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A new Monte Carlo generator of hadronic collisions is applied for studying model uncertainties
regarding calculations of the development of extensive air showers (EAS) initiated by interactions of high
energy cosmic rays in the atmosphere. More specifically, we investigate possibilities to modify the model
predictions for two EAS characteristics mostly used in experimental studies of cosmic ray composition: air
shower maximum depth and the muon number at ground level. For all the considered modifications of the
model, we discuss in some detail the underlying physics mechanisms and investigate the impact of the
changes, regarding a comparison of the model results to relevant accelerator data.
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I. INTRODUCTION

Experimental studies of ultrahigh energy cosmic rays
(UHECRs) are performed by indirect methods: reconstruct-
ing properties of primary cosmic ray (CR) particles from
measured characteristics of extensive air showers (EAS)—
nuclear-electromagnetic cascades initiated by interactions
of primary CRs in the atmosphere [1,2]. Therefore, an
accurate description of the development of such cascades
by the corresponding numerical tools, like the CORSIKA

program [3], is of significant importance. In particular,
studies of mass composition of UHECRs rely substantially
on the modeling of interactions with air nuclei of both
primary CRs and of secondary hadrons produced in the
subsequent cascades of nuclear interactions in the atmos-
phere, which involves Monte Carlo (MC) generators of
hadronic interactions [4].
Consequently, of significant interest is to quantify

uncertainties of predictions of such MC generators, regard-
ing EAS development, which was the subject of numerous
studies (e.g., [5–8]). Generally, one may get some feeling
about such uncertainties by analyzing the spread of the
corresponding results of current CR interaction models.
Yet, because of potential deficiencies of some approaches,
the actual uncertainties may appear to be smaller (e.g.,
[9,10]). On the contrary, in case some important physics is

not accounted for, all current models may deviate from the
true picture.
In [11,12], we presented a new MC generator of CR

interactions, Quark-Gluon Strings (basic) (QGSb), which is
based on a relatively simple and transparent theoretical
formalism, while being characterized by a sufficient
parameter freedom. Thanks to its substantial flexibility,
this generator can be used to study uncertainties for EAS
predictions, within the limits allowed by relevant accel-
erator data regarding hadron-proton and hadron-nucleus
interactions. In the current work, we exemplify such a
study, addressing possibilities to vary the predictions for
two EAS characteristics mainly employed in UHECR
composition studies: the average maximum depth of air
shower development, Xmax, and the EAS muon number at
ground level, Nμ. In particular, we identify key model
parameters relevant to such studies and discuss in some
detail the corresponding interaction mechanisms, address-
ing also the constraints imposed by relevant accelerator
data, as well as the uncertainties of the latter.

II. ALTERNATIVE TUNING
OF MODEL PARAMETERS

A. Modifying the predicted EAS maximum depth

Let us first investigate possibilities to modify the
calculated longitudinal development of extensive air show-
ers. The knowledge of the corresponding model uncertain-
ties, notably regarding predictions for EAS maximum
depth Xmax, is of considerable importance for analyzing
and interpreting experimental data from giant air shower
arrays. Moreover, recent analysis by the Pierre Auger
Collaboration indicates that substantially larger Xmax
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values, compared to current model predictions, are required
for a self-consistent interpretation of the data, in terms of
mass composition of primary cosmic rays [13].

1. Aiming at a larger Xmax

Obviously, the simplest way to change Xmax predictions
is to modify the energy dependence of the inelastic proton-
air cross section, σinelp−air, which controls the mean free path
of the primary CR proton in the atmosphere (e.g., [5]).
However, σinelp−air is rather strongly constrained by measure-
ments of proton-proton interaction cross sections at the
Large Hadron Collider (LHC) since the quantities are
closely related to each other by the very successful
Glauber-Gribov formalism [14,15]. While the default set-
tings of the QGSb model, hereafter referred to as tune 1,
make it consistent with the results of the TOTEM experi-
ment [16] on the total and inelastic pp cross sections, as
one can see in Fig. 1, one can alternatively tune the relevant
model parameters, using measurements of the ATLAS
experiment [17], shown by open symbols in Fig. 1, which
indicated a slightly slower energy rise of σtot=inelpp . To this
end, we choose a ≃5% lower overcriticality of the “semi-
hard Pomeron,” Δsh ¼ 0.21, which governs the energy
dependence of the calculated cross sections in the very high
energy limit [12]. The corresponding results for the total

and inelastic pp cross sections are shown in Fig. 1 as
dashed lines. It is noteworthy that such a change of the
parameterΔsh reduces also the predicted multiple scattering
rate in proton-proton and proton-nucleus collisions [see
Eqs. (3) and (6) in [12] ]. Therefore, to stay in agreement
with LHC data on charged hadron production in the central
rapidity range, we have to make changes in the hadroniza-
tion procedure of the model by increasing the density of
produced hadrons per unit rapidity. This is achieved by
choosing a ≃30% larger value of the string fragmentation
parameter for semihard Pomerons, ΛðshÞ ¼ 4.6 [cf. Eq. (36)
and Table 6 in [12] ]. The pseudorapidity η distribution of
charged hadrons, dNch

pp=dη, produced in pp collisions atffiffiffi
s

p ¼ 8 TeV, calculated both with the default model or
using the above-discussed modifications of the model
parameters (hereafter referred to as tune 2), are plotted
in Fig. 2, in comparison to the respective data of the CMS
and TOTEM experiments.
Regarding σinelp−air, it is much more weakly influenced by

the considered changes, compared to σinelpp , since proton-
nucleus cross sections are largely dominated by the nuclear
size, for sufficiently heavy nuclei. This is illustrated in
Fig. 3, where we observe up to ≃3% difference for the
inelastic proton-nitrogen interaction cross section σinelpN

between the tunes 1 and 2 of the model. Such a modifi-
cation of the proton-air cross section alone would enlarge
average Xmax by less than 2 g=cm2. Yet, as discussed
above, using a smaller overcriticality of the semihard
Pomeron reduces also the predicted multiple scattering
rate in proton-proton and proton-nucleus collisions:

