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Air shower development: impact of LHC data
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Abstract: A new version of the QGSJET-II model is presented and the differences with the previous version are analyzed
in view of recent LHC data on soft multi-particle production. The calculated air shower characteristics are compared.
The impact on the interpretation of experimental cosmic ray data is discussed.
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1 Introduction

High energy cosmic rays (CR) are traditionally studied on
the basis of extensive air shower (EAS) measurements. Us-
ing the atmosphere of the Earth as the target allows one
to cope with the steeply falling down CR spectrum and
to detect significant numbers of primary cosmic rays even
at ultra-high energies, using ground-based detectors cover-
ing a sufficiently large area or measuring EAS fluorescence
signal [1]. However, the price to pay is that the results ob-
tained depend on the correctness of the description of air
showers by EAS simulations employed. This is especially
true for studies of CR composition, which prove to be very
sensitive to predictions of hadronic interaction models ap-
plied for modeling hadronic cascades in the atmosphere.
During the last two decades, there has been a significant
progress in the development of hadronic Monte Carlo (M-
C) generators for cosmic ray applications. Contemporary
models are based on microscopic treatment of the inter-
action dynamics and provide detailed information on fi-
nal states produced in high energy hadron-hadron, hadron-
nucleus, and nucleus-nucleus collisions. In particular, the
QGSJET model [2, 3] has been successfully used in the CR
field, being succeeded 5 years ago by QGSJET-II [4, 5],
the latter being characterized by a much more advanced
description of the underlying physics.
However, there is quite a bit of phenomenology involved
in the treatment of hadronic interactions by present-day M-
C generators. Hence, model updates related to improving
the underlying theoretical description and to recalibrating
model parameters with new accelerator data are always de-
sirable. In the following, the new version of the QGSJET-II
model (QGSJET-II-04) [6] will be discussed. In particular,
the impact of first data from the Large Hadron Collider (L-

HC) on the recalibration of model parameters will be illus-
trated by comparing with the previous version (QGSJET-
II-03) and the consequences for the interpretation of high
energy CR data will be outlined.

2 QGSJET-II model: physics update

The physics content of the QGSJET-II model has been dis-
cussed in some detail in Refs. [5, 6, 7]. Like the origi-
nal QGSJET, the model treats soft and (semi-)hard parton
processes in hadronic collisions in the framework of the
Reggeon Field Theory (RFT) [8], applying the “semihard
Pomeron” approach [9, 10, 11] to match the phenomeno-
logical Pomeron description of soft parton cascades with
the DGLAP treatment of hard parton evolution, with a vir-
tuality cutoff Q2

0 being used to separate the two regimes.
The unique feature of QGSJET-II is the microscopic treat-
ment of nonlinear interaction dynamics – based on all-order
resummation of the corresponding (so-called enhanced)
RFT graphs which describe Pomeron-Pomeron interaction-
s [5, 12]. While the previous model version took into ac-
count the dominant contributions of “net”-like enhanced di-
agrams, the full resummation procedure [13, 14], including
also contributions of “Pomeron loops”, has been employed
in QGSJET-II-04.
Being formally subleading, “loop” diagrams provide im-
portant screening corrections to hadron-hadron scattering
amplitude at large impact parameters, thus influencing
model predictions for total, elastic, and diffractive cross
sections [14, 15, 16]. As a consequence, taking such con-
tributions into account, one has to adjust some basic mod-
el parameters when calibrating to respective collider ob-
servations. In particular, this resulted in a twice small-
er value for the main parameter which governs the mag-
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Figure 1: Psedorapidity density of charged hadrons at
√
s = 0.9 TeV (left) and

√
s = 7 TeV (right) as calculated using

QGSJET-II-04 (solid), QGSJET-II-03 (dashed), and SIBYLL (dot-dashed) compared to ATLAS data [18] for different
event selections (for |η| < 2.5): Nch ≥ 1, pt > 0.5 GeV – filled squares, Nch ≥ 2, pt > 0.1 GeV – filled triangles,
Nch ≥ 6, pt > 0.5 GeV – empty squares.

nitude of nonlinear effects – the triple-Pomeron coupling
– in QGSJET-II-04 compared to QGSJET-II-03. In turn,
this led to a significantly smaller high mass diffraction in
hadron-hadron collisions and to smaller screening effects in
hadron-nucleus and nucleus-nucleus interactions [15, 16].
Still, when calibrating the new model version to the same
set of accelerator data as used previously, the differences in
the predicted air shower development proved to be rather
insignificant [15]. As the next step, the model parameter-
s have been adjusted to match better the data measured at
LHC. These changes are discussed in the next Section and
illustrated by comparing the results of the two model ver-
sions with each other and with experimental observations.

