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We present a new version of the hadron interaction event generator SIBYLL. While the core ideas of the
model have been preserved, the new version handles the production of baryon pairs and leading particles in
a new way. In addition, production of charmed hadrons is included. Updates to the model are informed by
high-precision measurements of the total and inelastic cross sections with the forward detectors at the LHC
that constrain the extrapolation to ultrahigh energy. Minimum-bias measurements of particle spectra and
multiplicities support the tuning of fragmentation parameters. This paper demonstrates the impact of these
changes on air-shower observables such as X, and N, drawing comparisons with other contemporary

cosmic-ray interaction models.

DOI: 10.1103/PhysRevD.102.063002

I. INTRODUCTION

Studying cosmic rays at energies above 100 TeV
imposes a challenge since the intensity is too low for
direct measurements with high-altitude balloons or space-
craft. Instead the properties of the primary cosmic-ray
nucleus must be inferred indirectly from the properties of
extensive air showers (EAS) that can be observed with
large, ground-based detectors. At energies in excess of
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several tens or hundreds of PeV (so-called ultrahigh energy
cosmic-rays (UHECR) ) the event rate per unit area and
solid angle quickly drops, requiring ever larger and more
sparsely instrumented detectors. Therefore, the interpreta-
tion of these air-shower data has necessarily to rely on
detailed Monte Carlo simulations of the shower develop-
ment and the experimental observables. The main challenge
in these simulations is the modeling of nuclear and hadronic
interactions that can occur at all possible energies ranging
from the MeV up to ultrahigh energies E ~ 10*! eV. While
interactions of hadrons with protons and nuclei are well
studied up to several hundreds of GeV (in target rest frame)
at fixed target detectors, at the highest energies it is
necessary to rely on model extrapolations from collider
experiments that measure primarily the central region. This
leads to the subclass of event generators in high-energy
physics called cosmic-ray interaction models.
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SIBYLL is one of the first microscopic event generators
for EAS [1] and it is based in its core on the dual parton
model (DPM) [2] and the minijet model [3-6]. Particle
formation (or hadronization) is adopted from the Lund
algorithms [7,8] and shares in this sense many ideas about
the interactions of color strings with the popular PYTHIA
event generators [9]. A summary of the principles and ideas
behind SIBYLL and a review of its long history can be found
in Ref. [10].

From the beginning SIBYLL aimed to describe a broad
range of pp(p) measurements at the intersecting storage
rings (ISR), the Sp(p)S at CERN and the Tevatron at
Fermilab, providing the highest interaction energies avail-
able at that time; for example, the growth of the average
transverse momentum with center-of-mass (c.m.) energy is
adjusted according to the results of the CDF experiment at
the Tevatron, UA1 at the SppS and the ISR at CERN [11—
13]. The hard interaction cross section is calculated in the
minijet model. The Glauber scattering theory [14] is
applied in hadron-nucleus collisions and extended with a
semisuperposition approach [15] to nucleus-nucleus
collisions.

Since the previous version 2.1 [16] soft interactions and
diffraction dissociation are implemented in a more sophis-
ticated way by including multiple soft interactions and a
two-channel eikonal model for diffraction, respectively.
The current extension of the model is motivated by recent
developments in cosmic-ray (CR) and astroparticle physics
and new measurements at accelerators. At the high-energy
frontier, the LHC provides for the first time constraints on
extrapolation of the model to energies corresponding to
cosmic rays beyond the knee. In addition, dedicated
forward physics experiments (for example LHCf and
CASTOR) and recent fixed target experiments (NA61)
studied a larger part of the phase space that is particularly
important for EAS.

There are several challenges for the present cosmic-ray
interaction models. One example arises in the interpretation
of EAS data in terms of CR mass composition where
simulations predict a lower muon content than required to
interpret the observations [17-19]. This challenge is spe-
cifically addressed by careful evaluation of p° and p/p
production, both of which increase muon content in EAS.

Another example is the need to include production of
charmed hadrons in event generators for EAS. The obser-
vation of high-energy astrophysical neutrinos above
100 TeV by IceCube [20,21] extends to the energy range
where prompt muons and neutrinos from decays of
charmed hadrons become larger than the conventional
(light meson) channels. Eventually prompt muons and
neutrinos become the main leptonic backgrounds for the
astrophysical neutrino flux. Production of charm was first
introduced as a modification of SIBYLL 2.1 [22]. Its
implementation in SIBYLL 2.3d is based on comparison with
recent accelerator data on production of charmed hadrons

and fully supports the production of charm [23-25]. The
model of the production of charm and the application of
SIBYLL 2.3d to the calculation of inclusive lepton fluxes is
the subject of a separate paper [25].

The objective of this paper is twofold. The first is a
description of the post-LHC version SIBYLL 23d." The
changes to the microscopic interaction model with respect
to the predecessor are detailed in Sec. II. The second
objective is the evaluation of the impact on EAS observ-
ables. Section III contains the benchmark calculations and
comparisons against other contemporary post-LHC models
[28,29] including the previous SIBYLL 2.1. We conclude
with a discussion in Sec. IV.

II. MODEL UPDATES

A. Basic model

The aim of the event generator SIBYLL is to account
for the main features of strong interactions and hadronic
particle production as needed for understanding air-shower
cascades and inclusive secondary particle fluxes due
to the interaction of cosmic rays in Earth’s atmosphere.
Therefore, the focus is on the description of particle
production at small angles and on the flow of energy in
the projectile direction. Rare processes, such as the pro-
duction of particles or jets at large pp or electroweak
processes, are either included approximately or neglected.

The model supports interactions between hadrons
(mostly nucleons, pions or kaons) and light nuclei (h-A),
since the targets in EAS mainly are nitrogen and oxygen.
The CR flux at the top of the atmosphere contains elements
up to iron, requiring a model for interactions of nuclei (A-
A). Nuclear binding energies have negligible impact for
high-energy interactions, allowing for the approximate
construction of interactions of cosmic-ray nuclei from
individual hadron-nucleon (h-N) collisions. On the target
side, nucleons are combined to light nuclei on amplitude
level using the Glauber model [14,30] together with the
semisuperposition [15] approach. This means that the
interaction of an iron nucleus (A = 56), for example, with
a nitrogen nucleus in air is treated as 56 separate nucleon-
nitrogen interactions. With the exception of inelastic
screening (Sec. I E), the model extensions discussed in
the following are introduced at the level of hadron-nucleon
interactions.

1. Parton level

The total scattering amplitude that determines the inter-
action cross sections is defined in impact parameter space
by using the eikonal approximation (see Refs. [6,31,32]
and, for a pedagogical introduction, also Ref. [33])

'Preliminary versions of this model were released as SIBYLL 2.3
[26] and sIBYLL 2.3c [25,27]. Explanations of the changes
between versions can be found in Appendix A.
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a(s.B) = 5 1 - exp(2(5. ), (n

where i is the unit imaginary number, b is the impact
parameter of the collision and s is the Mandelstam variable,
which for the interaction between hadrons & and / is defined
as s = (py + p;)?. The eikonal function y is given by the
sum of two terms representing soft and hard interactions

x(s, 5) = Yeoft (5, I;) + Yhara (S, l;) and then unitarized as in
Eq. (1) (Ja| < 0.5). The soft and hard eikonal functions take
the form

- -

Xint(s’ b) = Gint(s)Aint(s9 b)v (2)

with [ Ay (s, b)d*b = 1 and int = soft, hard.

Within the parton model, there is a straightforward
interpretation of Eq. (2) for hard interactions of asymptoti-
cally free partons. Then oy, is the inclusive hard scattering
cross section of partons in the interaction of hadron k with
hadron /. The spatial distribution of partons available for
hard interaction is encoded in the overlap function

Apara (s, l;) This overlap function between hadrons k and
[ is given by the individual transverse profile functions of

partons in the scattering hadrons, Ay /;(s, E,) and the trans-
verse profile of the individual parton-parton interaction,

-

Apar(S’ bpar):
Ahard(s’g) _/dzgkd2zld25pm (3)

X Ag(s, l;k)Al(S, El)Apa.r(sv me)
X5(2>(Ek_gl+gpar_z)v (4)

where Ek /1 are the positions of the interacting partons in the

hadrons k and [ and l;par is the impact parameter between the
partons; see Ref. [16]. For pointlike parton-parton inter-
actions, Apyr Would be a Dirac é function.

A geometrical (gluon) saturation condition [16,34,35] is
approximated by an energy-dependent transverse momen-
tum pMin(s) cutoff that separates soft and hard parton
interactions:

PIn(s) = p + Aexp[ey/In(s/GeV2). (5

Values of the parameters can be found in Appendix C.
Hard interactions are calculated in leading-order quantum
chromodynamics (QCD) at the minimal scale pTi"(s) with
a K factor to account for higher-order corrections. The hard
interaction is assumed to be pointlike and the partons are
spatially distributed inside the hadron according to the
electric form factor of the proton [36]. The distribution of
partons in momentum space is given by the parton

distribution functions (PDFs) parameterized by Gliick,
Reya and Vogt [37,38].

The parametrization of the soft cross section is inspired
by the Donnachie-Landshoff model [39]. The soft cross
section has two components, one declining and one
increasing with energy, corresponding to Reggeon and
Pomeron exchange. In contrast to the hard parton inter-
actions, the soft interactions are thought of as spatially
extended; i.e., Ay (s, b,) in Eq. (4) is given by a Gaussian
profile instead of Dirac’s delta function. The width of the
profile is energy dependent B(s) = By + @;(0)In (s/s0),
with o/ (0) being a parameter known from Regge phenom-
enology; see, for example, [40,41]. To obtain an analytic
solution for the overlap integral [Eq. (4)], the distribution of

soft partons [A, , (s, I;x,y)] is defined as Gaussian, i.e., for a
pp collision

q 1 v
A8 0) = 18 B, () O <_ 4(23p+—3s(s))>

(6)

The effective width parameter 2B, + B, is determined
from a fit to cross section data and the slope of the energy
dependence o}(0) is given by the slope of the Pomeron
(Reggeon) trajectory known from soft interactions [42].
The interaction cross sections are calculated by integration
of the above amplitude in impact parameter space, e.g., for
the inelastic cross section

ainel — /dz[] —_ e_z)(soﬂ(‘Y*E)_zlhard(s”;)]‘ (7)

The obtained values are given in Appendix C. A two-
channel Good-Walker formalism is used for low-mass
diffractive interactions, where the two channels correspond
to the hadron’s ground state and a generic excited state [43].
For simplicity, high-mass diffraction is assumed to account
for 10% of the nondiffractive interactions and contributes
with only a single cut. A more in depth discussion of the
basic principles of the model can be found in Ref. [16].