FIG. 1. Center-of-mass (c.m.) energy dependence of the total
and inelastic pp cross sections, as indicated in the plot, compared
to experimental data [16–18] (points). The calculations per-
formed using the default model (tune 1) or using a smaller value
for the overcriticality of the “semihard Pomeron” (tune 2) are
shown, respectively, by red solid and blue dashed lines. The
results of the TOTEM experiment for σtotpp and σinelpp are plotted as
filled triangles and filled circles, respectively, while the ones of
the ATLAS experiment are shown by the corresponding open
symbols.

FIG. 2. Pseudorapidity distribution of charged hadrons in c.m.
frame, produced in pp collisions at

ffiffiffi
s

p ¼ 8 TeV, as calculated
using tunes 1, 2, 3, and 4 of QGSb—red solid, blue dashed, green
dash-dotted, and black dotted lines, respectively, compared to the
data of CMS (squares) and TOTEM (triangles) [19].
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a smaller number of strings of color field would be attached
to the incident proton. Hence, a smaller fraction of the
proton energy would be taken by string end partons,
thereby reducing the inelasticity Kinel (the relative energy
loss of “leading,” i.e., most energetic, secondary nucleons)
of pp and pA interactions. Indeed, for this model tune, the
inelasticity Kinel

pN of proton-nitrogen collisions is reduced by
up to ≃2% at the highest energies, compared to the default
QGSb (cf. solid and dashed lines in Fig. 4). Both effects
combined give rise to a noticeably larger average Xmax for

proton-induced EAS by up to ≃7 g=cm2 at E0 ¼ 1020 eV,
as one can see in Fig. 5.
A more radical reduction of the inelasticity of proton-air

collisions can be achieved considering softer momentum
distributions of constituent partons to which strings of color
field are attached [6,7,9,20]. To this end, in addition to
using the smaller overcriticality of the semihard Pomeron,

Δsh ¼ 0.21, we consider larger values of the exponent αðshÞsea

describing the momentum distribution of constituent

sea (anti)quarks, ∝ x−α
ðshÞ
sea [see Eq. (30) in [12] ], to

which semihard Pomeron strings are attached, by using

αðshÞsea ¼ 0.8 and 0.95, instead of the default setting

αðshÞsea ¼ αR ¼ 0.5. Here again, to keep the agreement with
LHC data on charged hadron production in the central
rapidity range, we need to enlarge further the string
fragmentation parameter for semihard Pomerons, using,
respectively, ΛðshÞ ¼ 6.5 and 9.5 for the two choices of

αðshÞsea , which we refer to hereafter as tunes 3 and 4. It is
noteworthy that all the considered changes do not affect the
model agreement with accelerator data corresponding to
hadronic interactions at fixed target energies since those are
dominated by soft Pomeron exchanges and by hadroniza-
tion of soft Pomeron strings. A comparison of the calcu-
lated dNch

pp=dη at
ffiffiffi
s

p ¼ 8 TeV with the data of CMS and
TOTEM is shown in Fig. 2, while the obtained energy
dependence of the inelasticity of proton-nitrogen collisions
is plotted in Fig. 4. As one can see in Fig. 4, Kinel

pN is reduced
by up to 6 and 11%, respectively, for the tunes 3 and 4. In
turn, this allowed us to increase Xmax for proton-induced
EAS by up to ≃20 and ≃40 g=cm2, for the two cases,
correspondingly, as shown in Fig. 5.

FIG. 3. Laboratory (lab.) energy dependence of the inelastic
cross section for proton-nitrogen collisions. The notations for the
lines are the same as in Fig. 1.

FIG. 4. Lab. energy dependence of the inelasticity Kinel
pN of

proton-nitrogen collisions. The notations for the lines are the
same as in Fig. 2.

FIG. 5. Dependence of the average shower maximum depth
Xmax, for p-induced vertical EAS, on the primary proton energy
E0. The notations for the lines are the same as in Fig. 2.
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Regarding a possibility to discriminate between the
considered modifications of the model, promising are
measurements of forward neutron spectra by the LHCf
experiment [21,22]. As one can see in Fig. 6, the trend
toward larger αðshÞsea is somewhat disfavored by the data: the
predicted forward neutron yield exceeds the measured one
overall. Yet the corresponding indication is rather weak,
and a more definite statement would require both a better
tuning of the model to these data and an improvement of the
accuracy of the measurement.
A much more decisive discrimination can be made by

studying correlations between particle production in the
central rapidity range and in the proton fragmentation
region since this can allow one to test very basic model
assumptions regarding momentum distributions of con-
stituent partons in the proton [9]. Recently, such crucial
measurements have been performed by the ALICE experi-
ment at the LHC, for pp collisions at

