2.1

(dashed-dotted green) and QGSJET-I (dashed blue).
It can be seen that QGSJET-II-04m describes overall the data
best. The only parametrization which provides enough
kinematical information that it can be compared to such
measurements is the one of Kamae et al.While 7 TeV c.m.
energy is beyond the range of applicability of this para-
metrization, the predicted yield of photons at 900 GeV c.m.
energy is already a factor few above the LHCf measure-
ments. Therefore, the parametrizations of Kamae et al. and
Kafexhui et al. (blue, green, and magenta lines in Figs. 2
and 3) are disfavored by the LHCf data. Note also that the
difference between the results of Kafexhui et al. and Kelner
et al., both based on SIBYLL2.1, which is caused purely by
the use of different fit functions, is as large as 20% at
x ≃ 0.1. Moreover, we observe a rather large discrepancy
with the Kelner et al. parametrization for the neutrino
spectra, where both the normalization and the shape of
the neutrino spectrum differ significantly from the other
predictions. As a result, we expect correspondingly large
errors in the predictions of the expected number of
observable neutrino events from specific sources, which
are based on the Kelner et al. parametrization.
Figures 1, 2, and 3 also show that the predicted spectral

shapes of the photon SED in the limit of small Eγ differ for
the various parametrizations. To clarify this point, we plot in
Fig. 5 the photon production spectrum dσ=dE as function of
logðEÞ for Ep ¼ 5 GeV, calculated using both AAfrag and
the parametrizations. Plotted in such a way, the photon
spectrum should be symmetric with respect to the energy
Eγ ¼ mπ0=2 ≃ 67.5 MeV [23]. While this is the case for the
Kafexhiu et al. results based on GEANT4.10.0 and for AAfrag,

this symmetry is broken by the employed fit functions in the
case of the parametrizations. It is worth recalling, however,
that the high energy gamma-ray fluxes from astrophysical
sources are dominated by the forward photon production in
cosmic ray interactions (see, e.g., Ref. [18]). Therefore, the
low energy part of the photon production spectra is only
relevant to the calculation of photon spectra in the sub-GeV
energy range, where the important contributions are coming
from proton interactions at relatively low energies.

B. Electrons and positrons

In addition to photons and neutrinos, we plot in Fig. 6 the
production spectra of positrons and electrons for Ep ¼
100 GeV and 1 TeV, calculated using both AAfrag and the
parametrizations. Here, apart from the general differences
between the various parametrizations, it is important to note
that, unlike AAfrag and Kamae et al., the parametrization of
Kelner et al. provides average spectra between eþ and e−.
That way, one neglects the important difference between
them, which stems from significantly harder production
spectra of πþ mesons, compared to π−, in proton-proton
interactions. As will be further discussed in Sec. IV B,
this has important consequences for the analysis and the
interpretation of experimental data on cosmic-ray fluxes of
electrons and positrons.

IV. ENERGY SPECTRA FROM BROAD ENERGY
DISTRIBUTIONS OF PROTONS

The intensity Ia of secondary particles of type a is related
to the intensity of primary cosmic rays Ip as
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FIG. 4. Measurements of the differential cross section of π0

production at 7 TeV c.m. energy as function of Feynman xF by
LHCf (black squares with error bars) compared to the predictions
of QGSJET-II-04m (solid red), SIBYLL2.1 (dashed-dotted green) and
QGSJET-I (dashed blue).

FIG. 5. Differential cross section of γ-ray production for
5 GeV protons calculated with AAfrag, Kamae et al. and
Kafexhiu et al. codes.
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IaðEÞ ¼
Z

∞

0

dl ngas

Z
∞

E
dE0 dσa

dE
ðE0; EÞIpðE0Þ; ð1Þ

where the l integration is along a fixed line-of-sight and ngas
denotes the number density of target protons. The cosmic-
ray spectrum Ip is expected to follow in most of sources
roughly a power-law in momentum, modified by a high-
energy cutoff which is often chosen as an exponential,

IpðpÞ ¼ p−γ expð−p=p0Þ: ð2Þ

In the case of diffusive acceleration on nonrelativistic
supersonic shocks, one expects γ ≃ 2.0–2.2 [24]. In the
following examples, we will use γ ¼ 2 and use as energy of
the cutoff p0 ¼ 100 TeV. Additionally, we will impose a
sharp low-energy cutoff at Ep ¼ 4 GeV, since the AAfrag

predictions are available only above this energy.