The partial cross sections for multiple Pomeron scatter-
ing are calculated from the elastic amplitude using unitarity
cuts (Abramovsky-Gribov-Kancheli cutting rules) [44].
The multiple cuts (or parton interactions) are assumed to
be uncorrelated and Poisson-distributed at tree level, but at
later steps of the event generation correlations can arise
from e.g., energy and momentum conservation. The cross
sections for multiple cuts are calculated (neglecting dif-
fractive channels) from

VN o 2\ N,
o dI; nsoft(s’ b) ot nhaId(‘g’ b) o
O-Nmf(-Nhard - N al N |
soft * hard *

X exXp (_nsoft(s’ E) - nhard<s’ B))* (8)
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where Ngyfhaa 1S the number of soft or hard parton
scatterings in the interaction. nj,(s, I;) = 2ine(5, I;) is
the average number of soft or hard interactions.

For runtime optimization the momenta of the partons in
an event are sampled from approximate parameterizations
instead of the full amplitude. The hard component (6ocp)
is calculated at leading order assuming collinear factori-
zation, in which the full PDFs that resolve individual quark
flavors and gluons are replaced by an effective PDF for all
partons of the form f(x) = g(x) +§ [g(x) + g(x)], where
q(x) represents the combined distribution of all quark
flavors [45]. Neglecting initial transverse momentum, the
transverse momentum of the partons is determined by the
scattering process given by 772, where 7 is the four
momentum transfer after Mandelstam.

For the soft interaction, which are assumed to include the
valence quarks, the momentum fractions are taken from the
distribution

fox) = (1 =x)"(x* + mg/5)~'/%, ©)

In case of the valence quarks, d, which leads to the
suppression of large momentum fractions, is set to 3
(2) for baryons (mesons). The pole at small momentum
fractions is controlled by the choice of an effective quark
mass m2 = 0.3 GeV?. For soft sea quarks and gluons, d =
1.5 and m2 = 0.01 GeV?. The conservation of energy is
enforced by assigning one (the last) parton the remaining
fraction. Since these distributions favor small momentum
fractions, the remainder usually constitutes the largest
fraction and thus emerges as leading particle. For baryons
this fraction is always assigned to pairs of valence quarks,
the so-called diquarks. For mesons one of the valence
quarks is randomly selected as leading.

The excitation mass My, for diffractive interactions is
sampled from a My? distribution without distinguishing
between the contributions from low- and high-mass dif-
fraction. The minimal mass of the diffractively excited
system is chosen such that the difference between the mass
of the excited system and the original projectile hadron is
larger than 1.5, 0.2 and 0.6 GeV for protons, pions and
kaons, respectively. The upper limit for the diffractive mass
universally is set to M3 /s = 0.2. The transverse momen-
tum in the diffractive interaction is assumed to be expo-
nential in p3 with a slope

B(M3%) = max (By,a + bIn (M3 c*/GeV?)), (10)

with By = 6.5 GeV?/c*, a=31.1 GeV?/c* and b=
15.3 GeV?/c* [46,47].

2. Hadron level

The hadronization model in SIBYLL is based on the Lund
string fragmentation model [8,48]. Each (nondiffractive)

FIG. 1. Schematic view of the string configuration for the soft
interaction of the valence quarks in SIBYLL. Double lines
represent diquarks. The probability of the occurrence for this
event topology is determined by o, from Eq. (8).

FIG. 2. String configuration for a single hard interaction
(minijet) in SIBYLL. Each hadron interaction is composed of a
single soft interaction between the valence quarks (Fig. 1) and
(Mhara + Nsore — 1) additional parton interactions, resulting in
2(nhard + nsofl) strings.

interaction involves the exchange of color between the
hadrons. For the valence quarks a single soft gluon (two
colors) is exchanged forming two color fields (strings)
between the two quark-diquark pairs for baryons and
quark-antiquark pair for mesons, respectively (Fig. 1).
Since gluon scattering is the dominant process at high
energy, all the additional hard or soft interactions are
modeled as gluon-gluon scattering. Furthermore, the color
flow of the gluon scattering is approximated by a closed
color loop between two gluons resulting in two strings (see
Fig. 2). In general, a single hadron-hadron interaction will
be a complex combination of such two string configura-
tions, where the probability density for the multiple cut (or
string) topology is determined by oy . . . [Eq. (8)].

The fraction of the string energy z assigned to the
quarks in each step in the fragmentation is taken from
the symmetric Lund function [49]

f(z) = (1 —z2)%2 " exp (—Kgpingmyz ™),  (11)

where a = 0.5 and Kyyging = 0.8 ¢?/GeV? and mi is the

transverse mass ps + m?. The transverse momentum of a
quark-antiquark pair of flavor 7 is sampled from a Gaussian
distribution with the mean

(12)

(Ph(5)) = P} + Alogig (ﬁ)

The parameters A = 0.08 GeV/c and pj are determined
from comparisons with fixed target experiments. The pj)
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— Sibyll 2.3d == Sibyll 2.1

8 = 13TeV INEL _ o ¢ 900GeV [~
< 7TeV > 200 GeV

Charged pseudorapidity density dN.,/dn

Pseudorapidity 7

FIG. 3. Distribution of charged particles in pseudorapidity.
Data are from CMS, CDF and UAS5 [50-53]. The 13 TeV data are
shifted by one unit up for clarity. The 13 TeV measurement is an
inelastic event selection and remaining sets are nonsingle
diffractive. Note how large parts of forward phase space fall
outside of the detector acceptance as the interaction energy
increases. The central region, that is most sensitive to the number
of multiple partonic interactions, is always covered and is used to
constrain the model for multiple interactions.

take individual values for quarks, diquarks and the different
quark flavors [u,d: s: qq = 0.3:0.45:0.6 (GeV/c)].
Hadronic interactions with zero net quantum number
exchange, and in particular no color exchange between the
scattering partners, may leave one or both of the hadrons in
an excited state and are referred to as low-mass diffraction.
The deexcitation of this state is separated into the resonance
region at the lowest masses (Mp < 2 GeV), modeled with
isotropic phase space decay (thermal fireball), and the
continuum region where string fragmentation is used to
produce the multiparticle final state. The hadron-Pomeron
scattering in high-mass diffraction is approximated by z°-
hadron scattering in the rest frame of the diffractive system.

3. Basic model characteristics

SIBYLL gives a remarkably good description of the
general features of hadronic interactions. Particularly
encouraging is the comparison of predictions of SIBYLL
2.1 with the results from LHC run I as demonstrated, for
example, in Fig. 3 by the yield of charged particles at
large scattering angles (pseudorapidity n ~ tan/2). The
widening of the distributions is a phase space effect and
arises from the available interaction energy. At central
rapidities particle production increases with energy as in
Fig. 3 according to the growth of the multiple parton
scattering probability. The energy dependence of the
average number of soft and hard interactions in Fig. 4
shows that below 1 TeV mostly one soft scattering occurs.
At higher energies, hard scatterings dominate due to the
steep rise of the parton-parton cross section (see 6ocp in
Fig. 6). In combination, these figures demonstrate the

—=- Sibyll 2.1 — Sibyll 2.3d

- Lol Loy

£ 8

" = Nhard

5 — TNsoft

£ 67

<

—

i

=i

B 4

[}

2

Q

g 2 — soft

8 | :::

0

< 0 L e L LALILAALL B S ) B R
10t 102 103 104 10° 108

Center-of-mass energy /s (GeV)

FIG. 4. Energy dependence of soft and hard parton-parton
interactions. The lower number of hard interactions at LHC
energies in SIBYLL 2.3d is an effect of the narrower proton profile.
The change of the slope for SIBYLL 2.1 at high energy is due to
technical limitations that have been removed in SIBYLL 2.3d.

energy scaling of interaction cross sections, multiple
interactions and particle production.

For the high-energy data in Fig. 3, the new model is
underestimating the width of the pseudorapidity distribu-
tion, indicating a problem with the transition from hard
(central) to soft (forward) processes. This problem is
becoming more evident with the shift to PDFs in SIBYLL
2.3d that include a steeper rise of the sea quark and gluon
distributions toward small x values as favored by measure-
ments at the Hadron-electron ring accelerator (HERA). The
scale of the hard scatterings is integrated out for the event
generation and the PDFs are evaluated at an effective scale.
In nature, the separation between soft and hard scatterings is
not well defined and can be thought of as a gradual
transition. In principle there should be mixed processes,
usually referred to as semihard, which are currently not
included in SIBYLL leading to a faster drop of multiplicity for
rapidities around the hard-soft scale transition. The com-
parison to TOTEM measurements in this region (5 < < 6)
reveals a underestimation of the particle density of 30%—
40% [54]. However, the more important quantity for EAS
than the particle density is the energy flow. Measurements
are available in the very forward region by LHCf [55] and at
the edge of the central region by CMS and CASTOR
[56,57]. The former is described reasonably well by the
new model (see Fig. 14 in Sec. IIC 1 below), whereas
the CASTOR measurement indicates a deficit [56]. The
largest part of the energy is carried by particles produced in
between these regions and hence remains unobserved.
Therefore it is not evident from these data that the omission
of semihard processes in the model has an impact on the EAS
predictions.

B. Interaction cross section

The parameters of the amplitude are determined by
fitting the interaction cross section to measurements.
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TABLE 1. Total cross section measurements at the Tevatron and LHC compared to predictions by SIBYLL.

Experiment NG Oy (Mb) SIBYLL 2.1 SIBYLL 2.3d References
CDF 1.8 TeV [80.03 £ 2.24] [58]
E-710 [72.8 £ 3.1] 78.8 75.9 [59]
E-811 [71.71 &+ 2.02] [60]
TOTEM 7 TeV [98.3 +2.9] 108.6 98.8 [61]
ALFA [95.35 &+ 1.36] [62]
TOTEM 13 TeV [110.6 & 3.4] 125.1 111.1 [63]

When the cross section fit was performed for SIBYLL 2.1, the
highest-energy data points that were available were the
ones obtained at the Tevatron [58-60] (see Table I). These
data suffered from an unresolved ambiguity between the
measurement by CDF and the other measurements (Fig. 5).
The higher data point was supported by some cosmic-ray
measurements at the time. Recent measurements at the
LHC [61] agree well with each other and suggest a lower
cross section. These higher-energy data impose stronger
constraints on the extrapolation to UHECR energies con-
stitute an important input in SIBYLL 2.3d.

