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QGSJET-Il: physics, recent improvements, and results for air showers

S. Ostapchenko®?2

INTNU, Institutt for fysikk, 7491 Trondheim, Norway
2D.V. Skobeltsyn Institute of Nuclear Physics, Moscow State University, 119992 Moscow, Russia

Abstract. Modeling of high energy hadronic and nuclear interactions by the QGSJET-II generator is discussed.
Recent updates related to the treatment of nonlinffacts in the interaction dynamics and to the model cali-
bration with new LHC data are described. A special attention is devoted to the predictions of the new model
version for characteristics of extensive air showers initiated by high energy cosmic rays. In particular, an im-
proved description of charge exchange processes in pion collisions is discussed and the respective enhancement
of the shower muon content is analyzed.

1 Introduction quick energy rise of the respective contributions and their

) ) ) ] strong impact on characteristics of hadronic collisions, no-
Despite the long history of high energy cosmic ray (CR) 51y, “on the multiplicity of produced secondaries, there

studies, there remain numerous unsolved problems in ;45 a hope to develop a fully perturbative treatment for
field. Among the most outstanding ones is the determi-5 general minimum bias hadron scattering — since the un-

nation of the primary CR composition at ultra high ener- ygrjying physics involves parton cascades characterized by
gies. Apart from purely experimental challenges, a Sefi-|arge transferred momentum.

ous uncertainty in the interpretation of data is related to |, an attempt to include such processes into models-
the description of nuclear-electromagnetic cascades in thﬁenerators of hadronic collisions a so-called minijet ap-

atmosphere - exten;ive air sh_owe_rs (EAS) -W.hiCh are theproach has been proposed (e.g. [5, 6]). The latter was
main tool for detecting CR primaries in very high energy based on a rather radical assumption, namely, that proper-

range. The largest part of that uncertainty stems from theties of purely “soft” (small momentum transfer) processes
treatment of hadron-air interactions in the shower by cor-4 depend on energy and all the non-trivial physics
responding models since the Iatter_have to be extrapolateﬁlke the energy-rise of total and inelastic cross sections,
from much lower accelergtor energies. Therefore, the SFarf'nuItipIicity, etc. is due to a quickly rising minijet contri-
of the_Large Hadron Collider (LHC) .and the success of its bution, the latter corresponding to high > QS processes,
experimental program are of great importance for the CRQO being some characteristic momentum scale. In early

field. There is a strong hope that new data will SUb_Stan'QOth, there have been extensive discussions on the “true”

tially constrain EAS S|mulat|on proc_edures and contr_|butevalue of the respectiv@y-cutaff which proved to be a cru-

to a successful resolution of ultra-high energy cosmic ray;, parameter for the scheme. Moreover, one speculated

(UHECR) puzzle:_s. , that this cutd should be energy-dependent (e.g. [7]) in
In the following | discuss recent updates of the order to account for parton saturatioffeets [4, 8] and

QGSJET-II hadronic interaction model [1-3], both con- 414 depend on nuclear mass numbers when treating nu-
cerning improvements in the underlying theoretical frame'clear collisions [9]

vAvork ar_1d| regaLdin_g its_ITek;cali_brati?nr\]/vith tr;]ew LHqu]flta‘ The motivating idea behind the original QGSJET
special emphasis will be given 1o now those modilica- i, 5 4q| [10] was that there is no principalfidirence be-

tions impact the predicted EAS characteristics. tween soft and hard processes in hadron scattering. Corre-
spondingly, theQo-cutdf is just a technical parameter: it

2 Overview of the model merely separates the kinematic region which we attempt
. to describe by perturbative methods from long-distance
2.1 Semihard processes physics for which we are forced to apply a phenomeno-

logical description. In order to develop a unified scheme,

Already 30 years ago one realized the importance of >9hoth soft and semihard parton cascades have been treated

called semihard processes, which give rise to production

of hadron jets of relatively large transverse momenta In QGSJET and, later, in the NEXUS model [11] in the
for high energy interactions of hadrons [4]. Apart from a framework of Gribov's Reggeon Field Theory (RFT) [12],

describing them as exchanges of “soft” and “semihard”
3e-mail: sergey.ostapchenko@ntnu.no Pomerons, as discussed in more detail in [13]. The soft
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Pomeron is used as affective description for a nonper- while an uncut one corresponds to a virtual (elastic) re-
turbative cascade characterized by small parton virtuali-scattering process. Hence, for any partial contribution, e.g.
ties,g? ~ p? < Qg. As semihard processes involve par- for the one with precisely two elementary particle produc-
ton cascades which develop, at least partly, in the regiortion contributions (two cut Pomerons), one has to sum up
of high virtualities, g > Qg, the respective part of par- contributions of graphs with arbitrary numbers of virtual
ton evolution can be treated using perturbative methodsre-scatterings (uncut Pomerons).

