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Hadronic interaction models beyond collider energies
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Studies of the influence of different hadronic models on extensive air showers at ultrahigh energies are
presented. The hadronic models considered are those implemented in the wellémarmandsiByLL event
generators. The different approaches used in both codes to model the underlying physics are analyzed using
computer simulations performed with the program AIRES. The most relevant observables for both single
collisions and air showers are studied for primary energies ranging frédfnedd up to 16°° eV. In addition,
the evolution of lateral and energy distributions during the shower development is presented. Our analysis
seems to indicate that the behavior of shower observables does not largely reflect the strong differences
observed in single collision§S0556-282(199)03107-0

PACS numbdss): 96.40.Tv, 13.85.Tp, 96.40.Pq

I. INTRODUCTION pected to dominate interactions in the c.m. energy above
Js~40 TeV. The underlying idea behirmiByLL is that the
Extremely high energy cosmic ray€R) are an extrava- increase in the cross section is driven by the production of
gant phenomenon of nature that has baffled astrophysics faninijets [8]. The probability distribution for obtainingyl jet
more than three decad€4]. Ingenious installations with pairs (with pie>p™"  being p™ a sharp threshold on the
large effective area and long exposure times to overcome theansverse momentum below which hard interactions are ne-
rapidly decreasing flux:-1 event per krfiper year(century glected in a collision at energy/s is computed regarding

at 10° (10?9 eV, are required to study them. Their energy . — . . . .
spectrum beyond 1 PeV needs to be studied indirectl;?laSt'Cpp or pp scattering as a diffractive shadow scattering

through the extensive air showe(BAS) they produce deep associated with inelastic proces4&. The algorithms are
in the atmosphere. Thus, the interpretation of the observeftn€d to reproduce the central and fragmentation regions
cascades generally depends on Monte Carlo simulatior@ata up topp collider energies, and with no further adjust-
which extrapolate hadronic interaction models to energiesnents they are extrapolated several orders of magnitude.
well beyond those explored at acellerators. In QGSJETthe theory is formulated entirely in terms of

There are a couple of quite elaborate modéfe dual Pomeron exchanges. The basic idea is to replace the soft
parton modelDPM) [2] and the quark gluon stringQGS Pomeron by a so-called “semihard Pomeron,” which is de-
model of the supercritical Pomer8]] that provide a com- fined to be an ordinary soft Pomeron with the middle piece
plete phenomenological description of all facets of soft hadreplaced by a QCD parton ladder. Thus, minijets will emerge
ronic processes. These models, inspired dheéxpansion of as a part of the “semihard Pomeron,” which is itself the
QCD are also supplemented with generally accepted theoretontrolling mechanism for the whole interaction. After per-
ical principles such as duality, unitarity, Regge behavior, andorming the energy sharing among the soft and semihard
parton structure. At higher energies, however, there is eviPomerons, and also the sharing among the soft and hard
dence of minijet productiof4] and correlation between mul- pieces of the last one; the number of charged particles in the
tiplicity per event and transverse momentum per parfi§le  partonic cascade is easily obtained generalizing the method
suggesting that semihard QCD processes become importaot multiple production of hadrons as discussed in the QGS
in high energy hadronic interactions. It is precisely the prob-model (soft Pomeron shower$3].
lem of a proper accounting for semihard processes that is the The most outstanding point in connection with the shower
major source of uncertainty of extensive air showers eventlevelopment is certainly the incorporation of nuclear effects.
generators. Both siBYLL andQGSJET[10] describe particle production in

Two codes of hadronic interactions with similar underly- hadron-nucleus collisions in a quite similar fashion. The high
ing physical assumptions and algorithms tailored for efficientenergy projectile undergoes a multiple scattering as formu-
operation to the highest cosmic ray energiesapLL [6] lated in Glauber's approadi1], particle production comes
and QGSJET[7]. In these codes, the low; interactions are again after the fragmentation of colorless parton-parton
modeling by the exchange of Pomerons. Regge singularitieshains constructed from the quark content of the interacting
are used to determine the momentum distribution functiondiadrons. In cases with more than one wounded nucleon in
of the various sets of constituents, valence and sea quarks. the target the extra strings are connected with sea-quarks in
the interaction the hadrons exchange very soft gluons simuhe projectile. This ensures that the inelasticity in hadron-
lated by the production of a single pair QCD strings and thenucleus collisions is not much larger than that corresponding
subsequent fragmentation into color neutral hadrons. Ito hadron-hadron collisions. A higher inelastic nuclear stop-
QGSJETthese events also involve exchange of multiple pairping power yields relatively rapid shower developments
of soft strings. which are ruled out by-nucleus dat§12].