Despite an overestimation of the interaction cross sec-
tion, SIBYLL 2.1 gives a remarkably good description of the
general features of minimum-bias data. Therefore, we aim
for an evolutionary extension of the previous model, in
which the hard interaction cross section is smaller. This
change yields smaller total and inelastic cross sections in
the TeV range and above, while at lower energies remain
mostly unaffected according to Fig. 5. Hard parton scatter-
ing is calculated in perturbative QCD, generally leaving
little room for alterations. The hard cross section can be
reduced by increasing the transverse momentum cutoff
pin(s) that defines the transition between soft and hard
interactions. However, in SIBYLL the energy dependence is
derived from a geometrical saturation condition [see
Eq. (5)] and is, therefore, fixed.

Laboratory energy Eprap (€V)

102 10t 1016 101 1020

| | | | |
7

pp == Sibyll 2.1 -,

pp — Sibyll 2.3d 4

200

150 CDF o
100 TOTEM total L -
Ipp

-

-

o
10* 102 103 10* 10° 106
Center-of-mass energy /s (GeV)

Proton-proton cross section (mb)

FIG. 5. Total and elastic proton-proton cross section. SIBYLL 2.1
is tuned to the 1.8 TeV CDF value at the Tevatron [60,64]. The
narrower hard interaction profile reduces the inelastic cross
section (see Fig. 6) in SIBYLL 2.3d such that total and elastic
cross sections coincide with the TOTEM measurements at the
LHC [65,66].

A different possibility is the modification of the opacity

-

profile Ay,q(b). The overlap integral for two protons [the
formal definition is given in Eq. (4)] in the model takes the
explicit form given by

v 1

Ay b) = Eg(”hb)3K3(Vhb)» (13)

where K3(x) is a modified Bessel function of the second
kind. The parameter v;, determines the width of the profile
that controls the share between more peripheral and central
collisions; i.e., narrow profiles lead to a reduction of
peripheral collisions. Since most collisions are peripheral,
a narrower profile reduces the interaction cross section.
Figure 5 shows the new and old fits of the total and the
elastic cross section after narrowing the profile function and
adjusting the soft interaction parameters. The result gives a
good description of the measurements at high energy
[62,65-68]. As shown in Fig. 6, the inelastic cross section
in the new model is compatible with that derived from an
UHECR measurement [69], whereas the cross section in
SIBYLL 2.1 was too high. At the time of the fit the LHC run I
data reached only up to 7 TeV c.m., but nonetheless the

Laboratory energy Erap, (eV)

10" 10t 1016 108 102
= 1 1 L 1 1
E ° LHC data  oqcp, 1
= 150 pre- Qcp L
g P9 4 ALICE /
B ¥ Atlas
% 1004 W CMS -
% B TOTEM
= ALFA
2 50 Auger == Sibyll 2.1 [~
E — Sibyll 2.3d
[}
£ 0 ——r—r——rrr
101 102 103 10* 10° 106
Center-of-mass energy /s (GeV)
FIG. 6. [Inelastic proton-proton cross section. The data points

are compiled from [62,65-68,70,71]. The smaller rise of the cross
section in SIBYLL 2.3d agrees well with the LHC and the 57 TeV
measurement by the Pierre Auger Observatory [69]. This comes
mainly from the reduction of hard minijet cross section ogcp. At
the intersection of 6ocp and oy, the probability for multiple hard
interactions becomes larger than one and marks the energy range
at which multiple parton-parton interactions become increasingly
important.
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2 B TOTEM -7
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o
"
& 10 L
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FIG. 7. The elastic slope parameter in proton-proton inter-

actions. The slope parameter is related to the width of the impact
parameter profile. The decrease in the width of the hard profile
between SIBYLL 2.1 and SIBYLL 2.3d means the slope parameter
decreases.

previous parameters are compatible with LHC run II data at
13 TeV [63,70,71] (see also Table I).

In the scattering of waves a refraction pattern is deter-
mined by the form of the scattering object. For hadrons, the
shape of the refraction pattern in first approximation is
described by the elastic slope parameter By, the slope of
the forward peak of the differential elastic cross section:

do—ela ~
dr

The —t is the transferred momentum squared. Decreasing
the width of the proton profile results in a broadening of the
refraction pattern and hence a decrease of the slope. While
the interaction cross sections are better described by the
narrower profile, the measurements of the elastic slope [65]
do not reflect this preference (see Fig. 7).

More recent, LHC-constrained parameterizations of the
PDFs (e.g., CT14 [72]) instead of the older GRV98-LO
[37,38] typically show a less steep rise of the gluon
distribution toward small x and hence result in a smaller
hard scattering cross section. This would lead to a smaller
rise of ogep and hence a wider profile can be chosen to
reduce the tension with data in B,,. As the integration of
the new PDFs in the complete event generator requires the
readjustment of almost all model parameters this endeavor
is left to a future update.

These modifications to the proton-proton cross sections
also affect the cross sections for hadron-nucleus and
nucleus-nucleus collisions. The extension to meson-
nucleus interactions is discussed in Sec. IIF, 6, is
presented in Fig. 25 and the interaction lengths of iron
nuclei, protons, pions and kaons in air are given in
Appendix B and discussed in Sec. III.

e Bl (14)

C. Leading particles

Secondary particles that carry a very large momentum
fraction of the initial projectile are called leading particles.
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FIG. 8. Distribution of leading protons in proton-proton inter-
actions. Data are from bubble chamber experiments at the Fermi
National Accelerator Laboratory obtained with beam momenta
PrLap = 102, 205, 303 and 405 GeV/c [73] and offset by 1, 10,
100 and 1000, respectively, for clarity. Longitudinal momentum
fraction is expressed relative to the maximal momentum in the
center-of-mass frame (Feynman xg).

They are of utmost importance for the longitudinal devel-
opment of EAS since they transport energy more efficiently
into the deeper atmosphere requiring at the same time fewer
interactions. The origin of leading particles is not clearly
related to one hadronic or partonic process and can be
thought of as a superposition of all processes contributing
to the forward phase space, often involving valence quark
interactions.

1. Leading protons and hadron remnants

In the parton model the leading hadron is related to the
partons with the largest momentum fractions, which in
most cases are the valence quarks. Figures 8 and 9
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FIG. 9. Distribution of leading protons in photon-proton inter-
actions at /s = 102 GeV [74] performed at the HERA collider in
the proton fragmentation region. The equivalent interaction energy
in proton-proton collisions is /s = 210 GeV. The spectrum is a
combination of the individual contributions in SIBYLL 2.3d:
diffractive (green), nondiffractive (red) and remnant (purple).
The nondiffractive component includes the contribution from
the remnant. At large Feynman x above 0.75, the nondiffractive
component is dominated by the fragmentation of the remnant.
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FIG. 10. Longitudinal momentum spectrum of protons and
antiprotons in proton-proton collisions [75]. The flat distribution
for protons is achieved using an ad hoc mechanism in SIBYLL 2.1.
However, the central and the leading particles are produced by the
same process, resulting in a hard spectrum for antiprotons. In
SIBYLL 2.3d the central and the fragmentation region are related to
separate processes, leading to more accurate descriptions for
longitudinal baryon spectra.

demonstrate the characteristic “flatness” and a diffractive
peak of the longitudinal momentum distribution (in xg =
pSM/pM ). The latter naturally fits into the leading
particle definition since in diffraction no quantum numbers
are exchanged. The flat region below 0.9 corresponds to the
leading particle in nondiffractive events. The presence of
this plateau in the proton spectrum and its absence for
secondary particles that do not share quantum numbers
with the projectile (see antiproton spectrum in Fig. 10)
identifies the valence quarks as high momentum constitu-
ents of the projectile.

In siBYLL 2.1 the leading particles are implemented by
assigning one of the valence (di)quarks a large momentum
fraction. In a proton-proton interaction each proton is split
into a quark-diquark pair forming a pair of strings between
a quark and a diquark of the other proton, as illustrated in
Fig. 11(a). The momentum fraction of the quark is sampled
from a soft distribution as in Eq. (9), leaving a larger
fraction to the diquark. In addition, the subsequent frag-
mentation of the quark-diquark string is biased toward the
diquark by sampling the energy fraction in the first string
break next to the diquark from fi.,q(z) ~ z instead of the
standard Lund function [Eq. (11)]. This mechanism repro-
duces the observed flat proton spectra in Figs. 8—10.

Interactions of hadrons at low energies [e.g., /s =
O(20 GeV)] are dominated by soft parton scattering. In
SIBYLL, most of these interactions happen between the
valence quarks (see Fig. 4). The conservation of energy
and baryon number for such systems introduces a strong
correlation between the production of leading protons and
central (xg ~ 0) antiprotons, as both come from the hadro-
nization of the same valence quark system. In the leading
proton scenario, where a large momentum fraction is
assigned to the leading string break, an antiproton produced

FIG. 11. Schematic view of different string configurations
involving valence and sea quarks in SIBYLL: (a) default DPM
scenario, configuration in SIBYLL 2.1. (b),(c) remnant configura-
tions without (b) and with (c) color exchange.

in a later break is necessarily slow. Often its production will
be energetically forbidden because the antiproton has to be
produced alongside a second baryon. The opposite case, in
which the leading proton is slow [f1,q(2) ~exp (=1/z) <
f1ead(z) ~ z as z = 0], is more problematic since the anti-
proton can carry a large momentum fraction. Measurements
of xg spectra of protons and antiprotons in Fig. 10 do not
confirm the presence of antiprotons with large momenta
(an additional discussion of baryon-pair production
can be found in Sec. II D). By changing the momentum
fraction of the leading protons the production of antiprotons
with large momentum fraction cannot be avoided since
the protons demonstrate a flat spectrum down to the
central region.