3 Comparison with LHC data

As demonstrated in [17], CR interaction models met the
first LHC measurements of multi-particle production rela-
tively well. The experimental results appeared to be well
bracketed by model predictions, with most of the model-
s being in a reasonable agreement with the data. Howev-
er, certain trends revealed by experimental observations are
worth a particular attention, as discussed in the following.
The analysis in Ref. [17] indicated that QGSJET-II-03 pre-
dicts a too quick energy-rise of the multiplicity of charged
secondaries Nch in pp-collisions. This may be potentially
related to saturation effects being important for parton vir-
tualities |q2| above the cutoff value Q2

0 = 2.5GeV2 used in
the model. As the saturation is reached (in the “dense” limit
of high energies and small impact parameters) in QGSJET-
II only for “soft” partons (|q2| < Q2

0), increasing Q2
0 to 3

GeV2 allowed the mechanism to operate over a larger kine-
matic space and to slow down the multiplicity rise. The
calculated pseudorapidity density of charged particles for
the old and new versions of QGSJET-II is compared to re-
cent data of the ATLAS and CMS collaborations in Figs.
1, 2; the results of the SIBYLL model [20, 21] are also

QGSJET-II-04 QGSJET-II-03 SIBYLL exp. [23]

MBTSAND 54.1 62.3 68.4 51.9± 5.7

MBTSOR 60.8 69.8 74.7 58.7± 6.5

Table 1: Model predictions for “visible” cross sections (in
mb) for pp inelastic collisions at

√
s = 7 TeV for AT-

LAS minimum-bias trigger selections: at least one charged
hadron at −3.84 < η < −2.09 and at 2.09 < η < 3.84
(MBTSAND) or in either of the two intervals (MBTSOR).

QGSJET-II-04 QGSJET-II-03 SIBYLL exp. [25]

2.76 TeV 47.4 52.5 56.2 47.2± 3.3

7 TeV 55.1 63.6 69.1 54.2± 3.8

Table 2: Model predictions for “visible” cross sections (in
mb) for pp inelastic collisions at

√
s = 2.76 and 7 TeV for

the ALICE MBAND trigger selection: at least one charged
hadron at −3.4 < η < −1.7 and at 1.7 < η < 5.1.

shown.As a side effect, the discussed modification, togeth-
er with additional screening corrections due to “Pomeron
loop” contributions, resulted in a slower energy rise of total
and inelastic pp cross sections in QGSJET-II-04 compared
to the previous model version.
Apart from that, it appeared that QGSJET-II-03 underesti-
mated the production of strange particles, as shown in Fig.
3, which required an adjustment of the respective parame-
ters of the hadronization procedure.
Recently, the ATLAS collaboration performed measure-
ments of “visible” cross sections at

√
s = 7 TeV for dif-

ferent event selection criteria [23]. As discussed in [24],
such studies can be very powerful in discriminating be-
tween various model approaches to the treatment of soft
multi-particle production, being in particular sensitive to
model predictions for inelastic diffraction. The measured
values compiled in Table 1 appeared to be in a good a-
greement with respective predictions of QGSJET-II-04 [6],
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Figure 2: Psedorapidity density of charged hadrons at
√
s = 0.9 TeV (left) and

√
s = 7 TeV (right) as calculated using

QGSJET-II-04 (solid), QGSJET-II-03 (dashed), and SIBYLL (dot-dashed) compared to CMS data for events with at least
one charged hadron with pt > 0.5 GeV at |η| < 2.4 or |η| < 0.8 – respectively filled and open circles, and with pt > 1
GeV at |η| < 2.4 or |η| < 0.8 – respectively filled and open squares [19].
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Figure 3: CMS data on rapidity density of K0
S (triangles)

and Λ (squares) in inelastic pp interactions at
√
s = 7

TeV [22] compared to calculations: QGSJET-II-04 (solid),
QGSJET-II-03 (dashed), and SIBYLL (dot-dashed).

while being significantly smaller than the corresponding re-
sults of QGSJET-II-03 and SIBYLL. Similar conclusions
follow from the comparison with “visible” cross section-
s measured by ALICE over a wider energy range [25], as
illustrated in Table 2, while the values measured by CMS
[26] are slightly higher, favoring the high energy extrapola-
tion somewhat in between the QGSJET-II-03 and QGSJET-
II-04 predictions. It should be stressed, however, that a re-
construction of σinel

pp on the basis of “visible” cross sections
measured with minimum-bias triggers is strongly model-
dependent [27] (see also the discussion in [16]).