Correspondingly, the “semihard Pomeron” is defined as a

t-channel iteration of the soft one and of a piece of parton2 3 Nonlinear effects

ladder built by means of DGLAP evolution — Fig. 1. Thus, . , , .
4 g The crucial developmentimplemented in QGSJET-Il is the

treatment of nonlinear interactioiffects related to merg-

soft Pomerol ing (splitting) of parton cascades, which are described in
the model by so-called enhanced (Pomeron-Pomeron in-
QCD ladder teraction) diagrams [15, 16]. As before, various partial
= + cross sections are then obtained considering relevant uni-

tarity cuts of elastic scattering graphs, applying the AGK

cutting rules [17, 18]. The corresponding calculation pro-
soft Pomerol cedure forms the basis for generating arbitrary (generally

complicated) configurations of hadronic and nuclear col-

lisions in a Monte Carlo fashion [3], thus providing a mi-
Figurel. “General Pomeron” is the sum of the soft and semihard croscopic treatment for the interaction dynamics.
ones — respectively the first and the second graphs in the r.h.s. An important example is the description offdaction
dissociation processes in hadronic and nuclear collisions,
in which multi-particle production patterns are character-
ized by a formation of large rapidity gaps (LRG) not cov-
ered by secondary hadrons [18]. While almost all the
other models-generators employ aahoc treatment for

the difraction, e.g. using some parametrized ansatz for

2.2 Multiple scattering the diffractive masdMy distribution, QGSJET-II predicts
the relevant characteristics, based on the structure of the

A general hadron-hadron (hadron-nucleus, nUCIeUS'underlying RFT diagrams. As an illustration, QGSJET-

nucleus) scattering involves multiple scattering processes, o, [3] prediction for &-distribution ¢ = M2/s, s be-
= Mx

l.e. multi-Pomeron exchanges, as shown in Fig. 2. Thelng the c.m. energy squared for the collision) for single

diffractive proton-proton collisions a{'s = 7 TeV is com-
pared to the one of SYBYLL 2.1 [19] in Fig. 3. While

a general “elementary” scattering contribution is described

by a “general Pomeron”, i.e. by a sum of the soft and semi-
hard ones, as shown in the Figure.
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Figure 2. General multi-Pomeron contribution to hadron-hadron
scattering amplitude; elementary scattering processes (vertical
thick lines) are described as Pomeron exchanges. 2

beauty of the RFT formulation is that it allows one to de- 10

velop a coherent approach for calculating various inter-
action cross sections and for treating particle production.
While the total cross section is related via the optical the-
orem to the imaginary part of elastic scattering amplitude,
the latter being defined by the summary contribution of Figure 3. fop(é) = % d% for single difractive pp collisions

the graphs of the kind depicted in Fig. 2, various partial at vs = 7 TeV as obtained using QGSJET-11-04 (solid) and

cross sections may be derived from unitarity cuts of thoseSIBYLL 2.1 (dashed), also shown is the contributionfia(¢)

graphs, obtained with the help of so-called Abramovskii- ¢, high mass diraction in QGSJET-11-04 (dash-dotted).
Gribov-Kancheli (AGK) cutting rules [14]. The physical