In SIBYLL 2.3d the issues with leading baryon production
are addressed with the so-called remnant formation. In this
mechanism, the leading protons are produced from the
remnant, while antiprotons and central protons are produced
from strings that are attached to soft sea quarks [Figs. 11(b)
and 11(c)]. The momentum fraction of the sea quarks is
sampled from fyon,(x) = (1 —x)"3(x* = m2/s)7"/* with

m, = 0.6 GeV. The momentum fraction for the remnant

(system of valence quarks) is distributed like x'-.
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TABLEII. Table of the resonances used for remnant excitations
of the most common projectiles in SIBYLL 2.3d (also visible in
Fig. 12).

Projectile Resonance Mass (GeV)
p.n N(1440)*0 1.44
N(1770)+0 1.77
20% PO+ 0.76
ﬂ‘f-i 1.30
KO-+ K, K*0 0.89
Kyt Ky 1.43

The energy and the momentum transferred in the
remnant interaction are modeled similarly to diffractive
interactions as discussed at the end of Sec. I A 1. The
squared mass spectrum approximately follows dN/dM? ~
1/M? and the slope of the pr spectrum is

B.(M?) = max (B, a, + b, In (M?c*/GeV?)),

with the parameters B, ,=0.2GeV?/c*, a, = 7.0 GeV?/c*
and b, = —2.5 GeV?/c*. In addition to the continuous
spectrum, discrete excitations of resonances are included.
Due to their isospin structure, the decay channels may be
weighted differently than for isotropic phase space decay.
For each projectile two resonances are included (e.g., see
Table II).

When parton densities become large at high energies and
the number of parton interactions increases, it is less likely
that partons remain to form a remnant. In this case the
situation is more similar to the two-string approach in
SIBYLL 2.1. This transition effect is taken into account by
imposing a dependence on the sum of soft and hard parton
interactions (ny + ny,) to the remnant survival probability

Pr:Pr.OeXp (_[Nw+€(nh+ns)])' (15)

In nuclear interactions (even at low energies) parton
densities can be large. Correspondingly, the remnant
probability depends on the number of nucleon interactions
N,,. The relative importance of nucleon and parton multi-
plicity is determined by € and is set to 0.2. The remnant
survival probability at low energies P, is 60%.

The spectrum of the remnant excitation masses for proton
interactions in Fig. 12 demonstrates how different hadroni-
zation mechanisms apply for different regions of the mass
spectrum. For large masses (AM =M cmnani—Mprojectile >
1GeV, where mpieciie 18 the mass of the projectile),
indicating the presence of a fast valence quark, the deexci-
tation is very anisotropic and particles are emitted mostly in
the direction of the leading quark. In this case, the hadro-
nization of high-mass remnants is implemented as the
fragmentation of a single string. At intermediate masses
(0.4 GeV < AM < 1 GeV), a continuum of isotropic
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FIG. 12. Mass distribution of the proton remnant in the model.
The continuum resembles approximately an M2, . distribution.
The resonances at low excitation masses are taken into account
according to Table II.

particles is produced by phase space decay. The number
of particles produced is selected from a truncated Gaussian

distribution with the mean ngema = 24/ AM/GeV,
Ripermal > 2- Below the threshold for the production of
particles and resonances (AM < 0.2 GeV), the remnant is
recombined to the initial beam particle. This recombination
region determines the proton distribution at intermediate and
large Feynman x. Hence, the shape of the final particle
spectra depends on the combination of the separate hadro-
nization mechanisms. The adjustment of the remnant model
parameters has been mainly achieved from comparisons
with the leading low-energy proton data shown in Fig. 8
together with the antiprotons distribution shown in Fig. 10.
In particular, the latter is much better described by the
updated model. At the higher energies probed in the ZEUS
experiment [74] (see Fig. 9), the contribution from the
remnant in the region xg > 0.9 overlaps with the diffractive
peak, resulting in an overestimation of the spectrum in
SIBYLL 23d, while in the region of 0.6 < xg < 0.8 the
spectrum is underestimated. This can be addressed in the
future by adjusting the remnant and the diffractive mass
distribution.

Another drawback of the model for leading particle
production in SIBYLL 2.1 is the insufficient attenuation of the
leading particles in the transition from proton to nuclear
targets (see secondary proton spectrum in Fig. 13). While
the proton spectrum is clearly affected by the number of
target nucleons, this effect is much smaller for mesons
(pions). The model for the reduced remnant formation
probability in the presence of multiple target nucleons
[Eq. (15)] in SIBYLL 2.3d reproduces this effect correctly.

The model parameters are adjusted according to
low-energy data from the NA49 experiment that provides
a large xp coverage. However, the remnant model affects
high energies as well, resulting in a significant improve-
ment of leading neutrons at LHCf [79] (7 TeV), as shown
in Fig. 14.
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FIG. 13. Comparison of the Feynman-x spectra of protons and
positive pions in proton-proton and proton-carbon interactions at
Pian = 158 GeV/c [75-78]. The leading particle model in
SIBYLL 2.1 (upper panel), based on a fine-tuned leading frag-
mentation function, does not reproduce the attenuation of leading
protons due to the nuclear target. In the remnant model (lower
panel) the attenuation of leading protons is described correctly.

2. Leading mesons and p° production

A second important role of leading particles in EAS is
their impact on the redistribution of energy between the
hadronic and the electromagnetic (EM) shower component.
Any charged pion of the hadronic cascade can transform
into a neutral pion in a charge exchange interaction.
Through the prompt decay of the neutral pion into two
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FIG. 14. Energy spectrum of leading neutrons in the LHCf
forward calorimeter at /s =7 TeV [79]. The remnant model
clearly improves the description by SIBYLL 2.3d.

photons, all the energy is then transferred to the EM
component

™+ p->a'+X,

0 = yy. (16)
The influence of this reaction is largest for the leading
particles and usually results in a decrease of the muon
production that occurs at late stages of the EAS develop-
ment [80]. A suppression of the pion charge exchange
process has the opposite effect.

An example for such a competing reaction is the pro-
duction of neutral vector mesons [p®:1(J?)=1(1"")] from
a pion beam:

7=+ p-pP+ X,
(17)

Whereas a neutral pion decays into two photons, the
conservation of spin requires a p° to decay into two charged
pions.

In the Heitler-Matthews model [81] the average number
of muons in an EAS initiated by a primary cosmic ray with
energy E is given by

AR 2 o

E a
No= (Bo)" it o= P0a)
g Ec ln(ntot)

and critical energy E... The change of the number of muons
per decade of energy (a) thus depends on the total and
charged multiplicities. It is evident that the ratio between p°
and 7° production directly affects the exponent a.

In charged pion-proton interactions the NA22 fixed
target experiment found that at large momentum fractions
vector mesons are more abundantly produced than neutral
pions (Fig. 15) [82,83]. In the dual parton approach with
standard string fragmentation, as it is used in SIBYLL and
several other models, this result is unexpected and probably
cannot be reproduced without invoking an additional
exchange reaction. Recent measurements by the NA61
Collaboration have confirmed the leading p° enhancement
in case of pion nuclear interactions [84].

The leading p enhancement and #” suppression
can be reproduced in SIBYLL by adjusting the hadronization
for the remnant and for diffraction dissociation. The result
is shown in Fig. 15. The transition from proton to nuclear
targets is entirely described by the dependence of the
remnant survival probability on N, in Eq. (15). As
demonstrated in Fig. 16, the softening of the leading p°
spectrum in pion-carbon interactions is well reproduced by
the current model. The intersection between the p° and 7°
spectra is predicted to occur at the same xp in pion-proton
and pion-carbon collisions (xg &~ 0.5). The position of this
intersection is important for EAS since it determines the

(18)

0
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FIG. 15. Feynman-x spectrum of neutral pions and their spin-1
resonance state p° in z7-proton collisions at p;,;, = 250 GeV/c
[82,83]. The expectation from standard quark splitting (7" : ud)
and fragmentation is that a fixed fraction of the leading 7"
transforms into neutral pions [z°: (uit — dd)/+/2] and a smaller
fraction into the resonance state p° (upper figure). Data, on the
other hand, show an enhancement of the production of the
resonant state and a suppression of the ground state in the region
of the leading particle. The effect is reproduced in SIBYLL 2.3d
(lower figure) by increasing the rate at which resonances occur in
the fragmentation of diffractive processes and by including the p°
as a resonance state in the remnant formation of the pion.

fraction of the energy that goes either into the EM or
hadronic shower component. Until the spectrum of z°
is measured for meson-nucleus interactions, this intersec-
tion is experimentally not fully determined. Thus the total
effect of the leading p° on the number of muons in EAS
remains unconstrained (this topic is further discussed in
Sec. III C).

D. Hadronization

1. Baryon-pair production

While the importance of leading particles for the devel-
opment of EAS is clear, it is not directly evident how a
relatively rare process as baryon-pair production affects
muon production [80,85,86]. The role the baryons play is
similar to a catalyst in a chemical reaction. Any baryon
produced in an air shower will undergo interactions and
produce new particles; in particular, it will regenerate at
least itself due to the conservation of baryon number. The
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FIG. 16. Feynman-x spectrum of neutral p mesons in pion-
carbon interactions as measured in the NA61 experiment [84].
This measurement confirms the enhancement of leading p° for
nuclear targets. Compared to the data obtained with a proton
target (gray triangles), the carbon data (blue squares) reveal a
softening of the spectrum, indicating the relevance of interactions
with multiple target nucleons. The new remnant model (bottom)
correctly reproduces the softening of the leading p° and predicts a
suppression of the production of leading neutral pions
(red curve).

interactions continue until the kinetic energy falls below
the particle production threshold. Through this mechanism
any additional baryon yields more pions and kaons and
hence ultimately more muons. In terms of the Heitler-
Matthews model, where the number of muons is given by
Eq. (18), additional baryons represent an increase of the
exponent a.