ffiffiffi
s

p ¼ 13 TeV:
investigating correlations between central pseudorapidity
density of charged hadrons, dNch=dηjη¼0, and a signal
strength ZN in zero degree calorimeters (ZDC), the latter
being dominated by the energy deposited in ZDC by
secondary neutrons produced with jηj > 8.8 [23,24]. In
Fig. 7, these ALICE results are compared to the predictions
of the above-discussed tunes 1, 2, 3, and 4 of QGSb,

regarding the dependence of the relative strength of
the ZDC signal, ZN=hZNiinel>0, on the relative pseudor-
apidity density of charged hadrons in the jηj < 0.5
window, dNch

dη jjηj<0.5=h
dNch
dη jjηj<0.5

iinel>0. Here hZNiinel>0
and hdNch

dη jjηj<0.5iinel>0 are the average values of ZN and
dNch
dη jjηj<0.5, respectively, corresponding to the “inel > 0”

event selection of the ALICE experiment: at least one
charged hadron in the jηj < 1 window.
The strong anticorrelation between the strength of the

ZDC signal and the multiplicity of charged hadrons
produced at jηj < 0.5, observed by ALICE, clearly sup-
ports the Regge-inspired choice for the momentum dis-

tributions of string end partons, αðshÞsea ¼ αsea ¼ αR ¼ 0.5,
which is adopted in the tunes 1 and 2, the corresponding
results being shown by, respectively, solid and dashed lines
in Fig. 7. While the observed anticorrelation is well
reproduced by both tunes, a somewhat better overall
agreement is provided by the default QGSb (tune 1)
characterized by a larger value of the overcriticality of
the “semihard Pomeron,” Δsh ¼ 0.22. For the tune 2, the
smaller Δsh ¼ 0.21 gives rise to a somewhat smaller
multiple scattering rate at

ffiffiffi
s

p ¼ 13 TeV, thereby under-
estimating the energy loss of leading neutrons. On the other
hand, for the high multiplicity tail of the distribution of

FIG. 6. Neutron energy spectra in c.m. frame, for pp collisions at
ffiffiffi
s

p ¼ 13 TeV, for different pseudorapidity intervals, as indicated in
the plots, in comparison to LHCf data [22] (points). The notations for the lines are the same as in Fig. 2.
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dNch=dηjjηj<0.5, the strength of the ZDC signal predicted by
the default QGSb is slightly smaller than the measured one.
Hence the data hint at the energy dependence of multiple
scattering rate (and of σtotpp), which is intermediate between
the two tunes.
In contrast, considering softer momentum distributions

of string end partons, like in tunes 3 and 4, leads to a much
weaker anticorrelation between central hadron production
and the forward neutron yield, thereby contradicting the
experimental observations (cf. dash-dotted and dotted lines
in Fig. 7). Consequently, the extreme modifications of the
energy dependence of Kinel

pN and of Xmax, obtained using
these tunes (dash-dotted and dotted lines in Figs. 4 and 5),
are disproved by the above-discussed ALICE measure-
ments. These conclusions can be further cross checked and
strengthened by studying correlations between central and
forward hadron production in proton-oxygen collisions,
using experimental data collected during a recent proton-
oxygen run of the Large Hadron Collider.
Additionally, as stressed in [7,25], a discrimination of

predictions for the energy dependence of EAS maximum
depth can be performed by air shower experiments, based
on measurements of the maximal muon production depth
Xμ
max [26]. As one can see in Fig. 8, choosing softer

distributions for constituent sea (anti)quarks attached to
semihard Pomeron strings, one arrives at substantially larger
Xμ
max values predicted, compared to the default QGSb, by up

to ≃40 and ≃70 g=cm2 for the tunes 3 and 4, respectively.
Such a tendency is not supported by the data of the Pierre

Auger Observatory [26]: to reach an agreement with the
measured maximal muon production depth, one would have
to postulate that UHECRs are much heavier than iron.

2. How feasible is a smaller Xmax?

One can also study a possibility to shift the predicted
shower maximum higher in the atmosphere, i.e., to have a
smaller average Xmax. In fact, there exists a theoretically
well motivated mechanism leading to a substantially higher
inelasticity of proton-nucleus collisions at high energies,
related to the so-called “diquark breaking” in interacting
nucleons [27–30]. Up to now, we followed the standard
approach of the Quark-Gluon String and Dual Parton
models [31,32], assuming that the diquark of an interacting
nucleon survives multiple scattering as a coherent entity,
i.e., remains in its color antitriplet state. However, as
rightfully argued in [27], abundant multiple scattering
should destroy the coherence between the two valence
quarks forming the diquark, transforming the latter into a
color sextet state. As a consequence, the two quarks should
hadronize independently, being attached to two different
strings of the color field, instead of having a single string
coupled to the diquark. The treatment in [27–29] is based
on the old idea [33] that the baryon content of a nucleon is
not carried by its valence quarks, being rather associated
with the so-called string junction. In the above-discussed
scenario, the string junction follows a slowed down struck
valence quark, with the consequence that a leading nucleon
is produced with a substantially smaller fraction of initial
light cone momentum (E� pz) of the nucleon, compared
to the case of diquark hadronization. In [30], a somewhat
different approach, though with similar consequences, has
been proposed. Namely, one considered a dense gluon

FIG. 7. Dependence of the relative strength of the ZDC signal,
ZN=hZNiinel>0, on the relative pseudorapidity density of charged
hadrons in the jηj < 0.5 window, for pp collisions atffiffiffi
s

p ¼ 13 TeV, as calculated using different tunes of the QGSb
model, compared to ALICE data [24] (points). The notations for
the lines are the same as in Fig. 2.