A. Photon and neutrino spectra

In view of the differences between the predictions of
AAfrag and of the other parametrizations, for monoenergetic
protons, we expect a corresponding spread both for the
normalization and the shapes of the spectra of gamma-rays
and neutrinos also for broad energy distributions of primary
protons.
In Fig. 7, we compare the spectra of secondary gamma-

rays, calculated using AAfrag, with the those obtained from
the parametrizations. One can see that the overall normali-
zation of the predicted gamma-ray fluxes varies within
�25% in a wide energy range. In addition, for the para-
metrizations of Kelner et al. and of Kafexhiu et al. based on

GEANT4.10.0, we observe a slightly harder energy slope than
for AAfrag. In the particular case of the parametrization of
Kelner et al., this is explained by a too steep energy rise of
the inelastic proton-proton cross section, which is at
variance with the respective LHC data. On the other hand,
the largest differences between the various predictions
concern the spectral shape in the vicinity of the high-
energy cutoff, where the spread reaches a factor of two.
This is not surprising since the steep fall-down of the
primary proton spectrum in the cutoff region greatly
enhances the sensitivity of the results to very forward
(Eγ → Ep) photon production in proton-proton inter-
actions, for which substantial differences between the
model predictions have been observed in the previous
section (cf. Figs. 2 and 3). While the harder gamma-ray
fluxes predicted by Kamae et al. is caused by deficiencies
in the modeling of the diffractive scattering, the harder
slope of the pion spectrum predicted by SIBYLL2.1 results in
a corresponding rise of the photon spectrum in the para-
metrizations of Kelner et al. and Kafexhiu et al.. This may
have important consequences for the modelling of the new
population of PeV gamma-ray sources recently discovered
by Tibet-ASγ [25] and LHAASO [26].
In Fig. 8, we show the comparison of the all-flavor

neutrino spectra obtained with AAfrag and the different
parametrizations. Here, AAfrag differs from the other
models even stronger. In particular, AAfrag predicts an up
to 50% higher flux of neutrinos, over a broad energy
range except the cutoff region, compared to the model of

FIG. 6. Electron and positron spectra E2dσ=dE as a function of
the transferred energy fraction x ¼ E=Ep, for 100 GeVand 1 TeV
incident protons.

FIG. 7. Gamma-ray energy flux for a power law primary proton
spectrum, with an exponential cutoff, ∝ 1=p2 expð−p=p0Þ,
p0 ¼ 100 TeV. Upper panel compares the fluxes calculated with
AAfrag using QGSJET-II-04m and the ones of [15] based on SIBYLL,
[13] based on PYTHIA6.2, and [14] based on GEANT4.10.0,
PYTHIA8.18, and QGSJET-I. Lower panel shows the ratio of the
fluxes for the different parametrizations to the one of AAfrag.
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Kelner et al. The agreement with Kamae et al. is better,
with differences within 25%. However, the high-energy
cutoff in the neutrino spectra of Kamae et al. is much
sharper. This implies that the model predictions for
neutrino events might differ by up to a factor of two.

B. Electron and positron spectra

In the upper panel of Fig. 9, we show the electron and
positron fluxes produced by the modelled power-law
cosmic-ray spectrum and calculated with AAfrag and
Kamae et al., together with the average electron-positron
spectrum from Kelner et al. The lower panel shows the ratio
of these spectra to the electron spectrum calculated with

AAfrag. We note first that both the normalization and the
shape of the positron and electron spectra differ. While in
AAfrag there are ≃20% more positrons than electrons at few
GeV, this surplus exceeds a factor two close to the cutoff.
As a result, the positron-electron ratio from hadronic
interactions increases with energy toward the cutoff, an
effect which is missed using the average electron-positron
spectrum from Kelner et al.