In SIBYLL’s string model, baryonic pairs are generated
through the occurrence of diquark pairs in the string
splitting with a certain probability, which in SIBYLL 2.1 is
the global diquark rate Pgiq/P, = 0.04. This model works
well at low energies where mostly a single gluon exchange
occurs. It fails, however, in the multiminijet regime at
higher energies [87,88] (see Fig. 17). Both regimes can be
jointly described by choosing a different value for the
diquark pair rate in events with multiple parton interactions.
The constant ratio of baryons to mesons in the measure-
ment that is shown in Fig. 18 suggests that baryon-pair
production cannot depend on the number of minijets or the
centrality of the interaction. In the model, the diquark
probability is then
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FIG. 17. Average multiplicity of antiprotons as a function of
center-of-mass energy in proton-proton collisions. The full phase
space measurements (filled circles) are obtained at fixed target or
early collider experiments (ISR) [89] and measurements at central
rapidities (diamonds) from CMS [90,91]. The enhanced anti-
baryon production as implemented in SIBYLL 2.3d agrees well
with the data at all energies.
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FIG. 18. Ratio of baryons to mesons as a function of central

multiplicity at /s = 7 TeV in proton-proton collisions measured
by CMS [90]. The central multiplicity is sensitive to the number
of parton interactions. High-multiplicity data suggest a constant
rate of baryon production per minijet, whereas the region at low
central multiplicities is populated by diffractive events and events
with a single parton interaction. The substructure for SIBYLL 2.3d
is due to the remnant model.

Psingle ng+n, = 1,
Pgig/Py = Poui 1y +ny > 1,
Py diffractive,

where Psingle = 006, Pmulti = 013, Pdiff =0.04 and
ng +ny, is the sum of the number of soft and hard
interactions.

This purely phenomenological model is inspired by the
observation in e*e~ collision experiments where it is found
that baryon-pair production in the fragmentation of quarks
or gluons can be different [92].

TABLE III.  Parameters of the average transverse mass for the
different quark flavors in string fragmentation. The diquark
masses are computed from the sum of the quark masses.

Parton m; (GeV) my; (GeV) At; (GeV)
ud 0.325 0.18 0.006

S 0.5 0.28 0.007

c 1.5 0.308 0.165
diq 0.3 0.05
c-diq e 0.5 0.165

2. Transverse momentum

The transverse momentum in the string fragmentation
model (string p)is usually derived from the tunneling of the
quark pairs in the string splitting, which results in a Gaussian
distribution [93]. However, the observed distribution of
transverse momenta in hadron collisions [94,95] more
closely resembles an exponential distribution as predicted
by models of “thermal” particle production [96], motivating
us to distribute the string pt in SIBYLL 2.3d according to

f(my;) ~exp[=(mp; —m;)/(mr;)],

where i denotes different flavors of quarks and diquarks. The
energy dependence of the average transverse mass (mr ;) is
parameterized as

s\
(5)) = my; + Ap; 1 VI 1
<mT,t(S)> my + T.i 0g10 <30 GeV ) ( 9)

with the parameters At ; and m, ;. The values are given in
Table III.

These values are derived from the measured pt spectra
of pions, kaons and protons at low (NA49) and high
energies (CMS; see Fig. 19). In addition to the string
P, the hadrons acquire their transverse momentum from
the initial partonic interaction. As previously mentioned,
the parton kinematics in SIBYLL 2.3d are determined from
post-HERA PDFs (GRV98-LO [37,38]), which predict a
steeper rise of the gluon density at small x, when compared
to the old parameterization in SIBYLL 2.1. With the new
parameterizations the transition between the regions domi-
nated by soft scattering (pr < 3 GeV) and hard scattering
is described better (see Fig. 20).

While the new PDFs help in describing the transition
region, the rise of the average transverse momentum with
energy is not described well (not shown). To account for the
rapid rise with energy seen in the data (see Fig. 21), the
energy dependence of the average transverse mass in
Eq. (19) is set to be quadratic in log(+/s). The integration
of post-LHC PDFs, in which the small-x gluon densities
tend to be smaller than in the GRV98 parameterizations, is
not expected to help with this.
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FIG. 19. Spectrum of transverse momentum of pions, kaons
and antiprotons at /s = 7 TeV [90]. The measurement is done
for proton-proton collisions in central phase space (|y| < 1). The
exponential distribution for the string pt in SIBYLL 2.3d (solid
blue line) gives a much improved description of the spectrum
compared to the Gaussian distribution used in SIBYLL 2.1 (dashed
black line). The improvement in the normalization for antiprotons
is due to the enhanced production of baryon pairs in minijets.
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FIG. 20. Spectrum of transverse momentum of charged hadrons
in proton-proton interactions at /s =7 TeV [51]. The low-pr
region is determined by string p and the region beyond 2 GeV is
also influenced by the new PDF.

E. Nuclear diffraction and inelastic screening

Nuclear cross sections in SIBYLL 2.1 are calculated with
the Glauber model [14,30] neglecting screening effects due
to inelastic intermediate states [98] in which an excited
nucleon may reinteract and return to its ground state. Also,
diffraction dissociation in hadron-nucleus interactions is
restricted to the incoherent component. SIBYLL 2.3d also
makes use of the Glauber model but includes screening and
the diffractive excitation of the beam hadron in a coherent
interaction [99,100].

In analogy to diffraction dissociation in hadron-nucleon
interactions [16,43], the coherent diffractive excitation of a
hadron by a nucleus is implemented using a two-channel
formalism with a single effective diffractive intermediate
state, where the shape of the transition amplitude to the
excited state is equal to the elastic amplitude. The
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FIG. 21. Average transverse momentum of charged hadrons as

a function of center-of-mass energy [11,51,97]. The low-energy
limit is given by the confinement of the partons to the hadron. The
increase with energy is in part due to the increase in the hard
scattering (jets) threshold (pf") and in part due to the hardening
of the string-pt spectrum according to Eq. (19). While the rise in
the pr cutis given by QCD and saturation, the rise of string pr is
entirely phenomenological.

remaining free parameter of the model is the coupling
between the states A. In the following, we will limit the
discussion to proton-nucleus interactions and substitute the
nucleon with a proton. With

p=(y) wa =) e

where |p) represents the proton and |p*) is the effective
intermediate state or diffractive final state, the generalized
amplitude for the described model of proton-proton inter-

actions is
N 1 A ola
Ly = 11 | el (21)

The proton-nucleus cross sections 6,4 are calculated with
the standard Glauber expressions using the proton-proton
amplitude fpp, projected onto the desired transition
(p|---|p). The diffractive cross sections are calculated
in the same way but for the projection (p*|-- - |p) [99,101].

The assumed equivalence of the elastic and diffractive
amplitude (I pep = Alpp_pp) implies for the energy
dependence of the coupling 4

oap (5. M3 o)

/12(5) —_ — D ,max ’ (22)
opp (5)
where M3, .. is the upper limit for the excitation mass in

diffraction dissociation motivated by the coherence limit
[41] and s is the square of the center-of-mass energy. We
assume the coupling A(s) to be universal for different
hadrons. The cross sections in Eq. (22) are taken from

063002-13



RIEHN, ENGEL, FEDYNITCH, GAISSER, and STANEV

PHYS. REV. D 102, 063002 (2020)

Laboratory energy Erap (V)

1012 1014 1016 1018 1020
| | | | |
90 4 K CMS€<0.05A17>3 — Sibyll 2.3d |
B ALICE Mx < 200GeV —-= osp in A(s)

15+ ALICE ¢ < 0.05

m ALICE

———

" pp
T

10°

® pp

108

0 T
10t 102

T
10 10*
Center-of-mass energy /s (GeV)

Single diffractive cross section (mb)

FIG. 22. Single diffractive cross section in proton-proton and
proton-antiproton interactions [67,110,111]. The cross section in
SIBYLL 2.3d and the one used in the coupling A(s) are based on the
same parameterization with different upper mass limits [41].

parameterizations [102,103]. The single diffractive
cross section used in proton-proton collisions and the
parametrization of the coupling A(s) are shown in
Fig. 22. The difference is due to the larger value for the
upper mass limit of M%,max /s = 0.1 for hadron targets,

whereas a lower value of M3 . /s =0.02 was found to
give the best description of the production cross sections in
proton-carbon and neutron-carbon interactions [104—106].
Although the description of data in Fig. 22 does not look
ideal, one shall consider that several shown data points are
extrapolations of rapidity gap data from limited detector
acceptance and must not represent accurately ¢5°. A more
accurate description of rapidity gaps [107,108] and particle
production with diffractive cuts [109] has to be addressed in
a different revision of the model.

The cross section for the diffractive dissociation of
the projectile proton in proton-carbon interactions is
shown together with the predictions from commonly used
interaction models in Fig. 23. The diffractive cross in
SIBYLL 2.1 section drops toward high energies, whereas the
contribution from coherent diffraction in SIBYLL 2.3d

Laboratory energy Ep,p (eV)
1012 1013 1014 1015 1016 1017 1018 1019 1020

(mb)
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40 p+C- p +Ct
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= QGSjetll-04 == EPOS-LHC

Beam diffraction cross section o

ol il vl
10 10° 10* 10°
Center-of-mass energy Vs (GeV)
FIG. 23. Cross section for diffraction dissociation in proton-

carbon interactions for different CR models. Coherent diffraction
in SIBYLL 2.3d results in the increased cross section at low
energies.

compensates this trend. QGSJETI-04 [28] and EPOS-LHC
[29] predict almost constant cross sections. Since the
diffractive cross section is small relative to the production
cross section of O(400 mb), the differences among the
models are not expected to be important in EAS.

F. Meson-nucleus interactions

The extension of the model from proton-nucleon colli-
sions (as discussed Sec. II B) to pion- and kaon-nucleon
collisions is straightforward, since at the microscopic level
the interactions are treated universally as scatterings of
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FIG. 24. Secondary particle spectra in pion-carbon interactions
with pp, = 350 GeV measured by NA61 [114,115] and shown
together with predictions from SIBYLL 2.3d (full line) and SIBYLL
2.1 (dashed line). Note that these newer data were not yet
available during the development of the models. Some aspects
of the distributions are better described by the newer model, in
particular the antiprotons; SIBYLL 2.3d is far from perfect.
Although sIBYLL 2.3d lacks forward kaons, the description of
the charge ratio is improved, resulting in a positive impact on the
atmospheric muon charge ratio.
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quarks and gluons. Differences, in particular at low energies,
arise from the different profile functions [112], momentum
distributions (PDFs) [113] and Regge couplings in the soft
interaction cross section (see Appendix C).

Since the measurements [114,115] from Fig. 24 were not
yet available during the development of the model, the
distributions obtained with SIBYLL 2.3d and SIBYLL 2.1 are
predictions. Some improvement is observed in the distri-
butions of baryons and kaons. However, the production of
central pions, forward kaons and antiprotons clearly dem-
onstrates that the model requires more work.