FIG. 8. Dependence of maximal muon production depth Xμ
max

(Eμ > 1 GeV), for p-induced vertical EAS, on the proton energy
E0. The notations for the lines are the same as in Fig. 2.
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cloud incident on a nucleon, in the nucleon rest frame, such
that the two valence quarks forming the diquark suffer
independent large transverse momentum “kicks” destroy-
ing the coherence of the diquark.
Here we choose to follow the approach of [27,28],

assuming that the first inelastic rescattering of a nucleon
splits it into a valence quark and a diquark, whereas
subsequent inelastic scattering processes may, with prob-
ability wstj, destroy the coherence of the diquark. Thus,
for a nucleon undergoing n inelastic rescatterings, i.e.,
being connected to n cut Pomerons, with the probability
ð1 − wstjÞn−1 the diquark survives as a coherent entity
containing the string junction, and the standard hadroniza-
tion procedure exemplified in Fig. 9 (left) takes place.
There, two strings of color field are formed between the
(here projectile) quark and the diquark [respectively, u and
ud in Fig. 9 (left)] and the corresponding constituent
partons of the partner (here target) hadron (nucleus) [uu
and d in Fig. 9 (left)]. In the other case depicted in Fig. 9
(right), the string junction follows the struck valence quark,
while the two remaining valence quarks hadronize inde-
pendently, being each connected to its own string of color
field. We then consider a creation of the quark-antiquark
pair from the vacuum [s̄s in the example sketch of Fig. 9
(right)], with the created quark being coupled to the slowed
valence quark and the junction to form a diquark. In such a
case, we have a formation of three strings: one stretched
between one of the remaining valence quarks of the
nucleon and the created antiquark [d − s̄ in Fig. 9 (right)],
one between the created diquark and a quark of the partner
hadron [us − d in Fig. 9 (right)], and the last string being
formed between the remaining valence quark of the

nucleon and a constituent parton of the partner hadron
[u − uu in Fig. 9 (right)].
We choose wstj ¼ 0.2 and, to stay in agreement with

measured proton spectra for pp collisions at fixed target
energies, use now αNð0Þ ¼ −0.25 for the intercept of the
nucleon Regge trajectory1 [cf. Eq. (32) and Table 3 in
[12] ]. In addition, we switch off the special treatment of
diquark hadronization in the case of single scattering (see
Sec. 4.2 in [12]) by setting the corresponding parameter
δ ¼ 0. The results of the so obtained tune 5 of the model,
regarding the inelasticity of proton-nitrogen interactions,
are plotted in Fig. 10, where we now have a somewhat
faster energy rise, compared to tune 1, with up to ≃3%
larger Kinel

pN at the highest energies. However, for the
calculated average EAS maximum depth Xmax, we
observed no noticeable differences from the default model
predictions,2 within the statistical uncertainties of the
calculation (≃1–2 g=cm2), in contrast to drastic changes
of Xmax, predicted in [30]. This seemingly paradoxical
result can be understood if we realize that the considered
mechanism has a sizable impact on the inelasticity of
proton-nucleus collisions at not too large impact parameters
b only. There, copious multiple scattering already produces
a sufficient “stopping” of leading nucleons and the

FIG. 9. Left: schematic view of the standard hadronization procedure for a projectile proton. After the proton is split into a slowed
down valence quark (here u) and a diquark (here ud), the string junction shown by the (upper) dotted magenta line remains coupled to
the diquark and two strings of color field (thick vertical green lines) are stretched between these partons and the corresponding
constituents of the target (here uu and d, respectively). Right: a sketch of the diquark breaking mechanism for the projectile proton. The
string junction follows the slowed down projectile valence quark (u), while the two remaining quarks (d and u) hadronize independently.
Upon creation of a quark-antiquark pair (here s̄s) from the vacuum, the created quark is coupled to the slowed valence quark and the
junction to form a diquark (here us) and three strings of color field are formed: here between d and s̄, us and d, u and uu.

1Interestingly, this value of αNð0Þ is in agreement with results
of standard Regge fits (see, e.g., [34]).

2We verified by an explicit calculation that this remains the
case when a higher diquark breaking probability, e.g., wstj ¼ 0.5,
is used, provided other model parameters are properly adjusted to
keep the agreement with measured proton spectra for pp
collisions at fixed target energies.
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additional “softening” of nucleon spectra is thus of weak
importance for the longitudinal EAS development. On the
other hand, peripheral proton-air interactions at large b,
which contribute to non-Gaussian tails of Xmax distribu-
tions and thereby influence significantly the average Xmax,
remain unaffected. In a sense, the obtained results may be
regarded as an indication that the predictions of the default
version of QGSb for the average EAS maximum depth are
already close to the corresponding lower bound.

