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COSMIC RAYS INTERFACING ASTROPHYSICSAND PARTICLE PHYSICS�Heinigerd RebelForshungszentrum Karlsruhe � KASCADE ollaborationP.O.Box 3640, D-76021 Karlsruhe, Germanye-mail: rebel�ik3.fzk.de(Reeived April 11, 2000)The development of Extensive Air Showers (EAS) is driven by thehadroni interations of the primary and seondary partiles with the atmo-spheri nulei. Hene a areful analysis of the EAS appearane, in parti-ular of the hadroni omponent, provides valuable information on featuresof the hadroni interation. Espeially, in ultrahigh energy regions ex-tending the energy limits of man-made aelerators and the experimentalknowledge from ollider experiments, the hadroni interation is subjetof unertainties and debates. Sine the EAS development is dominantlygoverned by soft proesses, whih are not aessible to a perturbative QCDtreatment, one has to rely on QCD inspired phenomenologial interationmodels, in partiular on string models based on the Gribov�Regge theory,like VENUS, QGSJET and SIBYLL. Reent results of EAS experimentsare srutinised in terms of suh models, used as generators in the MonteCarlo EAS simulation ode CORSIKA.PACS numbers: 94.40.Lx, 94.40.Pa1. IntrodutionCosmi rays is a radiation from the outer spae, a feature of our envi-ronment like the starlight. It has been disovered nearly ninety years ago inthe famous balloon asents of the Austrian physiist Viktor Hess [1℄. Sinethat time this phenomenon of nature has gained a lot of interesting and farreahing aspets of astrophysial and partile physis nature.I had a look into the literature, what have been the hot topis disussedaround 1930, when our distinguished and elebrated olleague Kasimir Gro-towski was still in the radle. It was the time when the new tool of eletroni� Presented at the Kazimierz Grotowski 70th Birthday Symposium �Phases of NulearMatter�, Kraków, Poland, January 27�28, 2000.(1551)



1552 H. Rebeloinidene devies, introdued by Walter Bothe, found extensive appliations(see Ref. [2℄). In 1929 Bothe and Kohlhörster [3℄ did the ruial experimentproving the orpusular nature of the penetrating osmi ray omponent, themuons produed in the seondary radiation. Bernard Rossi, spending somesummer months in Bothe's institute improved the oinidene iruit fortriple oinidenes and prepared the later disovery of the air showers byPierre Auger [4℄.There is now a general onsensus that the bulk of primary osmi rays areaelerated at disrete sites in our Galaxy and roam around for ten millionsyears before inidentally hitting the Earth. Sine they are overwhelminglyharged partiles (protons, helium, arbon, nitrogen up to iron ions), theyare de�eted by the interstellar magneti �elds and have lost all memory oftheir origin when they aidentally arrive. This irumstane implies that
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Fig. 1. Primary energy spetrum of osmi rays (see Ref. [5℄)their diretion of inidene is no more related to the loation of the soures.Hene the only observable quantities whih may give us some informationabout their origin are the energy distribution and the elemental ompositionof the partile radiation. Their experimental determination are urrent top-is of ontemporary osmi ray researh, espeially in energy regions whihexeed the energies provided by arti�ial aelerators installed by man onour Earth.The investigation of the detailed spetral shape and, in partiular, of aonjetured variation of the mass omposition in the region of the so-alledknee, are the objetives of a number of urrent large sale experiments likethe KASCADE experiment [6℄, set up in Karlsruhe (Germany).