process behind a particular cut diagram may be easily un-
derstood if one associates a cut Pomeron with a real partom SYBYLL 2.1 the assumedM3/M3 distribution pro-
cascade which gives rise to secondary hadron productiorjuces the flag-shape, a more complicatMﬁ-distribution
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is obtained in the case of QGSJET-1I-04: apart from awhile staying in agreement with measured proton struc-
sharp peak at lov#, formed by the contribution of low ture functions [1, 3]. To understand that, let us examine
mass difraction (smaIIM)Z(), one obtains also a nontrivial the standard ansatz of the minijet approach for the con-
Mi—dependence for the partial contribution of high masstribution of semihard processes to the interaction eikonal
diffraction, which is related to the ftierent strength of ysn(s, b), as implemented in almost all the Monte Carlo
nonlinear screening corrections in peripheral (large impacgenerators on the market. Namely, one assumgso
parameteb) and central (smalb) pp-collisions [18, 20].  be given by the product of thieclusive minijet produc-
Such kind ofM%-dependence is indeed indicated by the tion cross section fop? > Q3, ojer(s. Q2), and the overlap
ATLAS LRG data [21] though the decisive discrimination functionA(s, b), the latter being the convolution of the pro-
may be performed by the TOTEM experiment [22]. jectile and target proton form factors for a given impact
The developed scheme is based on the assumptioparameteb [6]. This contains a strong (and unjustified)
that Pomeron-Pomeron coupling corresponds to mergingssumption that hard processes contributeoteincusive
of parton cascades in the low virtuality domaifi, < Qg, quantitieslike ysn(s b) in the same way as they do for
being dominated by soft processes. The strength of nonlinelusive jet spectra:oje; is defined by a convolution of a
ear interaction #ects thus depends on the so-called triple- parton scatter cross sectiduar,zjz/dpt2 with the universal
Pomeron couplings: which is the main parameter of the parton distribution functions (PDFs) of protofi$x, g°):
approach. It is worth stressing that a consistent treatment do2=2
requires a full resummation of enhanced diagrams, to all Tiet(S, Q(z)) _ de1 dx fdptz Z 0
orders with respect t®s, both for uncut (elastic scat- 1,i=a69 dp?
tbermg) d|agrams. and for various unltarl'Fy cuts,_whlch has xfi(xa p2) F30 D). (1)
een performed in Refs. [16—18]. As anillustration, shown
in Fig. 4 is the sequence of cut enhanced graphs correUsing this ansatz, nonlinear screening corrections may
only emerge in the evolution of the universal PDFs, cor-
responding to a re-scattering of intermediate partdfis o
the parent hadron. Hence, a strong damping of theXow
rise of f,(x, ¢?) is required in order to stay in agreement
with observed energy—dependenceﬂ%ﬁ. In contrast, in
the more general treatment based on enhanced diagrams,
. ' xsh(S, b) is expressed via non-universal PDFs which con-
tain additional screening corrections due to intermediate
parton re-scatteringfbthe partner hadron [1], as depicted
in Fig. 5. Itis this additional screening contribution which

+

Figure4. Cut enhanced graphs corresponding to single “elemen-
tary” particle production process. Cut Pomeron shown by a thick
dashed line represents a real parton cascade which gives rise to !

secondary hadron production. Uncut Pomerons (corresponding p 1 p
to virtual parton cascades) are shown by thick solid lines and de-

scribe elastic re-scattering of the (real) cascade partfiresaoh

other and € the projectile and target hadrons (nuclei). !

¢ (x, Q°) /

sponding to a single real parton cascade (cut Pomeron), ‘ ' iy '
with an arbitrary number of elastic re-scatterings of the P !
partons & each other and fb the projectile and target
hadrons (nuclei); the process gives rise to a production ofigure 5. Schematic view of parton distributions as “seen” in
a single chain of secondary hadrons stretched between th@eep inelastic scattering (DIS) — left, and in proton-proton colli-
projectile and the target, without any LRG. sion§ - right. Lowx parton (sea quark.or glupn) originates from

While the previous model version, QGSJET-11-03 [23], the_ initial state “blob” and !nteracts with a virtual “probe’_’. The
was based on resummation of (dominant) enhanced grapngers"’“.PDFS measured in DIS afeeated by a re-scattering of
of “net’-like type, also so-called Pomeron “loop” graﬁhs intermediate partons from the initial state cascade (hidden in the

. . L “blob”) off the parent proton. In proton-proton interactions the
have been taken into consideration in QGSJET-11-04 [3], initial “blob” is affected itself by the collision process: due to a

i.e. the new treatment takes into account all significant di-re_scattering of intermediate partorf the partner (here, target)
agrams for Pomeron-Pomeron interactions. proton, as indicated by dashed lines in the Figure.