As mentioned above, the production of small jets is ex- Except by the depth of maximum of the shower—a quan-
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FIG. 1. In the figure we have plotted the correspondingir FIG. 2. The correspondingr-air cross sections oBIBYLL,

cross sections o$IBYLL (dashed ling QGSJET (dot9, and AIRES QGsJETandAIRES. The conventions adopted are the ones of Fig. 1.
(solid line). We have also superimposed experimental data obtained
from collider experiments {16], ¢ [17], together with the ones

obtained in cosmic ray experiments [18], ® [19], [ [20]. put parameter fosIBYLL is the c.m. energy in the hadron-

nucleonsystem[21]. Notice that similar plots can be found

tity which is well known to depend on the location and fea-"n Ref. [7] with a different behavior of thesiByLL cross
tures of the first interaction—one can expect that global obS€ctions. We attribute these differences to the c.m. conver-
servables should not be affected by the above reasonabfon procedure. In fact, if the laboratory energy(isistak-
alternative physics assumptions. However, the question ofinly) converted to the hadromucleussystem, one may re-
the sensitivity of the free parameters of these model$roduce the data of Reff7].
(which have been derived from available accelerator)data Note that inQGsJETthe growth in the cross section is
when they are extrapolated to energies essentially greatéitted using a mixture of soft and hard interactions, contrari-
than attained with colliders, is surely an interesting onewise,sSIBYLL does so just with the hard processesnijets).
To answer this question is the main goal of the present arfhus, it is feasible to expect a deviation in the predictions
ticle. when the algorithms are extrapolated several orders of mag-
In this work we shall present severallcomparative Stu_dieﬁitude. FurthermoresisyLL predictions for thep—a Cross
betweensiByLL andQGSIET[13]. The outline of the paper is gection ought to be higher than the onegaBJETsince hard

as follows. In Sec. Il we proceed by first analyzing the dif- 5 ocesses overrule the soft ones with the rise of energy. As
ferent predictions op-air andar-air cross sections, and then a¢orementioned, the extension to hadron nuclei interactions
we compare singlp-p andp-nuclei hadronic interactions. In s computed in both codes in the framework of Glauber

Sec. Il we present results of several numerical analysesheory with minute differences, yielding no significant addi-

Around 5000 air showers induced by protons with energiesional divergences. As a consequence, we attribute the dif-
ranging from 1&* up to 16%° eV are generated with the ferent behaviors for the cross sections shown in Figs. 1 and
code sc aire$14], a realistic air shower simulation system 2, to the way in which the free parameters of both codes are

which includes electromagnetic interactions algoriti®s|  fitted to reproduce p-p collider data. Namely, p2,
and links to the mentionesiByLL andQGSJETmodels. We  _5 Ge\? and the multiplicativead hoc factor k=17

conclude in Sec. IV with the final remarks. siBYLL code! On the other hand, iGSJETwe have (i)
parameters of the Pomeron trajectont=0.07, aj(0)
Il. HADRONIC COLLISIONS =0.21 GeV'?, (i) the ones from the Pomeron vertices:

2 _ 2 2__ 2

Let us start our comparative analysis efviL and ~Rpp=3.56 GeV'", »,=3.64 GeV'*, (iii) the so-called
QGSJETby discussing briefly the-air and 7r-air cross sec-  Shower enhancements coefﬁme@fap: 1.5, andiv) the pa-
tions as calculated by these models and also by the simul&@meters of semihard processpgi,=4 Ge\f (this param-
tion program AIRES. eter as in thesiBYLL code represent the threshold of hard-

In Figs. 1 and 2 the-air (r-air) cross section is plotted
versus the projectile laboratory energy. In the cases of sc
aires cross sectior{solid lines—which are equivalent to the  Iactually one still has another parameter but hardly would have
so-called “Bartol cross sections”—anGSJET (dotted  any influence at high energies. Recall thasiByLL the soft part of

lines), the mentioned laboratory energy is the input energythe eikonal function is taken as a constant fitted to low energy data
for the corresponding algorithms. On the other hand, the infé6].
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FIG. 3. The figure displays the two-dimension distributides- FIG. 4. p-nuclei (A=10) scatterings with incident energies of
ergy vs number of secondarjesbtained fromp-p scatteringgin- p 100 TeV. We have used the conventions of Fig. 3.