Cosmi Rays Interfaing Astrophysis and Partile Physis 1553The energy spetrum of primary osmi rays omprises more than 12orders of magnitude in the energy sale and extends to the enormous energyup to 1020 eV, the highest energies of individual partiles in the Universe.The energy spetrum follows an overall power-law (/ E�2:7: Note thatthe �ux is multiplied by E2:7) with a harateristi distint hange around1015 eV, alled the �knee�. The �ux of primary osmi rays falls from 1partile/m2s to 1 partile/km2entury at highest energies. A great dealof interest and urrent e�orts onern the shape of the spetrum in theEeV-region, espeially around 5 � 1019 eV, with the theoretially preditedGreisen�Zatsepin ut-o� [7℄, due to the photo-interation with the 2.7K-bakground radiation. The AGASA experiment in Akeno [8℄, in partiular,has shown that this limit does not exist, and this fat is an issue of extremeastrophysial and osmologial relevane. The mystery of osmi rays ofhighest energies has prompted the Pierre Auger Projet [9℄.In addition to the astrophysial aspets of origin, aeleration and prop-agation of the primary osmi rays there is the historially well developedaspet of the interation of high-energy partiles with matter. Cosmi raysinterating with the atmosphere as target (on sea level it is equivalent to alead blo of 1m thikness) produe the full zoo of elementary partiles andindue by asade interations intensive air showers (EAS), whih we doobserve with large extended detetor arrays distributed in the landsapes,reording the features of di�erent partile EAS omponents. The develop-ment of suh air showers arries information about the hadroni interation(though it has to be disentangled from the unknown nature and quality ofthe primary beam). When realising the present limits of man made aeler-ators, it is immediately obvious, why there appears a renaissane of interestin osmi ray studies also from the point of view of partile physis. EASobservations of energies > 1015 eV (Peta-eletronvolt) represent an almostunique hane to test theoretial ahievements of very high energy nulearphysis.My leture is direted to review some relevant aspets of hadroni in-terations a�eting the EAS development, illustrated with reent results ofEAS investigations of the KASCADE experiment, espeially of studies ofthe hadroni EAS omponent using the iron sampling alorimeter of theKASCADE entral detetor [10℄.2. EAS development and hadroni interationsLet us �rst reall what has to be spei�ed for an understanding whena primary nuleus from the osmos interats with air nulei of the high-altitude atmosphere. After an average of an interation length, the nuleusis interating, but typially only few nuleon partiipate. The spetator
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Cosmi Rays Interfaing Astrophysis and Partile Physis 1555

Fig. 3. The EAS longitudinal development from Monte Carlo simulationsEah nuleon interating with the nulei of the atmosphere produesmany hadrons. Eah hadroni partile (i) will go on interating again ordeaying, say after a travelling distane X with the probability:Pi(X) = 1� exp��X � 1�i + 1�(h)�ii�� (1)�i= mean free path length; �i= mean life time; i= Lorentz fator; �(h)=geometri path length.At very high energy the typial interation length of a nuleon is�N = 80 g/m2, while a heavy nuleus an interat after only few g/m2.We have then the evolution of hadroni asades, whih develops ompletelyto an extensive air shower after a. 12 interation lengths for protons. Ateah step in the shower proess the number of partiles will grow while the



1556 H. Rebelaverage energy will derease. Thus the number of partiles and the energytransferred to seondaries will reah a maximum at some atmospheri depth,whih depends from the energy, from the nature from the primary partileand the details of the interations.Most of the produed partiles in the hadroni interations are pionsand kaons, whih an deay into muons and neutrinos before interating,thus produing the most penetrating omponent of atmospheri showers.The most intensive omponent � eletrons and photons � originates fromthe fast deay of neutral pions into photons, whih initiate eletromagnetishowers, thus distributing the originally high energy to millions of hargedpartiles. The bakbone of an air shower is the hadroni omponent of nu-leons, pions and more exoti partiles.Figure 3 shows the longitudinal development of the total intensities ofvarious EAS omponents: the sizes of the eletromagneti (Ne), the muon(N�) and the hadron (Nh) omponents, for the ases of 1015 eV proton andiron indued showers. Both ases di�er by the atmospheri depth of theEAS maximum of the asade.The basi ingredients for the understanding of EAS are the total rosssetions of hadron air ollisions and the di�erential ross setions for multi-partile prodution. Atually our interest in the total ross setion is betterspei�ed by the inelasti part, sine the elasti part does not drive the EASdevelopment.Usually with ignoring oherene e�ets, the nuleon�nuleon ross se-tion is onsidered to be more fundamental than the nuleus�nuleus rosssetion, whih is believed to be obtained in terms of the �rst. Due to theshort range of hadron interations the proton will interat with only some,the so-alled wounded nuleons of the target. The number ould be estimatedon basis of geometrial onsideration, in whih size and shape of the ollidingnulei enter. All this is mathematially formulated in the Glauber multiplesattering formalism, ending up with nuleon-nuleus ross setions.Looking for the ross features of the partile prodution, the experimentsshow that the bulk of it onsists of hadrons emitted with limited transversemomenta (hPti � 0:3GeV/) with respet to the diretion of the inidentnuleon. In these �soft� proesses the momentum transfer is small. Morerare, but existing, are hard sattering proesses with large Pt-emission.It is useful to remind that osmi ray observations of partile phenomenaare strongly weighted to sample the prodution in forward diretion. Thekinemati range of the rapidity distribution (N(y) vs. y) for the Fermilabproton ollider with the energy of 1.8 TeV in the .m. system) is equivalentto the laboratory ase (the osmi ray situation) of 1.7 PeV. The energy�ow N(y) �E is peaking near the kinematis limit. That means, most of theenergy is arried away longitudinally.
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Fig. 4. Simulated EAS development