III. AIR-SHOWER PREDICTIONS

Some relations between air-shower observables and
specific properties of hadronic interactions have been
studied in the past [116]. Here we focus on the depth of
shower maximum (X ) and the number of muons N,,. The
calculations are obtained with CONEX [117], using FLUKA
[118,119] to simulate interactions at E;, < 80 GeV. The
employed scheme is hybrid, meaning that all subshowers
with less than 1% of the primary energy are treated semi-
analytically using numerical solutions of the average sub-
shower. We compare the predictions from SIBYLL 2.3d with
the previous SIBYLL 2.1 and two other post-LHC models,
EPOS-LHC [29] and QGSIJETI-04 [28]. In addition, we calcu-
late some of the observables with modified versions of
SIBYLL 2.3d to show the impact of individual extensions
introduced in Sec. II. The extensions are labeled in Table IV
and will be used throughout the next sections. Tables with
the predictions for (X,,), N, and Ay, can be found in
Appendix B.

A. Interaction length and o,;,

The simplest and most direct connection between the
development of an air shower and hadronic interactions is
governed by the interaction length Ay, (E) = (my;)/
Oprod (E). It determines the position of the first interaction
in the atmosphere and thus directly influences the position of
the shower maximum (X, ). In the Glauber model [30], the
inelastic cross section in proton-air interactions, o4, 18

TABLE IV. Summary of the modified versions of SIBYLL 2.3d.
The modifications correspond to switching off one of the
extensions discussed in Sec. II.

Label Description: SIBYLL 2.3d with ...

No coherent diffraction in A-nucleus
collisions (Sec. ITE)

Proton interaction length as in
SIBYLL 2.1 (Sec. I B)

No enhanced leading p° in z-nucleus
interactions (Sec. I C2)

No enhanced production of baryons
(Sec. IID 1)

No coherent
diffraction

/1int, P
No p° enhancement

No p enhancement

derived from the proton-proton cross section o,,,. A smaller
Opps @8 In SIBYLL 2.3d (Sec. II B), translates into a smaller
proton-air cross section. The effect on o6,q 1s less than
proportional since 6, is only a small contribution to
the overall value that is mostly defined by the nuclear
geometry. An additional small reduction of the cross section
originates from inelastic screening (Sec. Il E). The updated
proton-air cross section results in a better compatibility with
observations as can be seen in Fig. 25. The impact of the
updated interaction length on (X,,,.) is demonstrated in
Fig. 29. The reduction of the cross section at high energy
leads to a shift of 5-10 g/cm?. Interaction lengths for
different primary nuclei and secondary mesons in air are
listed in the Appendix.

B. (Xmax) and 6(Xmax)

The depth at which an individual shower reaches the
maximum number of particles is determined by the depth of
the first interaction and the subsequent development
of the particle cascade. In very general terms, the develop-
ment of the cascade is influenced by how the energy
of the interacting particle is distributed among the sec-
ondaries, in particular by how energy is shared among
electromagnetic and hadronic particles. The average
shower maximum for proton-initiated showers in SIBYLL
2.3d is almost 20 g/cm? deeper than that in SIBYLL 2.1 (see
Figs. 26 and 27) and on average 10-20 g/cm’ deeper
compared to other contemporary models. A large part of
this difference comes from the shift in the depth of the
first interaction due to the larger interaction length of

Primary energy (eV)
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| | | | | | | | | |
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» Mielke A Fly’s eye
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FIG. 25. Energy dependence of the proton-air production cross
section. The measurements are based on cosmic-ray detections
[69,120-127]. The reduction between the versions of SIBYLL
comes mainly from the updated proton-proton cross section,
whereas the correction due to inelastic screening is small. The
most precise measurement at the highest energies by the Pierre
Auger Observatory also favors a lower cross section [69,127] in
agreement with the extrapolations of the LHC measurements.
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FIG. 26. Average depth of air-shower maxima (X.)
for different models compared to recent data from the Pierre
Auger Observatory [128,129] obtained with the fluorescence
detectors. The model lines represent the expectations for a pure
proton and iron composition, respectively. The deviation of the
data from the pure composition indicates a change toward a
mixed composition; i.e., cosmic rays consist of a combination of
light and heavier nuclei. The modifications in SIBYLL 2.3d
drive the interpretation toward heavier nuclei since the (X )
becomes deeper.

protons in air. Another contribution to the difference in
(Xmax) is the decreased inelasticity of the interactions
(see Fig. 28).

Figure 29 illustrates the effect of the individual mod-
ifications on the shift in (X,.). This comparison is
produced by individually switching off the model exten-
sions introduced in Sec. II and summarized in Table I'V. The
change in the interaction length (cyan line) is responsible
for 10 g/cm? out of the 20 g/cm? difference between
SIBYLL 2.1 and SIBYLL 23d at high energy. Coherent
diffraction on the nuclei in the air (purple line) contributes
another 5 g/cm? The remaining 7 g/cm? cannot be
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FIG. 27. Difference in the prediction of the average depth of

shower maximum between the latest hadronic interaction models
[EPOS-LHC (green lines), QGSJETI-04 (purple lines), and SIBYLL
2.3d (red lines)] and SIBYLL 2.1.

Proton-proton equivalent c.m. energy /s (GeV)

10! 102 103 104 10°

g 0.8 11 IIIIIII 1l IIIIIII 1l IIIIIII 11 IIIIIII | -
F ol oommomm
Q - —::::::—————-'—_-__-__-_-_-_
k= I~ L
(&) “4"‘ . .
e 04 T~ —Sibyll 2.3d —Sibyll 2.3d 7 (+0.1) [
g‘:,) T ] ==sibyll21 —=Sibyll 2.1 7 (+0.1) |
= T T T T

1012 1014 1016 1018 1020

Primary energy (eV)
FIG. 28. [Inelasticity in interactions of protons and pions with

air. The curves for pions are offset by +0.1 for clarity. The
interactions of protons and pions are more elastic in SIBYLL 2.3d
leading to an increased (X, )-

attributed to a single feature and emerge from the combi-
nation of the model modifications.

The enhanced p° production (green line) and the
improved baryon-pair production (not shown) have a small
effect on (X, ). These processes mostly affect the later
stages of EAS that are more important for muon production
(see the next section for more details).

The overall effect of the changes in the multiparticle
production between the 2.1 and 2.3d versions result in a
decreased inelasticity in Fig. 28 for proton and pion
interactions. Compared to SIBYLL 2.1, the inelasticity
increases less steeply with energy and should have impacted
the elongation rate for protons. This effect seems to
have been compensated by the change in the energy
dependence of the interaction length or cross section (cyan
line in Fig. 29).
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1 10 100

40 —

= Sibyll 2.1 ==no coherent nuc. diff.

i = Aint,p =—no p® enhancement

Sibyll 2.3c — model (g/cm?)

i R —
0 P oo oo oo oaaaaag -
. 1 Proton L
é T IIIIIII T T IIIIIII T T IIIIIII T T IIIIIII T T IIIIIII T T TTTTI
;;E 1015 1016 1017 1018 1019 1020
<4

Primary energy (eV)

FIG. 29. Effect of model modifications in SIBYLL 2.3d on
(X max)- The labels for the modifications are explained in Table I'V.
The change of the cross section for coherent diffraction as
described in Sec. IIE increases the (X.<) by 5 g/cm? The
change in 4;, , due to the smaller proton-proton cross section
amounts to another 10 g/cm?. p° production has a negligible
effect on (X a)-
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FIG. 30. Difference in the (X,,.) between proton- and iron-
induced showers. This observable is relevant for measurements of
the cosmic-ray mass composition that are based on observations
Of <Xmax>~

The separation between proton and iron showers in
(Xmax) at lower energies is larger in SIBYLL 2.3d (see
Fig. 30), since coherent diffraction only deepens the proton
showers and has no effect for nuclear projectiles. This effect
is expected to have a higher impact on the measurements of
the cosmic-ray composition that were previously inter-
preted using predictions from SIBYLL 2.1.

The width of the distribution of shower maxima 6(X )
in Fig. 31 increased by 10 g/cm” between the versions,
becoming the largest of all CR models. This change is
dominated by the increased interaction length, as is shown
Fig. 32. Note that the o(X ,,,) increases only for protons,
widening the distance between the pure protons and other
masses. This behavior has an important impact on the
theoretical interpretation of the measurements in terms of
cosmic-ray sources and it has been shown that SIBYLL 2.3d
produces distinctly different results compared to other
contemporary interaction models [130].
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FIG. 31. The width of the X, distribution expected from

models using a pure composition compared to data from the
Pierre Auger Observatory [128,129]. The o(X,.) plays an
important role in the determination of the mixture of different
mass groups at a particular energy.
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FIG. 32. Effect of model modifications in SIBYLL 2.3d on the
fluctuations of X,,... The labels for the modifications are
explained in Table I'V. The fluctuations are most strongly affected
by the change in the interaction length. Since the nuclear cross
sections are not very sensitive to changes of o,,, the impact is
highest for proton primaries. This is clearly seen for the iron
predictions in Fig. 31.

C. Muons in EAS

1. Number of muons

In recent years it became evident that the muon
content observed in air showers differs from the predictions
of the interaction models [131]. Recently the Pierre Auger
Observatory quantified this “muon excess” at ground to be
at the order of 30%—-60% [19]. This result is in agreement
with the numbers obtained by the Telescope Array [132]. In
contrast to the (X, the production of muons is very
sensitive to hadronic particle production at all stages of the
shower. It is therefore legitimate to attribute the muon
excess to a combination of flaws in the modeling of
hadronic interactions. Alternatively, the excess could also
be seen as the signature of a new physical phenomena
beyond the scales probed by current colliders [133,134].