cident energy opp 100 Te\). In the left hand side we present the ] ) ]

results ofoessETwhile the right hand side corresponds to the onesdifractive component that is always present in thesJeT

of siBYLL. The first row belongs to charged pions, the second one ténodel.

neutral pions, and the other ones to proton and neutron, respec- In Figs. 5 and 6 similar distributions for 40eV are pre-

tively. sented. It is easily seen that when the algorithms are extrapo-
lated several orders of magnitude the differences in the pre-

interaction$, the parameter associated with the parton deng'CteOI number of secondaries by the two codes grow up

sity r2=0.6 GeV"2: for a survey the reader is referred again dramatically. One should note, however, that the pions dis-

. o . ributions posses similar shapes, but this is not true for the
to [7] and references therein. It is interesting to remark tha P P

: ) . . ucleonic channel where again, the difractive component
with an alternative value in the Pomeron trajectory parametef, s ves the difference

one can reproduce the cross section without hard processes,

viz. with QGS modelsee Table | of 7]). h ____________ R
The most direct way to analyze the differences betweenigggg %%%%g - |""|||||||"""]"
the models is to study the characteristic of the secondaries : TR S

5 75 10 2000 25 5 7.5 10

Log (E) eVl 0 Log (E) 16V
#sec, #sec
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Lo,
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generated under similar conditions. For each hadronic code 2000
we generate sets of i@ollisions in order to analyze the

secondaries produced byBYLL and QGSJETin pp and 1g§§g

pA (A represents a nucleus target of mass nun#erl0)
at different projectile energies. Short lived final state par-
ticles are forced to decay according with algorithms included
in the siBYLL and QGSJET packages. We have recorded
the total number of secondariésaryons, mesons, and gam-
mag, N, produced as a result of the interactions. In all 2000
the considered cases we found that the average numbe
of secondaries coming fromGsJeTcollisions is larger than 2000 0 5 10 .
the one corresponding to teBYLL case. For each particle toy 0@ tooy | @O
type, two-dimensionNXlog(E) distributions were gener- : :
ated.

Figure 3 shows selected energy distributions for the O - TeGEH .. | C -T<caggggem LI

25 5 7.5 10

_— |
most relevant secondaries produceg#p collisions at 100 0 2
. . o . 0 Log (E) 1GeVl 0 Log (E) (GeV1
TeV, while Fig. 4 shows similar results fqr-A collisions. Fsec, #see
The differences between both models at this energy are B B
not quite obvious for the case of pions, being more FIG. 5. p-p scatterings with incident energies pf100 EeV.
evident for nucleons. This can be understood from therhe conventions are the same as Fig. 3.
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FIG. 6. p-nuclei (A=10) scatterings with incident energiesﬁaf
100 EeV. We have used the conventions of Fig. 3.

We remark that the case gfnuclei collisions do not depth for a number of different observing levétsore than

show major differences with respect peﬁcase. 100. Lo ) .
The charged multiplicity, essentially electrons and posi-

trons, is used to determine the number of particles and the
location of the shower maximum by means of four-
parameter fits to the Gaisser-Hillas functifdi].

Proton induced air showers are generated USIRES In Fig. 7 (Xihae is plotted versus the logarithm of the
+sIBYLL and AIRES+QGSJET Primary energies range from primary energy for both thesiByLL and QGSJET cases. It
10" eV up to 16%° eV. To put into evidence as much as shows up clearly thasiByLL showers present higher values
possible the differences between the intrinsic mechanism dbr the depth of the maximum, and that the differences be-
sIBYLL and QGSJETwe have always used the same crosstween thesiBYLL andQGsJETcases increase with the primary
sections for hadronic collisions, namely, thegs cross sec- energy. This is consistent with the fact tisyLL produces
tion plotted in Figs. 1 and 2. less secondaries thagcsier—as discussed in the previous