In contrast to the minjet approach, the above-discussed
treatment allows one to obtain a consistent descrip-
tion of the observed energy-dependence of total anddlamps the energy-rise of hadronic cross sections without
elastic proton-proton cross sections for a fixed energy-affecting the lowx behavior of the universal PDFs. It is
independeny-cutof between soft and hard processes, noteworthy that the above-discussetkeet may be inter-

- , _ _ preted alternatively as being due to correlations in gener-
Pomeron loop graphs contain multi-Pomeron vertices connected .toalized muIti—parton distributions [24].

each other by two or more Pomeron sequences [17, 18]. Though being . L.

formally sub-leading, those diagrams provide important contributions to Finally, it is |mportan_t to Str_eSS tha_t the ab(_)ve—

elastic scattering amplitude, in particular, at lange discussed treatment remains consistent with pQCD in the
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two key aspects: the evolution of universal PDFs is still ’g
governed by DGLAP equations and the collinear QCD g
factorization does apply to inclusive jet spectra (e.g. Eq. 150
(1) remains valid), as discussed in more detail in [1].

2.4 Main drawbacks of the model 100

One of the drawbacks of the present treatment is related

to the underlying assumption that Pomeron-Pomeron cou-

pling is dominated by “soft” parton processesjat< Qg. 50
Correspondingly, the treatment doesn’t take into account

“hard” Pomeron-Pomeron coupling corresponding to non-

linear parton processes in the perturbative domain, thus 0 e
missing the respective screeninieets. This poses lim- 10° 10° 10* 10°
itations to model applications for a treatment of central c.m. energy (GeV)
nucleus-nucleus collisions at very high energies.

Another serious drawback which is common to most Figure 6. Total and elastic proton-proton cross sections as cal-
of the models-generators on the market is related to usculated using QGSJET-1I-04 (solid) and QGSJET-1I-03 (dashed)
ing eikonal Pomeron-hadron and multi-Pomeron vertices compared to accelerator data (points); solid squares - TOTEM
i.e. the treatment neglects energy-momentum sharing pde€sults [28], open symbols - compilation of data from Ref. [30].
tween multiple scattering processes at the amplitude level
[25] (see also a qualitative discussion in [26]). A construc-
tion of a model which combines a treatment of the energy-  The latter circumstance is not occasional but reflects
sharing mechanism with the one for nonlinear interactionthe fact that model predictions for EAS fluctuations are
effects remains a serious challenge at present. now strongly constrained by the TOTEM results for
proton-proton cross sectioAsln turn, fluctuations of air
showers induced by relatively heavy nuclei depend mostly
on the geometry of nucleus-nucleus interactions, notably
3.1 Impact of LHC data on the model predictions on the variations of the impact parameter for a collision

for Xmax and RMS(Xmax) and the related fluctuations of the number of “wounded”

) o ) . projectile nucleons participating in secondary particle pro-
The impact of the main improvement implemented in q,ction, and on the fragmentation of the nuclear spectator
QGSJET-1I-04, the treatment of Pomeron loop contribu- nar 131-33). As the consequence, model predictions for
tions, on EAS cha_lra_cterlstlcs _has been investigated PreVIRMS (Xmay) for iron-induced EAS coincided rather well
ously using a preliminary version of the model [27]. Itap- gyen in the pre-LHC era. However, there is still an un-
peared that the derences with the respective QGSIET-II- certainty concerning the averadeay, as illustrated e.g.
0_3 predictions were quite small_, wk_nch may be SUrprising,py the diference between the respective QGSJET and
given the relatively large contributions of Pomeron loop QGSJET-I-04 predictions, which reflects the uncertainty

graphs [18]. The reason is that in the complete scheméy the energy dependence of the inelasticity of hadron-air
one has to use a substantially smaller (almost by a factor of )jisions.

two) value for the triple-Pomeron coupli@gz in order to

stay in agreement with collider measurements of total and .
elastic proton-proton cross sections. Thus, the scheme re‘3—'2 Trealltr.nent of charge exchange in pion
alized in QGSJET-II-03, which was based of “net”-like en- collisions and EAS muon content

hanced Pomeron graphs only but used a la@grvalue, et us now turn to the muon content of extensive air show-
turned out to be a reasonable approximation to the comers, for which one has a persistent disagreement between
plete treatment, the latter including also Pomeron loop di-the results of the Pierre Auger Observatory (PAO) and the
agrams and using small€gp. respective predictions from EAS simulations [34]. The
Additional improvement in the final model version has standard option for increasing the muon numbkr a
been its calibration with LHC data, notably, with TOTEM much faster energy rise of the multiplicilye, of charged
results ono'sy® [28]. This resulted e.g. in a somewhat particles produced, now seems to be closed by LHC data.
slower energy rise of hadronic cross sections, as illustratedndeed, the relevant experimental results appear to be
in Fig. 6 and discussed in more detail in [29]. In turn, this well-bracketed by the predictions of interaction models
leads to a slightly higher elongation rate for the showerysed in EAS simulations [35]. Another potential option
maximum position, with the dierence to QGSJET-1I-03  for increasingN,, a copious production of (anti-)baryons

