Test of hadronic interaction models via accelerator data
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Abstract

At high energy, cosmic rays can only be studied by measuhiagx-
tensive air showers they produce in the atmosphere of thih.EAl-
though the main features of air showers can be understodunvat
simple model of successive interactions, detailed sirmriatand a re-
alistic description of particle production are needed tlwudate ob-
servables relevant to air shower experiments. Currentlydmac inter-
action models are the main source of uncertainty of suchlatoas.
We will study how accelerator data can constrain the differadronic
models available for extensive air shower simulations.

1 Cosmicraysand hadronic interactions

Due to the steeply falling energy spectrum of cosmic raysectlidetection by satellite- or
balloon-borne instruments is only possible up to abeut0'* eV. Fortunately, at such high
energy, the cascades of secondary particles produced tycmsys reach the ground and can be
detected in coincidence experiments. The cascades aeel eadtensive air showers (EAS) and
are routinely used to make indirect measurements of higiggre@smic rays.

As a consequence of the indirect character of the measuteneailed simulations of
EAS are needed to extract information on the primary parfrdm shower observables. Whereas
electromagnetic interactions are well understood witl@rtyrbative QED, hadronic multiparti-
cle production cannot be calculated within QCD from firshpiples. Differences in modeling
hadronic interactions, which cannot be resolved by curmentlerator data, are the main source
of uncertainty of EAS predictions [1, 2]. In this article, well discuss the relation between
hadronic multiparticle production and EAS observables thiedconstrains given by accelerator
data.

2 Heitler’'sMod€

Thanks to a simple Heitler model generalized for hadronmagts [3, 4], one can extract the
main observables of hadronic interactions needed to utashet$he development of air showers.

In this kind of toy model, a hadronic interaction of a chargedticle with energyr will
produceN,,; new particles with energy /N, with Ngy; particles ¢° mainly) transferring
their energy to the electromagnetic channel. Introducicgesiacteristic energyty = 150 GeV),
where pions are assumed to decay into muons, the number afsnfioioa shower with primary
energyky aftern generations is given as [5]
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with R = (Niot — Nem)/Niot- The muon number depends therefore stronglyRonvhich is
understandable sind€gy; counts particles giving all their energy to the electronagnchannel
— not producing muons.

Usually these kind of toy models consider only pions as sgagnparticles resulting in
R = 2/3. In this case the muon number depends only\gs, as doeX,,.x [5], as
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with \p.q being the hadronic interaction path length, and with= 85 MeV being the criti-
cal energy (where particles disappearing from the showsas).us now be a bit more realistic,
and consider all kinds of hadrons, including (anti)baryoRsrticle production in hadronic in-
teractions is model dependent, and so is the precise valée o¥ith R being less than 1 and
Niot >> 1, the muon number depends very sensitively on the ratio

Thus this simple approach allows us to extract the main ghbérs which lead the EAS
development, namely:

e Cross section
e multiplicity (and inelasticity)
e (anti)baryon production

We will compare the commonly used hadronic interaction nsfte EAS simulations to accel-
erator data for these observables.

3 Acceerator data
Hadronic interaction models

There are several hadronic interaction models commonlg tissimulate air showers. For high
energy interactionsH,,;, = 100 GeV), the models studied here @&®0s1.6 [6,7],QGSJIETO1 [8],
QGSJETII[9,10], andsiBYLL 2.1 [11-13]. The physics models and assumptions are desguss
in, for example, [14].

Cross section

As seen Sec. 2, the cross section is very important for thelojement of air showers and in
particular for the depth of shower maximum. As a consequeheenumber of electromagnetic
particles at ground is strongly correlated to this obsdevéibthe shower maximum is closer to
ground, the number of particles is higher).