B. Aiming at a higher muon content
of extensive air showers

Let us now address the muon content of extensive air
showers. In particular, we are going to investigate pos-
sibilities to enlarge the predicted EAS muon number, Nμ, in
view of the reported excess of the number of muons in
UHECR-induced air showers, compared to respective
predictions of EAS simulations [35,36] (see also the review
]37 ] regarding the corresponding “muon puzzle”).
As discussed in [8,38,39], model predictions for Nμ are

closely correlated with the corresponding results for the
moment hxαμE nπ−airstablei of the energy distribution of “stable”
secondary hadrons [(anti)nucleons, kaons, and charged
pions] in pion-air interactions, defined as

hxαμE nπ−airstableðE0Þi ¼
X

h¼stable

Z
dxE x

αμ
E
dnhπ−airðE0; xEÞ

dxE
: ð1Þ

The summation in the right-hand side of Eq. (1) is
performed over secondary hadrons having significant

chances to interact in the atmosphere, instead of decaying,3

dnhπ−air=dxE is their distribution, with respect to the energy
fraction xE taken from the parent pion (upon decays of
short-lived hadrons), and αμ ≃ 0.9 is the characteristic
exponent for the dependence of Nμ on the primary energy.
As is obvious from Eq. (1), hxαμE nπ−airstablei is dominated by
forward production of stable hadrons in pion-air collisions,
which is also the case for Nμ since more energetic
secondaries initiate powerful enough subcascades in the
atmosphere and thereby contribute stronger to EAS muon
content at ground. On the other hand, Nμ depends rather
weakly on the energy dependence of the multiplicity of
pion-air interactions, in the very high energy limit, since the
energy rise of the multiplicity is driven by hadron pro-
duction in the central rapidity range, corresponding to small
energy fractions xE, with the contributions of such hadrons
to Eq. (1) being damped4 by the factor x

αμ
E .

Since αμ is close to unity, the moment hxαμE nπ−airstablei can be
approximated by the average fraction of the parent pion
energy taken by all stable secondary hadrons, i.e., by the
case αμ ¼ 1, which is approximately equal to unity minus
the energy fraction taken by neutral pions. Therefore, to
enhance the predicted EAS muon content, one has to
modify the energy balance between stable secondary
hadrons and neutral pions, in favor of the former.
As discussed in [40], a particular mechanism which

efficiently reduces the energy “leak” into π0 production is
the t-channel pion exchange (see [12] for the details on the
implementation of the process in the QGSb model). This is
because the process gives rise to forward production of ρ
mesons and, upon decays of the latter (ρ� → π�π0,
ρ0 → πþπ−), shifts the energy balance between secondary
charged and neutral pions in favor of the former (see the
corresponding discussion in [8]). In QGSb, the rate of
virtual pion emission by an incident pion is controlled by
the model parameter gπ=π, whose magnitude is seriously
constrained by measurements of ρ0 meson production,
notably, by the NA61/SHINE experiment [41] (cf. solid
lines in Fig. 11). Here we can investigate the effect of a
somewhat higher rate for the process, choosing a 50%
larger value for this parameter, gπ=π ¼ 0.225. As one can
see in Fig. 12, such a change (which we refer hereafter as
tune 6) improves the agreement with the data of the EHS-
NA22 experiment on forward ρ0 production, while leading
to an overestimation of both ρþ yield reported by the same
experiment and of ρ0 spectra, compared to other measure-
ments, notably, by NA61/SHINE (cf. Figs. 11–13).
Meanwhile, this gives rise to a very small change of the

FIG. 10. Lab. energy dependence of the inelasticity Kinel
pN of

proton-nitrogen collisions. The calculations performed using the
default model (tune 1) or considering the diquark breaking
mechanism (tune 5) are shown, respectively, by red solid and
blue dashed lines.

3Obviously, such a definition of stable hadrons is energy
dependent, e.g., K� can be regarded as being stable above
∼1 TeV only.

4This is not the case for π-air interactions at relatively low
energies, E0 ≲ 100 GeV, where the central rapidity range cor-
responds to relatively large xE ≳ 0.1.
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moment hxαμE nπ−airstablei (less than one per mille) and, corre-
spondingly, to a minor enhancement (≲1%) of Nμ, com-
pared to the default QGSb results.
Alternatively, the EAS muon content can be enhanced by

considering a more abundant production of (anti)baryons
and kaons in the projectile fragmentation region in pion-air
collisions (e.g., [44,45]), which contributes noticeably to
hxαμE nπ−airstablei. Those hadrons continue interacting in the
atmosphere, thereby keeping the energy more efficiently
in the hadronic cascade, compared to pions, since decays of
neutral pions in the latter case work as an energy “sink.”

As discussed in [12], forward production of kaons and
(anti)nucleons in pion-nucleus interactions, in the QGSb
model, was tuned to the corresponding results of the NA61/
SHINE experiment [46]. To improve the agreement with
the data, we used a special treatment for the fragmentation
of strings of color field, attached to “remnant” (anti)quarks
of the pion, choosing higher probabilities, compared to the
standard string fragmentation procedure, for strange quark-
antiquark pairs and diquark-antidiquark pairs creation from
the vacuum, characterized by the parameters as=π and aud=π ,
respectively (see Table 4 in [12]). Phenomenologically, this

FIG. 11. Feynman x distributions, dn=dxF, of ρ0 mesons in c.m. frame, for π−C collisions at 158 GeV=c (left) and 350 GeV=c (right),
as calculated using tunes 1 and 6 of QGSb—red solid and blue dashed lines, respectively, compared to NA61/SHINE data [41] (points).