All hadronic collisions with projectile energies below 200 section—and as a result, there is a delay in the electromag-
GeV are processed with the Hillas Splitting algorittig2],  netic shower development which is strongly correlated with
and the external collision package is invoked for all thoser® decays. The fluctuations, represented by the error bars,
collisions with energies above the mentioned threshold. It islecrease monotonously as long as the energy increases, pass-
worthwhile mentioning that for ultra-high energy primaries, ing roughly from 95 g/crh at E=10" eV to 70 g/cm at
the low energy collisions represent a little fractioro more  E=10?5 eV.?
than 10% at 18 eV) of the total number of inelastic had-  Additionally, we have computed estimations for the elon-
ronic processes that take place during the shower develogration rate,d(X,,.»/dlog;oE, by means of linear fits to the
ment. It is also important to stress that the dependence of thdata presented in Fig. 7. The slopes of the fitted lines are
shower observables on the hadronic model is primarily re57.71+0.79 g/cm per decade and 47.80.77 glcnd per
lated to the first interactions which in all the cases are ultralecade forsiBYLL and QGSJETrespectively. It is worth no-
high energy processes involving only the external hadronic
models. All shower particles with energies above the follow-
ing thresholds were tr_acked: 500 keV for gammas, 700 keV 2At this stage it must be stressed that the mean values we have
for electrons and positrons, 1 MeV for muonsf’ 1.5 Mev_forobtained for depths of shower maximum are slightly different to
mesons and 80 MeV for nucleons and nuclei. The particleg,qge recently presented by Pryke and Voyvod2&]. The main
were injected at the top of the atmosph€t60 kmas)and itference arise from the fact that in our treatment the mean free
the ground level was located at sea level. paths for hadron-nucleus collisions are the same in both models. In

We have analyzed in detail the longitudinal developmentddition, one cannot say that interactions lengths are quite similar in
of the showers. The number and energy of different kind ofhese two models at 19 eV (see Figs. 1 and)2unless both are
particles have been recorded as a function of the verticajeen in the framework afcsieT(see discussion in Sec)ll

Ill. AIR SHOWER SIMULATIONS
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FIG. 8. Longitudinal development of i%° vertical proton 107°F | | 1020 \ | |
showers. 'I_'he average num_bers of particles are plotted versus th "2 25 38 35 " 2 25 3 35
atmospheric depth. The solidlashed line stands for thepGsJeET 108,,(R) [m] 10g,,(R) m]

(sIBYLL) case.

ticing that if the linear fits are perfoimed using only the databutli:olr?s; 3&;&?:5@?&?5%?2; t';r? drggzl:]i?’c(jb?;icli)tg?(:li?ftfi:iL?lsm-
corresponding to e.nergles above i@V, the eIongatlon atmospheric altitudes including the depth where the shower devel-
rate forsiBYLL remains essentially unchanged but there is 8ps its maximum and the predictions at the ground level
significant deviation to 37:%1.8 g/cnt per decade in the '
QGSJETCase.

As a representative case we are going to consider in more
detail the behavior of #8° eV proton showers. In Fig. 8 the -,

; E 2 2 E 2
total number of pions, muons, gammas, and charged particle £ | 4| 200 gricm £ 0k 600 gricm
are plotted versus the vertical atmospheric depth. The ob-§ § E- e
served behavior of the electromagnetic shower is consistent 107 $10° N
with the discussion of the previous paragraphs: A shift in the = 102f+ = 1020 T
maximum of the shower. It is worth mentioning that even if F T
the longitudinal development shows important differences at ¢ £ R 10 F i,
first stages, they decrease monotonously as far as the show - o N 1k e
evolves. The smallest difference between models corre- F T af '
. E 10 E 1
sponds to the case of pions whose number at the ground leve & +t oF
is very similar in bottsiBYLL andQGsJETcases. On the other 10 bt '215' el e T ‘215' — ; Y
hand, the number of ground muons does present significan log. (R) ] log. (k) [m]
(even if not critica) differences. " "
With the particle data recorded we have evaluated latera g Sea level g F <X,>
and energy distributions not only at ground altitude but also § 10 S 104
at predetermined observing levelko the best of our knowl- 3 T I
edge this is the first time that the evolution of lateral and § "° = s T,
energy distributions along the longitudinal shower path is 102F 102F =,
studied in such detail. In this paper we present the distribu- _ 10 _
tions corresponding to a subset of all the levels considered e
taking into account particles whose distances to the showe 1 W 1 E "ﬂ
axis are larger than 50 m. 107 T 10'L 1
The high-altitude lateral distributiorifigs. 9, 10, and 1)1 .23 o I
show important differences betweenBYLL and QGSJET W s 85 0 2 25 3 35
such differences diminish as long as the shower front gets log,(R) Im] 10g,(R) Im]
closer to the ground level. The behavior can be explained
taking into account the differences between the number of FIG. 10. Same as Fig. 9 for the case of muons.
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FIG. 12. Energy distributions obtained witheyLL (grey) and
QGSJET (black at an atmospheric altitude corresponding to

. . . 200 g/cnt and at sea level.
SIBYLL andQGSJETsecondaries reported in the previous sec-

tion. %ue. to t?]e fiCt thaBiBYLL produces less numbe(; %f such altitude there is an important fraction of high energy
seconaaries, they have—in average—more energy and t erﬁélrticles(more than 1 TeV. In particular, this is more evi-

fore the number of generations of particles undergoing hadgent for electrons and gammas when it is compared the
ronic collisions IS increased with respect to tbengTcase. 200 g/cn? with the respective sea level distributions.