The proton-proton scattering total cross section is tylyiazsed as an input to fix basic
parameters in all hadronic interaction models. Therefaseshown in Fig. 1 lefthand-side, it is
very well described by all the models at low energy, whera daist. And then it diverges above
2 TeV center-of-mass (cms) energy because of different hremdimptions. In all the figures
EP0OS1.6 is represented by a full (blue) lineGsJETII by a dashed (red) linegGSJETO1 by a
dash-dotted (black) line arglBYLL 2.1 by a dotted (green) line.

From p-p to proton-air interactions, the Glauber model is used imaltels but with dif-
ferent input parameters depending on nuclear effects (imossyYLL 2.1, strong iIMGSJETII).
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Fig. 1: Total cross section gf-p collision (lefthand-side) and inelastic proton-air cregstion (righthand-side) as
calculated withepos1.6 (full line), QGsJETII (dashed line) QGSJIETO1 (dash-dotted line) anslByLL 2.1 (dotted
line). Points are data from accelerator [15] and cosmic rpgement [16—19].

So comparing the models to each other Fig. 1 righthand-slitfierences appear even at low
energy where the-p cross section are similar. And at high energy the spreaddmdgrger.
Furthermore, the simulated cross sections seem all toaserfaster than the measured one, even
at low energy € 1 Tev) where direct measurement of single hadrons from cosay can be
done at ground [16—19] (almost accelerator like measurésiece proton flux is known).

Multiplicity

According to eq. 2, the multiplicity plays a similar kind afle as the cross section, but with a
weaker dependence (log). On the other hand, the predidtiomsthe models have much larger
differences.
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Fig. 2: Multiplicity distribution ofp-p collision at 900 GeV cms energy (lefthand-side) and 14 Teyhthand-side)
as calculated witEP0s1.6 (full line), QGSJETII (dashed line)QGsJETO1 (dash-dotted line) argiByLL 2.1 (dotted
line). Points are data [20].

As shown in Fig. 2, going from 900 GeV cms energy (lefthar®&)iwhere models agree
with the UA5 data [20], to 14 TeV (LHC) (righthand-side), ttiscrepancy can be larger than a



factor of 2 in the tail of the distribution (and the shape iedéent). Theeposmodel predicting
much smaller multiplicity thaGSJETII.

The multiplicity distribution of charged particles is a yagood test of the fundamental
property of the hadronic interaction models and it shouldbe of the first result of the LHC
experiments.

(Anti)Baryon production

In the forward region, the number of (anti)baryons is verpamant for the number of muons
produced in EAS, because it changes the r&tiaf eq. 1. The process is well described in [21],
where it is also shown that the number of antiprotons on thgptile side ofr-carbon collision

can only be reproduced correctly by theosmodel. This is due to a more sophisticated remnant
treatment in this model which allows baryon number tranbgween the inner part of the col-
lision and the forward (or backward) region. This can beegstith other data like the lambda
rapidity distribution published by the NA49 collaboratif#?] and shown on the lefthand-side of
Fig. 3. We can see that iePoOsa large number of lambdas are in the central region and not at
large rapidity any more (cGSJETO1).
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Fig. 3: Lambda rapidity distribution gf-p collision at 158 GeV lab energy (lefthand-side) and rati@ufi-proton
over pion inp-p scattering at 1.8 TeV cms energy as a function of the plateahh(righthand-side) as calculated
with EP0S1.6 (full line), QGSJETII (dashed line)QGsJETOL (dash-dotted line) arsiByLL 2.1 (dotted line). Points
are data [22, 23].

Another particularity of the (anti)baryons is that theioguction increase faster with the
energy that the pion production. In other words, the rajia increase with energy. At the
highest measured energye(VATRON [23]), we can see on the righthand-side of Fig. 3, that only
EPOS described correctly this ratio as a function of the ewautiplicity. Other models are
too low. This explain why air showers simulated withoscontain more muons. Measurement
of (anti)baryon distributions at LHC will be very importatd constrain muon number in air
showers.