Most muons in EAS originate from decays of
hadrons, most abundantly of pions and kaons. Due to their
relatively long lifetime, especially at high energy, these
mesons reinteract with air molecules and initiate additional
cascades, copiously creating more mesons. The large
dependence of the number of muons N, on hadronic
interactions can be understood by considering that any
flaw in the production spectrum of secondaries that persists
across multiple generations of reinteractions has a multi-
plicative effect at the final stages of the shower. In fact,
most muons are produced at the end of the cascade where
the energies of mesons are low enough to allow a
significant fraction to decay before the next interaction.
This cascade process leads to a power law relation between
the number of muons and the primary energy as shown in
Fig. 33 and by Eq. (18). The slope corresponds to the
exponent « that depends on the fraction of hadrons that
effectively participate in the production of muons. The
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FIG. 33. Average number of muons at ground in proton and

iron showers in air for £, > 1 GeV. It is remarkable that at
10'7 eV, the expectation from SIBYLL 2.3d for protons overtakes
iron in SIBYLL 2.1.

enhanced baryon-pair and leading p° production in SIBYLL

2.3d result in a higher number of charged pions and hence a
higher value of a. Relative to SIBYLL 2.1 (see Fig. 34) the
new version has at least 30% more muons at PeV energies,
which increases to ~60% at the highest energies due to a
steeper slope. The other post-LHC models include similar
extensions and therefore show the same behavior in the
muon number.

The influence of baryon-pair production and p produc-
tion on the number of muons is shown in Fig. 35, from
which the contribution from each enhancement can be seen
individually. A reduction of the baryon-pair production to
the level of SIBYLL 2.1 results in only 10% less muons at
ground. As discussed in Sec. II C 2, the ratio between p°
and 7° is more important for muon production. This is
confirmed by Fig. 35 where the difference is at the level of
25%. With such large variations to the observable number
of muons induced by qualitative improvements to the
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FIG. 34. Ratio of the average number of muons between post-
LHC models and S1BYLL 2.1. The energy dependence of the muon
number is similar between the post-LHC models.
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FIG. 35. Ratio of the average number of muons at ground
between SIBYLL 2.3d and SIBYLL 2.1. The modified versions refer
to SIBYLL 2.3d where the enhanced p° and baryon production have
been switched off (see Table IV).

physics of the model, in contrast to just parameter settings,
it appears likely that the muon excess in UHECR inter-
actions originates from the shortcomings of the current
hadronic interaction models.

2. Muon energy spectrum

The energy spectra of muons for the post-LHC inter-
action models relative to SIBYLL 2.1 are shown in Fig. 36.
The clear rise in the number of low-energy muons
predominantly originates from the increased number of
cascading hadrons due to the modified baryon-pair and p
production. The enhancement of muons at high energies
originates from decays of charmed hadrons which are an
exclusive feature of SIBYLL 2.3d in current air-shower
simulations. The number of these, so-called, prompt
muons is very low and hence no impact is expected for
air-shower observations since experimentally an energy
threshold around a few PeV is required. Muons with an
energy in excess of 1 TeV (100 TeV) constitute only 0.1%
(3.1 x107%) of all muons at ground for a 10'° eV
shower (see also Appendix B). For inclusive lepton fluxes
this contribution has important implications as discussed
in Ref. [25].

In the left panel of Fig. 36 the energy and incident angle
of the primary CR resemble the typical experimental
conditions of IceTop and IceCube [135,136], whereas
the right panel resembles typical conditions at the Pierre
Auger Observatory [18]. It is remarkable that the model-
specific features of the spectrum are present across very
different primary energies.

Another observation is that the current models predict
different shapes of the muon spectrum. With a combination
of the surface air-shower array IceTop and the main
instrumented IceCube volume deep in the Antarctic ice,
the IceCube Observatory has the potential to discriminate
among the interaction models by measuring the muon
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FIG. 36. Ratio of the muon energy spectrum between the post-LHC interaction models and SIBYLL 2.1. Primary particles are protons.
Left: Vertical showers with primary energy 10 PeV, corresponding to the showers studied in IceTop and IceCube [135]. Right: Showers
at 10 EeV are simulated with a zenith angle of 67° as they are observed at the Pierre Auger Observatory [18]. The increased number of
PeV muons in SIBYLL 2.3d is due to the prompt decay of charmed hadrons not present in any of the other models [23,88].

content of a single air shower at two different energy
regimes simultaneously. IceTop is sensitive to the low-
energy muons while only the muons with E, ~ TeV can
penetrate the ice deep enough to generate the “in-ice” muon
signal. The preliminary results clearly indicate that SIBYLL
2.1 has too many high- and too few low-energy muons
[137]. The discrepancy is expected from the discussion of
Fig. 36 above, since SIBYLL 2.1 neither describes the
baryon-pair production nor the p production very well.
The same analysis shows that SIBYLL 23d accurately
reproduces both low- and high-energy muons. The result
1s, however, difficult to translate into constraints on the
hadronic parameters since the (unknown) mass composi-
tion has to be simultaneously taken into account. The
impact of each modification on the muon spectrum is
illustrated in Fig. 37. According to the figure baryon-pair

i
a | | | | |
— 2.00 LI I L 1L Ll 1L
5 — Sibyll 2.3d
.Q 1.75 — no p enhanceme I~
3 — 10 p° enh t
g 1.50 - no p” enhancemgnt |
=
v 1.25 —
Lﬂi
< 1.00 —
3
Z 0.75 —
: Proton 67° 10'% eV 2240 g/cm?
A{é 0-50 IIIIIIII T IIIIIIII T IIIIIIII T IIIIIIII T IIIIIIII T T 1T
~ 10t 10? 10® 10* 10° 10°
Muon energy E,, (GeV)
FIG. 37. Ratio of the muon energy spectrum between the

versions of SIBYLL 2.3d and SIBYLL 2.1 for 10 EeV proton showers.
The models labeled “off” refer to modified versions of SIBYLL
2.3d where the extensions for enhanced p° and baryon production
have been switched off (see Table IV). Baryon-pair production
enhances mostly the number of low-energy muons, while p°
production also affects high-energy muons.

production contributes dominantly at low energies, while
the contribution from p affects all energies.

3. Effect of the projectile mass on muon production

The spectra for the individual mass groups of cosmic-ray
nuclei are not well known across the entire energy range of
the indirect air-shower measurements [138]. The main
source of this systematic uncertainty stems from ambigu-
ities among the interpretations of EAS observables with
different hadronic interaction models. At present, at ultra-
high energies the most robust method to estimate the
composition relies on the electromagnetic component only.
Recent attempts to use the surface detector and exploit the
muon content as a sensitive variable often result in
incompatible results [139].

We study the ratio of the muon energy spectra for the
two extreme composition assumptions, pure protons and
pure iron. The ratios in Fig. 39 demonstrate that the
difference in the number of GeV muons is small between
UHE protons and iron nuclei (~20%-40%). As discussed
in the previous section, similar variations are expected just
from swapping the interaction model. At higher muon
energies (E, > 100 GeV) protons and iron are well sep-
arated. The shape comes from two effects: the earlier
development of iron showers due to the shorter interaction
length of the primary nucleus and the lower energy carried
by the individual nucleons in the iron nucleus. If one would
take the muon energy spectrum from iron primaries with
Ep, = 56E, and compare with the spectrum in proton
showers at the shower maximum, they would have identical
shapes.

The superposition ansatz (Eg — Eg/A and N = AN))
in the Heitler-Matthews model of Eq. (18) yields for
the composition dependence of the total muon number
an additional multiplicative term (1 —a)Iln(A). If «
approaches unity, as is the case for the current model
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FIG. 38. Ratio of the average number of muons between

proton- and iron-induced showers for post-LHC models and
SIBYLL 2.1. As the number of muons increases in the models the
difference between p and Fe showers decreases.

extensions, the difference between protons and nuclei
decreases. This expectation is confirmed by full model
calculations in Fig. 38, in which the muon number varies by
only 35% between proton and iron for post-LHC models,
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w
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FIG. 39. Ratio of the energy spectrum of muons in iron- and
proton-induced air showers. The upper panel shows vertical air
showers at the depth of the IceTop array (680 g/cm?) [135]. The
figure on the bottom is calculated for the depth of 2230 g/cm?,
corresponding to the inclined air showers measured at the Pierre
Auger Observatory [18].
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FIG. 40. Effect of new processes in SIBYLL on the separation
between proton and iron, shown as the ratio of muon spectra
(dN,/dE,) in iron-induced showers divided by that in proton
showers. Due to higher hadron and muon numbers in SIBYLL 2.3d
the proton and iron separation decreases with respect to version
2.1 and becomes comparable to the other interaction models.

while for siBYLL 2.1 the difference is almost 50%. However,
the ratio of iron to proton spectra from different interaction
models agree remarkably well (see Fig. 39).

The influence of individual model processes on the
separation between proton and iron are demonstrated in
Fig. 40. Both baryon-pair production and p production
enhance low-energy muons and essentially reduce this
separation through a more elongated hadronic cascade
(or, in other terms, a larger a in the Heitler-Matthews
model). However there are subtle differences. At 10'¢ eV
only enhanced p production is important for the difference
between the primaries in TeV muons, while low-energy
muons are affected by both mechanisms. At 10! eV, the
difference between primaries is not much affected by p
production and baryon-pair production and other changes
in the model seem to play more central roles.

IV. DISCUSSION AND CONCLUSION

This paper documents the latest extensions to the
hadronic interaction model SIBYLL and discusses their
impact on extensive air showers. The model update is
motivated through the availability of recent particle
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accelerator measurements, where measurements from
experiments at the LHC and those from fixed-target experi-
ments are equally important. The goal is to improve the
consistency in the description of extensive air showers, in
particular related to the muon content that impacts the
interpretation of the mass composition of the primary
cosmic rays. A tabulated overview of the changes between
the SIBYLL 2.1 and SIBYLL 2.3d is available in Appendix C.

The interaction cross sections from measurements at the
LHC point toward lower total and inelastic proton-proton
cross sections that favor the low data points from mea-
surements at the Tevatron. Our new fits take the measure-
ments up to /s =13 TeV into account, reducing the
extrapolation uncertainties up to ultrahigh cosmic-ray
energies. The effect on the proton-air cross section is a
reduction of the tension between SIBYLL and the cross
section measurement derived from UHECR observations at
the Pierre Auger Observatory. The spectra of identified
particles, measured in central phase space at the LHC,
allow us to adjust the hadronization to account for a higher
baryon-pair production compared to the previous version.
Together with the updated PDFs, the high-energy data
constrain the shape and energy dependence of transverse
momentum distributions.

On the other hand, the fixed-target measurements in p-p,
p-C, 7z-p and #-C beam configurations yield enough
information to identify the shortcomings of the previous
model version and entirely revise the leading particle
production. We implement a model that makes use of
the remaining hadron content in the beam remnants that can
undergo further excitation and hadronization processes.
This mechanism adds necessary degrees of freedom to
decouple very forward particle production from central.