FIG. 12. xF dependence of production cross sections in c.m. frame for ρ0 (left) and ρþ (right) mesons, for πþp collisions at
250 GeV=c, compared to EHS-NA22 data [42] (points). The notations for the lines are the same as in Fig. 11.
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can be interpreted as being related to “intrinsic strangeness”
and “intrinsic baryonic content” of pions.5

While this allowed us to reach a reasonable agreement
with the data of NA61/SHINE for K0

S production in π−C
collisions at 158 and 350 GeV=c, the forward yield of
charged kaons remained underestimated, compared to the
measurements (cf. solid lines in Fig. 14). Leaving aside the
question regarding a hypothetical isospin symmetry vio-
lation [47], we can study here the impact on Nμ of a more
abundant forward kaon production, using a factor 2 larger

FIG. 13. xF dependence of production cross sections in c.m. frame for ρ0 mesons, for π−p collisions at 80 GeV=c (left) and 140 GeV=c
(right), compared to the data of the OMEGA Photon Collaboration [43] (points). The notations for the lines are the same as in Fig. 11.

FIG. 14. Lab. momentum distributions of Kþ (left panels), K− (middle panels), and K0
S (right panels) produced in π−C collisions at

158 GeV=c (top row) and 350 GeV=c (bottom row), compared to NA61/SHINE data [46] (points). The calculations performed using
tunes 1 and 7 of QGSb are shown, respectively, by red solid and blue dashed lines.

5A more theoretically rigorous approach would amount to
considering t-channel exchanges of, respectively, K� and Δ
Reggeons, in the Reggeon-Reggeon-Pomeron (RRP) configu-
ration (R ¼ K�;Δ), similarly to the pion exchange case discussed
above.
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value as=π ¼ 0.4, while keeping the default values for all
other parameters of the model. As one can see in Fig. 14,
for the so-obtained tune 7 of the model, we reach a
reasonably good agreement with the measured K− spectra,
while still largely underestimating Kþ production and
overestimating now the forward yield of K0

S. Regarding
kaon production in pion-carbon collisions at a smaller
incident pion momentum, 60 GeV=c, the agreement with
the data is improved both for charged and for neutral kaons,
as one can see in Fig. 15. However, for very forward
production of Kþ at small polar angles, θ < 20 mrad, the
calculated spectra are substantially harder than the mea-
sured ones. On the other hand, the obtained model tune
largely overestimates forward kaon production, compared
to results of other experiments, both for kaon-proton and
kaon-nucleus collisions; see Figs. 16 and 17. For the
moment hxαμE nπ-Nstablei, αμ ¼ 0.9, for pion-nitrogen collisions,
we obtain with this tune an enhancement, relative to the
default QGSb, which ranges between 0.8% at E0 ¼ 1 TeV
and 0.4% at the highest energies (cf. solid and dashed lines
in Fig. 18). For the muon number Nμ (Eμ > 1 GeV) at sea
level, for vertical proton-induced air showers, this leads to
an enhancement of up to ≃2%, compared to the default
QGSb results, as one can see in Fig. 19.

Let us now investigate the impact on EAS muon content
of an enhancement of (anti)nucleon production in pion-air
interactions. For the default QGSb, we have a reasonable
agreement with NA61/SHINE measurements of antiproton
spectra in π−C collisions at 158 and 350 GeV=c, while the
calculated forward production of protons is substantially
smaller than that observed by the NA61/SHINE experiment
(see solid lines in Fig. 20). As already mentioned above, we
employed a special treatment for the hadronization of
“remnant” (anti)quarks of the pion, using a higher prob-
ability for creation of ud − ū d̄ pairs from the vacuum,
governed by the parameter aud=π, compared to the corre-
sponding parameter aud of the standard string fragmenta-
tion procedure (cf. Table 4 in [12]). Qualitatively, such a
prescription can be justified by an analogy to a more
rigorous Regge treatment involving an emission of a virtual
Δ (anti)baryon by the incident pion, the corresponding
contributions being shown schematically in Figs. 21(a)
and 21(b), for the particular case of an incident π−. In
Fig. 21(a), upon emission of a Δ0 baryon, the projectile π−

converts into an antiproton, π− →
ðΔ0Þ

p̄, while the virtual Δ0

interacts with the target (not shown in the figure). Likewise,
in Fig. 21(b), one has an emission of a virtual Δ̄−, thereby

FIG. 15. Lab. momentum distributions of Kþ (top row), K− (middle row), and K0
S (bottom row) produced in πþC collisions at

60 GeV=c, at different polar angles, as indicated in the plots, compared to NA61/SHINE data [48] (points). The notations for the lines
are the same as in Fig. 14.
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converting the incident pion into a neutron: π− →
ðΔ̄−Þ

n. Here,
pursuing further the analogy to the Regge treatment and
invoking the isospin symmetry considerations, one would
have to include, with equal probabilities, the processes
shown in Figs. 21(c) and 21(d), corresponding to emissions
of Δ− and Δ̄−− by the incident pion. In our phenomeno-
logical approach, this would amount to considering a
creation of dd − d̄ d̄ and uu − ū ū pairs from the vacuum,
with the same probabilities as for ud − ū d̄ pairs, in the
hadronization of “remnant” (anti)quarks of the pion.

We study such a modification, using add=π ¼ auu=π ¼
aud=π ¼ 0.15, which we refer to hereafter as tune 8. For the
spectra of protons and antiprotons in π−C collisions at 158
and 350 GeV=c, plotted as dashed lines in Fig. 20, we now
have a reasonable agreement with NA61/SHINE data.
Regarding proton production in pion-carbon collisions at
a smaller momentum of the incident pion, 12 GeV=c, the
discussed modification improves slightly the agreement
with measurements of the HARP experiment [51], as one
can see in Fig. 22. However, for p and p̄ production in π−p

FIG. 17. Lab. momentum dependence of invariant cross sections, Ed3σ=dp3, for pt ¼ 0.3 GeV=c, for Kþ (left) and K−

(right) production in πþC collisions at 100 GeV=c, compared to experimental data [50] (points). The notations for the lines are
the same as in Fig. 14.