for the predicteKmay reaching 20 gen? at the highest CR  [36, 37], is neither supported by LHC data.
energies — Fig. 7(left). Similarly, the smallelge' leads

- p-air 2QGSJET prediction for"® appeared to be in a good agreement
pp
to Iarger fluctuations OKmax, the correspondmg standard ith the TOTEM measurements.

deviation RMSKmaX) being n‘_JW in a QOOd agreement with SMoreover, an enhancement of the number of high energy muons
the old QGSJET results — Fig. 7(right). (E, 2 10) GeV seems to be suggested by the PAO data, while the “baryon

3 Air shower characteristics

02001-p.4
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Figure 7. Energy dependence of the shower maximum posi¥gs (left) and its standard deviation RM&{,,) (right) as calculated
using QGSJET-11-04 (solid), QGSJET-II-03 (dashed), and QGSJET (dash-dotted).

One may wonder if LHC results, being obtained ciple, this is not surprising since the mechanism influ-
mostly for proton-proton collisions, can constrain model ences forward spectra of neutral pions produced and, con-
predictions for hadron-nucleus and nucleus-nucleus intersequently, the amount of energy going into electromag-
actions. The conjecture is that the interaction mechanismetic (¢m) particles (hence, lost by the hadronic cascade).
is the same in all those processes, at least in the frameMeanwhile, as stressed in [39], present CR interaction
work of the QGSJET-II model: the scattering process ismodels tend to predict a somewhat hargespectra than
mediated by parton cascades which develop between thebserved experimentally inp-collisions, as illustrated in
projectile and target hadrons (nuclei). Itis the larger phasd-ig. 8. The observed modelftiérences at larger are
space, primarily, the larger rapidity interval available for
such cascades to develop, which defines the energy evolu-
tion of the basic observables. Replacing one hadron by an-
other or by a nucleus doesn’'t change the interaction mech- B
anism, rather changing the initial conditions for those cas- 102
cades.

However, those initial conditions have a direct impact
on the initial stage of such cascades, which is where for- 10
ward (backward) particle spectra are formed. Thus, the
next questions are if the respective description is adequate
enough and if an improved treatment may produce a larger 1
N,. The first question may be answered by comparing
model predictions for forward particles spectra with co-
pious accelerator data at fixed target energies — since the
relevant mechanisms, like the energy-momentum sharing
between multiple parton cascades or production of secon-
daries by hadronic “remnant” states composed of spectator
constituent partons, have the strongekia there. Figure 8. Feynmanx spectrum of neutral pions in*p col-

To address the second query, let us keep in mind thafisions at 250 GeXt as calculated with QGSJET-11-03 (solid),
the only realistic way to significantly enhance EAS muon QGSJET (dashed), and SIBYLL 2.1 (dash-dotted) compared to
content is by changing the treatment of pion-air colli- experimental data [41] (points).
sions — since the correspondirfgget will accumulate over
many steps of the nuclear cascade (“hadron generations”)
in the atmosphere [38]. Further, it has been demonstratef0stly due to the leading state treatments, e.g. the softer
in Ref. [39] thatN, is rather sensitive to how the lead- Spectrum in QGSJET is because the pion remnant is al-
ing (“remnant”) hadronic states in pion-air scattering are Ways represented by a respective low mass excited state.
treated, more precisely, if those form multi-particle states ~ Thus, we are forced to reconsider the treatment

or may be represented by a single leading pion. In prin-0f charge exchange processes in pion-proton and pion-
nucleus collisions, the importance of the problem being

mechanism” would produce an excess of muons of relatively low ener-Stresse(_j pr_eVi(-_)USI_y in Ref- [40] Forward neUt_ral hadron
gies ¢ 1 GeV). production in pion interactions is governed by diagrams of

3 4
107 ri'+p - 1€ at 250 GeVic

da/dx.
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the kind depicted in Fig. 9: one considers a slowing down X" 3 .
P g ¢ T 10° rep . 1P at 250 Gevic
u u u © C
+ —_— -
m_ © p° 2|
= = 10°E
d u u 8
_lp |t -
d u d u 10

Figure 9. Diagrams for the production of leading neutral me-
son states in pion collisiongi-meson exchange (left) and pion 1
exchange (right).