None of the new features requires drastic changes in the
underlying principles and assumptions that were defining
SIBYLL during the last decades. Microscopically, the main
picture is still a combination of the dual parton and the
minijet model, a fusion of perturbative QCD (hard com-
ponent) and elements of the Gribov-Regge field theory
(soft component).

We identified, however, a number of problems that
indicate a necessity to depart from these well-explored
principles in future versions. One of these problems is
related to the growth of the multiplicity distribution thatrises
faster in the model than in data. A second problem is the
narrow width of the pseudorapidity distributions that most
likely is an effect of the missing contribution from semihard
processes. Both aspects are related to the underlying
partonic picture, and a permanent solution will require an
overhaul of several old principles in the code base.

On the nuclear side, the previous Glauber-based model is
extended to include screening corrections on the production
cross section due to inelastic intermediate states. The
updated model for diffraction dissociation now incorpo-
rates the process of coherent diffraction, in which the beam

hadron transitions to an excited state without the target side
nucleus losing its coherence.

Charm hadron production is added explicitly for particle
astrophysics applications. In particular this affects calcu-
lations of atmospheric neutrinos at very high energies,
where the flux of atmospheric leptons competes with that of
astrophysical origin. The details of this topic are discussed
in a separate publication [25].

Regarding air showers, several of the changes to the
hadronic interaction model impact the simulations. The
showers reach their maximum deeper by 20 g/cm? with
respect to SIBYLL 2.1, mainly due to the modifications to
nuclear diffraction and the updated interaction cross sec-
tions for protons and pions. The fluctuations of the X, in
proton showers are almost 10 g/cm? larger as an effect of
the increased interaction length and elasticity. Both mod-
ifications are likely to yield a notably heavier composition
in the interpretation of the flux of UHECR.

The muon number in SIBYLL 2.3d drastically increases by
20%-50% relative to SIBYLL 2.1, which was previously
known to yield too few muons. Compared to the other
interaction models the new version has the highest number
of muons but only exceeding the numbers from EPOS-LHC
and QGSJETI-04 by ~1%-5%. This change will certainly
reduce the muon excess seen by the Pierre Auger
Observatory and the Telescope Array but will most likely
not be sufficient to remove entirely the tension between
simulation and data. We demonstrated that the forward
spectrum of 7° and leading p mesons in z-nucleus
interactions effectively modulates the total muon number
and that a constraining measurement of the 7 is one of the
leading uncertainties.

We expect that the combined measurements with the
IceCube and IceTop detectors at two energy regimes, and
the event-by-event composition sensitivity of the upgrade
of the Pierre Auger Observatory (AugerPrime) [140], will
help to resolve the mysteries around the muon component
in EAS.
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APPENDIX A: sisByLL VERSION HISTORY

Several versions of SIBYLL (see Table V) have become
publicly available throughout the development cycle and

TABLE V. Summary of the recent versions of SIBYLL.

were available in the air-shower simulator CORSIKA (ver-
sions 7 and 8) [141,142] and the cascade equation code
MCEq [25]. In this section, we give a brief overview of the
changes and estimate the quantitative impact on (X,,,) and
the number of muons in air showers.

SIBYLL 2.1 is the basic implementation of the hadron
interaction model and was outlined in Sec. I A and
described in detail elsewhere [16]. The first public release
of the SIBYLL 2.3 [26] model improved the compatibility
with LHC measurements and astroparticle experiments as
described in the main text. The model exhibited a stronger
violation of Feynman scaling in the fragmentation region
than supported by data [25,27] that has been addressed in
SIBYLL 2.3c.

In a recent publication the behavior of the z* to z°
ratio in different mechanisms of hadronization and
the role in muon production in air showers were
discussed [143]. In SIBYLL 2.3c this ratio has a stronger
than expected energy dependence (see left panel of
Fig. 41), because a part of the model responsible for
the leading p° (Sec. 11 C2) interfered with the fragmen-
tation of minijets.

Although this behavior increases the number of muons
in air showers and reduces the tension with the obser-
vations, it was unintended and has been addressed in
SIBYLL 2.3d. The maximal effect occurs in the central
phase space but as shown by the distribution of charged

Detailed particles over pseudorapidity in the right panel in Fig. 41,

Label Description description the impact is small.

SIBYLL 2.1 Tnitial implementation [16] In general the d.1fferent versions of SIBYLL 23 have rathgr
of the model described small effects on air-shower observables. The differences in
in Sec. I A (Xmax) for proton-induced showers is shown in the left

SIBYLL 2.3 Significant model extension [26] and this panel in Fig. 42, which are up to 5 g/cm? at high energies.
(Secs. 11 B-11F) publication The muon number at 10'° eV is ~7% smaller in SIBYLL 2.3d

SIBYLL 2.3c  Restored Feynman scaling (25,27] than in SIBYLL 2.3c (right panel in Fig. 42). We verified that

R m frag. reelon - This publicai these two releases have almost identical inclusive lepton

SIBYLL 2.3d estored 7z /z" in minijets 18 publication fluxes (as in [25]).
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FIG.41. Left panel: The ratio of the number of charged and neutral pions, 7+ /z° — 1, in proton-proton interactions as a function of the

energy. Right panel: Distribution of charged particles over pseudorapidity in SIBYLL 2.1, SIBYLL 2.3¢c and SIBYLL 2.3d.
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FIG. 42. Difference of (X,,) and (N,) predictions in the different versions of SIBYLL relative to SIBYLL 2.1.

APPENDIX B: TABLES OF TYPICAL AIR-SHOWER OBSERVABLES

TABLE VI. Predictions for the depth of shower maximum, the fluctuations thereof and the number of muons in SIBYLL 2.3d for proton-
and iron-induced showers. X, is calculated by fitting a parabola to the profile of energy deposit in the atmosphere. The number of
muons is taken at a depth of 2030 g/cm?, counting all muons with an energy exceeding 1 GeV. Showers were simulated with an
inclination of 67° using CONEX hybrid simulations [117]. The Monte Carlo to cascade threshold was set to Ey,./E, = 1072.

IOgIO(EO/eV) <Xmax> (g/sz) G(Xmax) (g/sz) In Nﬂ (Eu >1 GeV)

p Fe p Fe p Fe
14.3 530.52 370.01 104.09 32.45 6.92 7.32
15.3 596.72 457.36 89.84 29.53 9.04 9.35
16.3 655.97 538.14 77.49 27.06 11.18 11.47
17.3 715.34 607.59 72.12 25.18 13.32 13.6
18.3 775.18 671.34 63.41 23.42 15.45 15.73
19.3 833.58 732.12 62.09 21.83 17.6 17.87
20.3 892.46 791.7 61.26 20.6 19.79 20.01

TABLE VII.  Prediction of the interaction length of various particles in the atmosphere in SIBYLL. The relative increase with respect to
SIBYLL 2.1 in percent is given in parentheses.

log o (Era/TeV) Aint(Evap) (g/cm?)
Fe N p b4 K

0.0 13.02 (0.7) 24.57 (0.7) 84.62 (3.6) 110.94 (3.6) 121.93 (3.4)
1.0 12.67 (0.8) 23.63 (0.5) 78.69 (4.8) 101.39 (3.7) 110.02 (4.6)
2.0 12.10 (0.3) 22.36 (0.2) 72.17 (5.5) 87.13 (0.2) 94.75 (1.9)
3.0 11.56 (0.9) 21.00 (1.3) 65.27 (7.0) 72.91 (-0.3) 76.54 (-0.3)
4.0 11.03 (2.4) 19.62 (3.1) 58.89 (8.5) 63.61 (1.4) 66.35 (1.6)
5.0 10.48 (3.8) 18.25 (4.7) 53.34 (9.9) 56.23 (2.6) 58.35 (2.8)
6.0 9.93 (5.1) 16.96 (6.1) 48.61 (11.4) 50.32 (3.4) 52.01 (3.6)
7.0 9.42 (6.2) 15.93 (7.9) 44.57 (12.9) 45.47 (4.0) 46.87 (4.2)
8.0 8.94 (7.0) 15.10 (9.9) 41.07 (14.3) 41.40 (4.6) 42.60 (4.7)
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APPENDIX C: TABLES OF INTERACTION MODEL PARAMETERS

TABLE VIII. Summary of the differences between SIBYLL 2.1 and SIBYLL 2.3d.

SIBYLL 2.1 SIBYLL 2.3d

Valence quarks and leading particles
Lund string parameters

String pr

Flavors in hadronization
Beam particles
Interaction cross sections
Target nuclei

Nuclear diffraction

“Valence string” model and Remnant model
leading fragmentation

a=03,b=0.8 c/GeV? a=0.8,bh=0.8 c/GeV?

(a = 0: leading qq, a = a + 3: s quarks) (universal)
Gaussian Exponential
u, d, s u, d, s, c
p.n, 7, K p, n, 7, K+ 3%, A% p°(y), charm
p, 7, K p, 7, K
Air Air, A = 2-18
Incoherent Coherent + incoherent

TABLE IX. Summary of the amplitude parameters in SIBYLL 2.1 and SIBYLL 2.3d. Wherever the parameters remain unchanged only

SIBYLL 2.1 is reported.

SIBYLL 2.1 SIBYLL 2.3d
Hard minijets Leading-order QCD with energy-dependent py threshold
PDF: cross section GRV-98LO [37,38] GRV-98LO
PDF: sampling Eichten et al. [144] GRV-98LO
Higher-order correction (K factor) 2.0
pr cut [pY, Agep, ¢ in Eq. (5)] 1.0 GeV/c, 0.065 GeV/c, 0.9
Profile width [y, in Eq. (13)] 0.77 GeV?/c? 1.0 GeV?/c?
Soft minijets Gribov-Regge parameterization: X(s/s9)® + V(s/s¢)~
Pomeron parameters (A, X)) 0.025, 49.9 mb 0.051, 39.2 mb
Reggeon parameters (e, )) 0.4, 8.2 x 107> mb 0.4, 42.1 mb
Profile width, Pomeron: B + ofp(0) In(s) 3.2, 0.25 GeV2
Profile width, Reggeon: B + ajz (0) In(s) 0.5, 0.9 GeV~2
Soft PDF [d, m} in Eq. (9)] 0, 1.0 GeV? 3, 1.0 GeV?
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