FIG. 16. xF dependence of transverse momentum pt integrated invariant cross sections in c.m. frame, xEdσ=dxF (xE ¼ 2E=
ffiffiffi
s

p
), for

Kþ (left) and K− (right) production in πþp collisions at 175 GeV=c, compared to experimental data [49] (points). The notations for the
lines are the same as in Fig. 14.
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interactions at 360 GeV=c, we arrive with this tune to a
factor 2 excess, compared to the corresponding data of the
LEBC-EHS experiment [52]; see Fig. 23. For the moment

hxαμE nπ−Nstablei, αμ ¼ 0.9, the enhancement obtained with this
model tune is comparable to the one we had for tune 7 (with
enhanced kaon production), ranging between 0.5% and
0.3%, with the corresponding energy dependence being

FIG. 19. Dependence on primary energy of muon number Nμ

(Eμ > 1 GeV) at sea level, for proton-initiated vertical EAS. The
notations for the lines are the same as in Fig. 18.

FIG. 18. Lab. energy dependence of the moment hx0.9E nπ-Nstablei, as
calculated using the tunes 1, 7, 8, and 9 of the QGSb model—red
solid, blue dashed, green dash-dotted, and black dotted lines,
respectively.

FIG. 20. Lab. momentum distributions of protons (left panels) and antiprotons (right panels), produced in π−C collisions at
158 GeV=c (top row) and 350 GeV=c (bottom row), compared to NA61/SHINE data [46] (points). The calculations performed using
the tunes 1, 8, and 9 of QGSb are shown, respectively, by red solid, blue dashed, and green dash-dotted lines.
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plotted in Fig. 18 as dash-dotted line. The calculated EAS
muon number Nμ exceeds the corresponding results of the
default model by up to 5%, as one can see in Fig. 19.
Finally, we can try the opposite changes: switching down

the special treatment of the hadronization of “remnant”
(anti)quarks of the pion, i.e., restricting ourselves with
the creation of ud − ū d̄ diquark-antidiquark pairs from the
vacuum and using one and the same value for the

corresponding model parameters, for fragmentation of all
strings (setting aud=π ¼ aud ¼ 0.1). In such a case (referred
to as tune 9), we marginally improve the agreement with
LEBC-EHS data on p and p̄ production (cf. dash-dotted
lines in Fig. 23), while further moving away from the
corresponding measurements by the NA61/SHINE and
HARP experiments, as one can see in Figs. 20 and 22.
For this tune, the calculated moment hx0.9E nπ-Nstablei is smaller

FIG. 21. Schematic view of the contributions of t-channel exchange of Δ Reggeons to forward (anti)nucleon production in pion-
proton and pion-nucleus collisions. (a) The ud diquark from a vacuum-created ud − ū d̄ pair couples with the slowed down valence
quark d, forming a virtual Δ0 baryon which subsequently interacts with the target (not shown in the figure). The ū d̄ antidiquark is

combined with the “remnant” valence antiquark ū to form a leading antiproton: π− →
ðΔ0Þ

p̄. (b) Same as in (a) but for an emission of a

virtual Δ̄− baryon and a formation of a leading neutron: π− →
ðΔ̄−Þ

n. The same mechanism proceeds in (c) and (d) via a creation of,

respectively, dd − d̄ d̄ and uu − ū ū pairs from the vacuum: π− →
ðΔ−Þ

n̄ and π− →
ðΔ̄−−Þ

p.

FIG. 22. Lab. momentum dependence of inclusive cross sections for proton production, at different polar angles, as indicated in the
plots, in π−C (top) and πþC (bottom) collisions at 12 GeV=c, compared to HARP data [51] (points). The notations for the lines are the
same as in Fig. 20.
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than for the default QGSb by ≃0.3% (cf. dotted line in
Fig. 18) while the obtained number of muons is decreased
by 1%–2%; see Fig. 19.
For all the alternative model tunes studied in this section,

the multiplicity of secondary hadrons produced in pion-air
collisions remained practically unchanged, the differences
to the default model results being at the subpercent level.
Hence, the obtained modifications of EAS muon content
were caused by changes of the forward spectra of secon-
dary hadrons. Here, the largest impact on Nμ was observed
when modifying forward production of (anti)nucleons in
pion-air interactions. Partly this is because the correspond-
ing treatment is not sufficiently constrained by relevant
accelerator data, due to serious contradictions between
different measurements of (anti)proton yields in the frag-
mentation region of incident pion, in πp and πA collisions.
For convenience, we compile in Table I the parameter

changes, for the considered alternative tunes of the model.