=
o

of a valence antiquark (quark) and a creation of a quark-
antiquark pair from the vacuum, with the antiquark (quark)
from the pair being combined with the remaining valence
quark (antiquark) to form a leading hadron. Depending on _ o ,
the parity of the exchanged Reggeon stakeifi Fig. 9) Figure 11. Feynmanx spectrum of neutral pions im* p colli-

one obtains thus a Ieadim@ (o* exchange) opo (x* ex-' sions at 250 GeX¢ as calculated with QGSJET-11-04 under the

h o ke h th dical ti assumtion on pion exchange dominance for charge exchange pro-
change). r.1e can ma_ e .ere a rather radica ass‘,‘mp 'o&asses; experimental data are from Ref. [41] (filled squares) and
that the dominant contribution comes from exchanging theg 1, ret. [43] (open squares).

Reggeon state of lowest mass, i.e. that pion exchange dom-

inates. In such a case, the obtained very forward spectra

o iy

of p°-mesons appear to agree with accelerator data (Fig. g 1.4
10), thus supporting the above-discussed mechanism. Onei i p-induced EAS
4 = -
2 T+p - p at 250 GeV/c o 13
= Q
* 3
=
L
=
]
O L
€ 11 b
=1
- B
l 715\ | HHH‘ 1é | HHH‘ 17\ | HHH‘ 1é | HHH‘ 15\) L] 20
10 10 10 10 10 10
E, €V
1 0 0.2 0.4 0.6 0.8 1 Figure 12. RelativeN, difference at sea level between QGSJET-

11-04 and QGSJET-II-03 for proton-induced EAS for difént
muon energy threshold€, > 1 GeV - solid,E, > 10 GeV —
Figure 10. Feynmarx spectrum of®-mesons i p collisions ~ dashed, an&, > 100 GeV — dash-dotted.

at 250 GeV¢ from Ref. [42] (points) compared to the respective

“remnant” contribution in QGSJET-1I-04 (line) .

ment rises with the primary energy due to the larger num-

obtains also much softe® spectra which come closer to ber of nuclear cascade steps (pion generations), reaching
observations, as illustrated in Fig. 11, though experimentaR0-25% level. However, theffect saturates around %0
uncertainties don't allow one to make definite conclusionseV and weakens at higher energies. The latter is because
here; e.g. the data from Ref. [43] indicate an even softerthe bulk of secondary hadron production at high energies
7° spectrum. comes from parton cascades, with the “remnant” contri-

As p®-meson decays into a charged pion pair, thebution becoming less and less significant with increasing
above-discussed modification leads to a higher muon conenergy. In contrast to the “baryon mechanism”, the above-
tent of air showers. Indeed, the balance between the erdiscussed\, enhancement takes place over a wide muon
ergy kept in the hadronic cascade and in tfm ene is  energy range, being maximal f&, ~ 10 GeV. Thus, the
changed towards the former; one produces a larger numaew model may stay in a somewhat better agreement with
ber of charged pions per pion-air interaction, with a harderthe PAO data, though the obtainid enhancement is still
pion spectrum. The resulting changes for EAS muon num-insuficient to remove the contradiction, unless a heavy CR
ber are demonstrated in Fig. 12. Clearly, fjeenhance- composition is assumed.

02001-p.6
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Figure 13. Relative diferences between QGSJET-1I-04 and QGSJET predictions for muon (left) and electron (right) numbers at sea
level for vertical proton- (solid) and iron-induced (dashed) EAS.