V. AAFRAGPY PYTHON PACKAGE

So far we explored differences between the results of
the various parametrizations, imposing a sharp low-energy
cutoff at the primary particle energy Ep ¼ 4 GeV, given
that the energy range of AAfrag is constrained to Ep >
4 GeV. Realistic astrophysical source spectra generally
extend to lower energies and AAfrag cannot be directly used
in such settings.
To overcome this limitation, we have developed a

PYTHON package that implements a PYTHON interface to
AAfrag and allows to complement AAfrag based calculations
of particle production spectra with calculations based on
parametrizations of low energy production cross sections.
The package can be installed through the standard pip
installer (pip install aafragpy). It provides several
functions:

(i) The matrix of differential cross sections of secon-
dary particle production in nuclear interaction
for a given combination of primary and target nuclei
for a given range of energies (function get_
cross_section);

(ii) The differential spectrum of secondary particles pro-
duced in the interaction of a given primary spectrum
with target nuclei (function get_spectrum).

FIG. 8. All flavor neutrino flux for a power-law cosmic ray
spectrum (∝ 1=p2 expð−p=p0Þ).

FIG. 9. Electron and positron fluxes for a power-law cosmic ray
spectrum (∝ 1=p2 expð−p=p0Þ).

FIG. 10. Example of the spectrum of γ-ray emission from pp
interactions for an dN=dp ∝ p−2 powerlaw proton with cutoff on
p0 ¼ 100 TeV. The spectrum generated by AAfrag for proton
energies > 4 GeV is complemented by the spectrum calculated
using the parametrizations of Kamae et al. [13] for Ep < 4 GeV.
An url to interactive PYTHON notebook for the calculation of this
spectrum can be found at GitHub page of the project: [27].
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We have included two alternative parametrizations of
production cross sections: those of Kamae et al. [13] and of
Kafexhiu et al. [14]. The functions for the calculation
of differential cross sections and spectra for these para-
metrizations are supplemented by _Kamae2006 and
_Kafexhiu2014 suffixes. Both parametrizations can
be used only for the calculation of pp cross sections.
Figure 10 shows an example of calculation of the

spectrum of γ-rays from proton-proton interactions, for a
power-law proton spectrum with exponential cutoff using
such a combined approach. The AAfrag production spectrum
calculated for protons with energies Ep > 4 GeV is shown
by the red solid line. The spectrum is complemented by the
spectrum of γ-rays produced by protons with energies
E ≤ 4 GeV, calculated using the Kamae et al. [13] para-
metrization, shown by the blue dotted line. The sum of the
two spectra, shown by the blue solid line, corresponds to
the total γ-ray spectrum from a proton distribution in a
broad energy range.

VI. CONCLUSIONS

We have compared the predictions of AAfrag for the spectra
of secondaries produced in proton-proton collisions to those
of three often used parametrizations. We have found con-
siderable differences both in the normalization and the shape
of the energy spectra, especially in the region of large energy
transfer. A part of these variations is caused by the
(unnecessary) procedure of fitting the results of QCD based
event generators. More importantly, several parametrizations

are based on outdated pre-LHC event generators. In the case
of the energy spectra of photons, we have argued that LHCf
results on the forward production of photons favor the use of
the QGSJET-II-04m model on which AAfrag is based on. We
have also stressed that the use of the average electron-
positron spectrum misses the increase with energy of the
positron-electron ratio in hadronic interactions.
The differences found in the normalization of the

secondary spectra have important implications in the
context of multi-messenger astronomy, in particular, for
the prediction of neutrino fluxes based on gamma-ray flux
measurements, or regarding the inference of the cosmic ray
spectrum based on gamma-ray data.
We also present the easy-to-use PYTHON package

aafragpy, which allows calculating the differential
cross section and the spectrum of secondary particles
produced in nucleus-nucleus interactions in the astrophysi-
cal sources. The package uses the calculations of the
original AAfrag together with calculations performed by
Kamae et al. [13] and Kafexhiu et al. [14] for low-energy
secondary production.
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