III. DISCUSSION AND CONCLUSIONS

We employed the new Monte Carlo generator of had-
ronic collisions, QGSb, for studying model uncertainties
for calculated characteristics of extensive air showers
initiated by interactions of high energy cosmic rays in
the atmosphere. We specifically concentrated on modifying
predictions for two key EAS observables mostly used in
experimental studies of nuclear composition of high energy
cosmic rays: the shower maximum depth Xmax and the
muon number at ground level Nμ. In particular, we
discussed in some detail the relevant physics mechanisms
and the corresponding model parameters, studying also the
impact of the considered modifications of the model on the

level of agreement of its predictions with measured
characteristics of hadron-proton and hadron-nucleus
collisions.
While the studied modifications of the model are not

comprehensive, we clearly outlined main directions for an
alternative tuning of model parameters and identified
relevant accelerator data constraining such changes.
Regarding EAS maximum depth, our main interest was

to investigate possibilities to predict a slower air shower
development, which could potentially improve the agree-
ment with experimental data of the Pierre Auger
Observatory. We demonstrated that the most efficient
way for obtaining larger Xmax values is to consider softer
momentum distributions for hadron constituents to which
strings of color field are attached, in agreement with
previous studies. However, the most extreme modifications
of the kind, studied by us, proved to be incompatible with
recent results of the ALICE experiment at LHC, regarding
correlations between secondary hadron production at cen-
tral rapidities and in the proton fragmentation region, in
proton-proton collisions. Moreover, those modifications are
strongly disfavored by the data of the Pierre Auger
Observatory, regarding the maximal muon production
depth of UHECR-induced EAS, since a compatibility
with the data can only be achieved for primary nuclei
heavier than iron. On the other hand, we have not found
much freedom for speeding up the hadronic cascade
development, i.e., for obtaining sizably smaller Xmax
values. In particular, contrary to what has been claimed
in the literature, implementing the so-called diquark split-
ting mechanism does not produce any appreciable change
of the predicted Xmax, provided other relevant model
parameters are adjusted to keep an agreement with

FIG. 23. xF dependence of pt-integrated invariant cross sections in c.m. frame, xEdσ=dxF, for proton (left) and antiproton (right)
production in π−p collisions at 360 GeV=c, compared to LEBC-EHS data [52] (points). The notations for the lines are the same as in Fig. 20.
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measured proton spectra in pp collisions at fixed target
energies.
Overall we end up with ≃10 g=cm2 uncertainty for Xmax

predictions, which is considerably smaller than the spread
between the corresponding results of current CR interaction
models and, moreover, which excludes the possibility to
interprete self-consistently experimental data of the Pierre
Auger Observatory. While our analysis has been performed
within a particular model framework, our conclusions are
generic enough, being grounded by the underlying physics
picture. For example, the constraints on Xmax predictions,
imposed by the ALICE measurements of anticorrelations
between central and forward hadron production, stem from
the same physical mechanism governing such anticorrela-
tions and the energy dependence of the inelasticity of proton-
proton collisions. Indeed, while the latter is driven by the
energy rise of multiple scattering in pp interactions, the
former is governed by variations of multiple scattering rates
in such interactions at a given energy, primarily caused by
variations of the impact parameter for the collisions. In turn,
both the steepness of the energy rise of Kinel

pp and the
magnitude of the above-discussed anticorrelations depend
crucially on model assumptions regarding momentum dis-
tributions of constituent partons in the proton [9].
However, these conclusions may be compromised by

revising the traditional Glauber-Gribov approach regarding
the transition from proton-proton to proton-nucleus colli-
sions, aiming at a smaller average number of interacting
target nucleons [53]. The corresponding reduction of multi-
ple scattering in proton-air collisions would allow one to
reduce the predicted Kinel

p−air and to obtain thereby a larger
Xmax.Ameasurement of anticorrelations between central and
forward hadron production in proton-oxygen collisions may
allow one to check whether this is a viable approach.
In relation to the so-called muon puzzle, we investigated

possibilities to enlarge the predicted EAS muon content.
The latter was shown to depend strongly on the treatment of
forward hadron production, notably, on the energy balance
between (relatively) stable secondary hadrons and neutral
pions. The largest enhancement of Nμ, up to ≃5%, was
obtained considering harder spectra of (anti)nucleons
produced in pion-air collisions. A reduction of the

corresponding uncertainty is currently problematic because
of serious contradictions between different measurements
of (anti)proton production in pion-proton and pion-nucleus
interactions.
These results are in line with previous studies [8],

showing that the resolution of the muon puzzle is only
possible by considering nonstandard approaches to particle
production in hadronic collisions. For example, postulating
ad hoc an enhancement of forward kaon and (anti)nucleon
production, with increasing energy, one was able to obtain
pretty large values for EAS muon content at ultrahigh
energies [54]. A similar, though smaller effect has been
observed by considering collective effects in the hadroni-
zation procedure of the EPOS-LHC model [55]. A more
recent study [56] shows that a significant increase of the
muon number can be achieved when using a global
approach including all known nuclear effects at all stages
in the tuning process of the models. While a discrimination
of such approaches is generally problematic, without
experimental data on pion-proton and pion-nucleus colli-
sions at very high energies, some constraints do arise from
current experimental activities at the LHC. For example, an
enhancement of forward kaon production, with increasing
energy, has been disfavored by the data of the FASER
experiment, based on measurements of muonic and elec-
tronic neutrinos at large pseudorapidities [57].
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TABLE I. Summary of the parameter changes, for the alternative tunes of the QGSb model.

Δsh αðshÞsea ΛðshÞ αNð0Þ δ gπ=π as=π aud aud=π auu=π ¼ add=π wstj

Default value 0.22 0.5 3.6 −0.05 1 0.15 0.1 0.1 0.19 0 0
Tune 2 0.21 4.6
Tune 3 0.21 0.8 6.5
Tune 4 0.21 0.95 9.5
Tune 5 −0.25 0 0.2
Tune 6 0.225
Tune 7 0.4
Tune 8 0.15 0.15
Tune 9 0.1
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