Since the obtained enhancement of the muon numbeand to sample the latter using Monte Carlo methods. As an
is already substantial for primary energies arount &, important example, the model predicts a nontrivial depen-
one may question if the new model is consistent with ob-dence of the dierential single diraction cross sections
servations of the KASCADE experiment in the “knee” en- on the difractive state mass.
ergy range and if it would imply significant changes for The key diference of the present treatment compared
CR composition analysis by KASCADE [44, 45], which to the popular minijet approach is that one doesn’t assume
was based on the QGSJET model. To address these quethe QCD factorization to apply to non-inclusive observ-
tions, the relative dierences between QGSJET-11-04 and ables, notably, to the contribution of semihard processes to
QGSJET for the predicted muok,( > 1 GeV) and elec-  elastic scattering amplitude. On the contrary, it is demon-
tron (€*) numbers for proton- and iron-induced EAS are strated that nonlinear parton processes explicitly break the
plotted in Fig. 13. It is easy to see that in the energyfactorization for non-inclusive observables and provide
range of interest botN, andN, are approximately equally non-factorisable screening corrections, in addition to the
enhanced in the new model, particularly for the case ofones included in nonlinear evolution of parton densities.
primary protons. Consequently, one can not expect anyrhe latter circumstance appeared to be crucial for obtain-
substantial changes for the derived CR composition whiching a consistent description of the energy-dependence of
was obtained by unfolding the measurisg(N,) depen-  total and elastic proton-proton cross sections at very high
dence [44]. On the other hand, fée-induced EAS at  energies, while staying in agreement with measured parton
105 eV, the Ne enhancement is about twice the one for distributions. As the consequence, g-cutdf is a tech-
the muon number. The correspondiNg(N,) increase is  nical energy-independent parameter of the scheme, used
likely to remove the discrepancies between EAS simula-to separate short- and long-distance physics.
tions and the KASCADE data in that energy range [44]. On the other hand, the treatment doesn't take into ac-
count “hard” Pomeron-Pomeron coupling corresponding
to nonlinear parton processes in the perturbative domain,
thus missing the respective screeninget$. This poses
QGSJET-Il dfers a phenomenological treatment of limitations to model applications for a treatment of central
hadronic and nuclear collisions at high energies, being denucleus-nucleus collisions at very high energies.
veloped in the Reggeon Field Theory framework. The  The latest model version, QGSJET-II-04, comprises
soft and semihard parton processes are included in th#hree important updates: i) treatment of all significant en-
model within the “semihard Pomeron” approach. Nonlin- hanced diagram contributions to the underlying dynam-
ear interaction eficts are treated by means of Pomeron-ics, including ones of Pomeron loops; ii) re-calibration of
Pomeron interaction diagrams. By construction, the modethe model with new LHC data,; iii) improved treatment
is fully consistent with pQCD description in the two key of charge exchange processes in pion-proton and pion-
aspects: i) perturbative evolution of parton densities isnucleus collisions.
governed by DGLAP equations; ii) collinear QCD fac- Compared to the previous model version (QGSJET-II-
torization applies folinclusive jet spectra. The explicit 03), QGSJET-11-04 predicts a somewhat higher elongation
treatment of nonlinear processes allows one to treat relrate for extensive air shower maximum positdg.y, the
evant aspects of the interaction dynamics, in particular, torespective dference reaching 2Q@n? at the highest CR
obtain partial cross sections for various arbitrarily com- energies. Also slightly largefmax fluctuations (by some 5
plicated configurations of hadronic and nuclear collisionsg/cn?) are obtained for proton-induced EAS, botfeets

4 Summary
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being driven by the model calibration to TOTEM data on [17] S. Ostapchenko, Phys. R&/77, 034009 (2008).

total and elastic proton-proton cross sections.
For the shower muon content, one obtained0%
enhancement, theffect being mostly due to the modi-

[18] S. Ostapchenko, Phys. R&81, 114028 (2010).
[19] E.-J. Ahnet al., Phys. RevD80, 094003 (2009).
[20] S. Ostapchenko, Phys. Lef8703,588 (2011).

fied treatment of charge exchange processes in pion coI[21] G. Aad et al. (ATLAS Collaboration), Eur. Phys. J.
lisions. Importantly, this enhancement is approximately” =72 1926 (2012). ’

muon energy-independent in the rarige~ 1 - 100 GeV,

which thus dfers a possibility to soften the disagreement

[22] G. Anelli et al. (TOTEM Collaboration), JINST3,
S08007 (2008).

between the respective PAO results and EAS simulations[23] S. Ostapchenko, AIP Conf. Prca28, 118 (2007)

On the other hand, in the “knee” energy range, the ob-
tainedNe(N,,) dependence is similar to the one for the old
QGSJET model. Hence, no significant changes for the re
spective CR composition analysis by the KASCADE col-

laboration should be expected.
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