As a result, during the shower developmersvLL is called Finally, analyzing in detail the energy distributions of
more times thamGSJET and this generates a compensation, oo ot ground level, we observe that the ratio of

that tends to reduce the difference in tfeal number of 4 /dlogE betweensiBYLL and QGSJETis not constant: At

hadronic secondaries produced during the entire shower, anfe low (high) end of the spectrum it takes the value (08
consequently in the final decay products, that is, eleCtronSreaching a minimum of 0.54 around 250 GeV
gammas and muons. ' '

The lateral distributions of electromagnetic particles are
remarkably similar at bot{X .,y and ground level. How-
ever, it comes out from a more detailed analysis of the Addressing the theoretical issues surrounding high energy
ground distributions that they are not strictly coincident andhadronic collisions is intrinsically complicated since many
that the ratio betweesiBYLL and QGsJETpredictions does yariables are involved. However, this is crucial in under-
depend om, the distance from the core. In fact, for electrons,standing the data being recorded by present extremely high
this ratio runs from 1.25 for smalr to 0.73 for r energy CR experiment@ike the Akeno Giant Air Shower
~1000 m, being equal to 1 at-350 m. A similar behav-  Array [24]) as well as CR next generation experimeftte
ior is observed for gammas where the lateral distributionguture Pierre Auger Observatofg5—fluorescence detector

FIG. 11. Same as Fig. 9 for the case of gammas.

IV. CONCLUSIONS

intersect ar ~1000 m. plus ground array—and the “eyes” of the OWP6] that will

In the case of lateral muon distributiorggzsJeTpredicts @ deeply watch into the CR-sky
higher density for all distances, but tseYLL/QGSJETratio In this work we have studied the sensitivity of parameters
is not constant, ranging from 0.74 near the core to 0.56 asf hadronic interactions modelditted to low energy data
1000 m. when the algorithms are extrapolated several orders of mag-

The energy distributions at varying altitudésg. 12 per-  nitude. Perhaps the most oustanding difference between
mit following the dynamics of the shower in great detail. ThegigyLL andQGsJET as we had expected from our theoretical
corresponding ones to 200 g/€nelearly indicate that at analysis, is reflected in the predicted number of secondaries

after singlep-p and p-nuclei collisions. Such a difference
increase steeply with rising energy. Our investigation on air
3We want to stress thdX,, is different in each model. showers throws up various other points of interest. In par-
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ticular, we have reported that the different number of sec- Measurements of particle numbers at high atmospheric
ondaries predicted remains noticeable during the first stagestitudes(fluorescence detectorgether with shower maxi-

of the shower development. It is, of course, immediately evi-mun and changing rates, should contribute positively in the
dent that this follows again as a direct consequence of thanderstanding of hadronic interactions if the kind of cosmic
lower inelasticity implemented in th&@BYLL generator when particle that induced the shower could be determined sepa-
compared with the one iIQGSJET The study of the evolution rately.

of lateral and energy distributions along the longitudinal In our opinion most of the model discrepancies discussed
shower path allows us to clearly observe how the differenceg Sec. Il will be naturally reduced with the help of data
in the distributions become monotonously damped, yieldingobtained from future accelerator experiments like the well
rather similar shapes when reaching the ground. Further, wienown Large Hadron CollidefLHC).

have shown that the differences observed at ground level do
depend on the distance to the shower core. Consequently, we
are convinced that it will be possible to obtain relevant in-
formation about the hadronic interactions in air showers It is a pleasure to thank Tom Gaisser for valuable com-
from the measurement of particle densities at distances fanents on technical aspects @iByLL. We are also indebted
from as well as close to the shower core. This can bedo Alberto Etchegoyen for granting us computing facilities.
achieved if CR experiments are designed with appropiatd& his work has been partially supported by CONICET and the
dynamic ranges. FOMEC program.
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