4 Summary

Using a simple toy model, it was shown that EAS developmedtiien by a limited number
of fundamental observables like the proton (and pion) asgisection, the multiplicity (and in-
elasticity) and the number of (anti)baryon in proton (anohpiair interactions. Unfortunately
these quantities are well measured only at low energy00 GeV lab) in proton (or pion) nu-
cleus scattering. The cross section and multiplicity ar@sueed up to 2 TeV cms energy in
(anti)proton-proton collisions, but nevertheless therbad models commonly used for EAS
simulations show big differences in their extrapolatioreatly at LHC energies. The discrep-
ancy is even larger if we consider hadron-nucleus collsioSituation is even worth for the
forward distributions of (anti)baryons (important for ms), which are not measured at all at
collider energies. In that case, the models disagree with ether already at low energy. This
probably explain why none of these hadronic interaction ee@dan consistently reproduce all
results from an experiment likeAsSCADE [24], even if the energies involved are in the range of
accelerator data.

References
[1] J. Knapp, D. Heck, and G. Schatz. FZKA-5828.

[2] J. Knapp, D. Heck, S. J. Sciutto, M. T. Dova, and M. Risssirépart. Physl9, 77 (2003).
astro-ph/ 0206414.

[3] W. Heitler, The Quantum Theory of Radiation, third editior’® edn. Oxford University Press, London, 1954.
[4] J. Matthews, Astropart. Phy82, 387 (2005).
[5] T. Pierog, R. Engel, and D. Heck, Czech. J. Pi56.A161 (2006).ast r o- ph/ 0602190.

[6] H.J. Drescher, M. Hladik, S. Ostapchenko, T. Pierog, lkn@/erner, Phys. Rep850, 93 (2001).
hep- ph/ 0007198.

[7] K.Werner, F.-M. Liu, and T. Pierog, Phys. R&74, 044902 (2006)hep- ph/ 0506232.
[8] N.N. Kalmykov, S. S. Ostapchenko, and A. |. Paviov, Nirthys. Proc. Suppb2B, 17 (1997).
[9] S. Ostapchenko, Phys. LeB636, 40 (2006).hep- ph/ 0602139.

[10] S. Ostapchenko, Phys. R&/i74, 014026 (2006)hep- ph/ 0505259.

[11] R. S. Fletcher, T. K. Gaisser, P. Lipari, and T. Standw$? RevD50, 5710 (1994).

[12] J.Engel, T. K. Gaisser, T. Stanev, and P. Lipari, Phys. R46, 5013 (1992).

[13] R. Engel, T. K. Gaisser, T. Stanev, and P. Lipari. Pregdor 26th International Cosmic Ray Conference
(ICRC 99), Salt Lake City, Utah, 17-25 Aug 1999.

[14] S. Ostapchenko, Czech. J. Ph§6, A149 (2006).hep- ph/ 0601230.

[15] Particle Data Group Collaboration, C. Casa@l., Eur. Phys. JC3, 1 (1998).

[16] H. H. Mielke, M. Foeller, J. Engler, and J. Knapp, J. P20, 637 (1994).

[17] G.b. Yodh, S. c. Tonwar, T. k. Gaisser, and R. w. EllsiwpRhys. RevD27, 1183 (1983).
[18] M. Hondaet al., Phys. Rev. Lett70, 525 (1993).

[19] R. M. Baltrusaitiset al., Phys. Rev. Lett52, 1380 (1984).

[20] UAS Collaboration, R. E. Ansorget al., Z. Phys.C43, 357 (1989).

[21] T. Pierog and K. Werner, Phys. Rev. Letfl, 171101 (2008)ast r o- ph/ 0611311.
[22] NA49 Collaboration, T. Susa, Nucl. Phys698, 491 (2002).

[23] E735 Collaboration, T. Alexopoulc al., Phys. RevD48, 984 (1993).

[24] A.Haungset al., Czech. J. Phy%6, A241 (2006).