4 Impact on EAS characteristics

The predictions of the new model version for EAS develop-
ment are affected by the improved treatment of the interac-
tion mechanism and by the recalibration of model param-
eters with LHC data. As discussed in some detail in [15],
including “Pomeron loop” diagrams in the scheme, one ob-
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Figure 4: σinel
p−air as calculated by QGSJET-II-04 (solid),

QGSJET-II-03 (dashed), and SIBYLL (dot-dashed).

tains smaller screening corrections for hadron-nucleus and
nucleus-nucleus collisions – when the same set of experi-
mental data on hadron-hadron interactions is used for the
model calibration. This leads to an enhancement of the
multiplicity of hadron-air collisions in QGSJET-II-04 com-
pared to QGSJET-II-03 [15], and results in some 10% in-
crease of the calculated EAS muon number Nμ (> 1 GeV)
at E0 ∼ 1015 ÷ 1019 eV. It is noteworthy that the recal-
ibration of the predicted multiplicity rise with LHC data,
illustrated in Figs. 1 and 2, has no effect here – as the cor-
responding changes are at a fine-tuning level. On the other
hand, a part of the obtained increase of Nμ is due to the
enhanced production of strange particles in QGSJET-II-04,
which channels more energy into hadronic cascade.
Another consequence of “Pomeron loops” is an enhance-
ment of screening corrections in peripheral hadronic colli-
sions [15], which results in a reduction of total and inelas-
tic cross sections. Moreover, this reduction is enhanced by
parton shadowing effects now operating over a larger kine-
matic space – due to the increase of the virtuality cutoff
Q2

0 between soft and hard processes. As illustrated in Ta-
bles 1 and 2, the slower energy rise of σinel

pp matches better
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Figure 5: Shower maximum position Xmax for p-induced
EAS as calculated with QGSJET-II-04 (solid), QGSJET-II-
03 (dashed), and SIBYLL (dot-dashed).

the LHC measurements. In turn, this leads to a substantial
reduction of the predicted proton-air cross section – Fig. 4.
As a consequence, QGSJET-II-04 predicts a deeper shower
maximum position Xmax, as shown in Fig. 5. It is notewor-
thy that even larger increase of the predicted Xmax may
be expected for SIBYLL if the latter is recalibrated with
the LHC data – as its present version largely overestimates
“visible” cross sections at

√
s = 7 TeV (Tables 1 and 2).

5 Conclusions and outlook

We discussed here the new version of the QGSJET-II mod-
el, including both the corresponding physics update and
the recalibration of model parameters with LHC data. The
most essential difference with the previous model version
is a noticeable reduction of the energy rise of σinel

p−air, which
is both due to screening corrections induced by “Pomeron
loop” graphs and due to the increased virtuality cutoff
Q2

0 = 3 GeV2 between soft and hard processes, the lat-
ter change inspired by the comparison with LHC measure-
ments. The smaller σinel

p−air resulted in a larger shower e-
longation rate at E0 ∼ 1018 ÷ 1020 eV in QGSJET-II-04
compared to QGSJET-II-03. Additionally we obtained a
slight (∼ 10%) increase of Nμ over a wide energy range
E0 ∼ 1015 ÷ 1019 eV, which is both due to the discussed
changes in the interaction mechanism and due to enhanced
production of strange particles (as dictated by LHC data).
Overall, the predicted EAS characteristics had only minor
changes at E0 ∼ 1015 ÷ 1018 eV. Hence, no revision of
present interpretations of CR data in this energy range, no-
tably by KASCADE [28] and KASCADE-Grande [29], is
required in view of LHC observations.
At higher energies (E0 >∼ 1018 eV), the small changes of
the predicted Xmax and Nμ are unable to resolve current
contradictions between different sets of CR data, notably
by the Auger collaboration. As discussed in [30], Auger
results on the EAS muon content and on the width of
Xmax distribution indicate a heavy-dominated composition
at E0 >∼ 1018 eV, while the observed Xmax is consisten-

t with a light (predominantly p-dominated) composition at
E0 ∼ 1018÷1019 eV. As the present LHC data give no hin-
t towards a much stronger than currently predicted energy
rise of the multiplicity or of the inelastic cross section for
pp interactions, the mentioned contradiction is very likely
to be a purely experimental challenge.
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