1558 H. RebelThe graph displays simulated air-showers indued by a 1015 eV photon,proton and Fe, respetively. Only partiles with energies above 10 GeV aredisplayed. This ut redues mainly the numerous eletron and photons, whoseenergies are about 10 MeV in average on sea level (Note the sale). Butone reognises the di�erenes in the longitudinal development. The ironshower starts earlier and reahes the maximum earlier. At the same energythe intensity of the iron shower dereases faster after the maximum, sinethe primary energy is distributed to a larger number of interating nuleonsleading to lower-energy seondaries, being faster attenuated. That means that

Fig. 5. Yeti-footprintsthe intensity of the eletron-gamma omponent arrives with smaller intensityat the observation level. On the other side the muon omponent of heavy ion



Cosmi Rays Interfaing Astrophysis and Partile Physis 1559indued showers is more intensive due to the larger number of partiipants.The gamma shower shows muh less �utuations and is muon poor due tothe small ross setion of photoprodution muons.The eletromagneti omponent is aompanied by an additional EASphenomenon, the prodution of atmospheri Cerenkov light whih arriesfurther information about the shower development.However, in ground-based experiments, in general, we are not in thesituation to see the longitudinal development, we observe only the devel-oped status of the air shower asade at a ertain observation level. Fromthe observables there, that means from the total intensities, the lateral andeventually the energy distributions of the di�erent EAS omponents and theirorrelations, we have to infer the properties of the primary partile, startingthe asade. The inherent �utuations of the stohasti asade proessesare largely obsuring disriminating features.Hene we are in the position like the Himalaya alpinists disoveringpuzzling large footprints as proof for the existene of the snowman Yeti(Fig. 5). Did not Kasimir Grotowski partiipate in that expedition in hisyounger days, olleting radioative fall-out in high-mountain snow?3. Hadroni interation models as generatorsof Monte Carlo simulationsMirosopi hadroni interation models, i.e. models based on parton�parton interations are approahes, inspired by the QCD and onsideringthe lowest order Feynman graphs involving the elementary onstituents ofhadrons (quarks and gluons). However, there are not yet exat ways toalulate the bulk of soft proesses sine for small momentum transfer theoupling onstant �s of the strong interation is so large that perturbativeQCD fails. Thus we have to rely on phenomenologial models whih inor-porate onepts from sattering theory.A lass of suessful models are based on the Gribov�Regge theory whih�nally leads to desriptions of olour exhange and re-arrangements of thequarks by string formation.In the language of this theory the interation is mediated by exhangepartiles so-alled Reggeons. At high energies, when the non-resonant ex-hange is dominating, a speial Reggeon without olour, harge and angularmomentum, the Pomeron, gets importane. In a parton model the Pomeronan be identi�ed as a omplex gluon network or generalised ladders i.e. aolourless, �avourless multiple (two and more) gluon exhange. For inelas-ti interations suh a Pomeron ylinder of gluon and quark loops is ut,thus enabling olour exhange (�ut ylinder�) and a re-arrangement of thequarks by a string formation.



1560 H. RebelWe illustrate the model onstrution by disussing possible diagrams.

Fig. 6. Parton interation diagrams� The interating valene quarks of projetile and target rearrange bygluon exhange the olour struture of the system (the arrow indiatesthe olour exhange by opening the ylinder). As a onsequene, on-stituents of the projetile and target (a fast quark and slow di-quark



Cosmi Rays Interfaing Astrophysis and Partile Physis 1561e.g.) for a olour singlet string with partons of large relative momenta.Due to the on�nement the strethed hains start to fragment (i.e. aspontaneous q�q-prodution) in order to onsume the energy within thestring. We reognise a target string (T) and a projetile string (P),whih are the only hains in pp ollisions. In multiple ollision pro-esses in a nuleus, sea quarks are additionally exited and may medi-ate nuleon-A interations. While in the intermediate step the proje-tile diquark remains inert, hains with the sea quark of the projetileare formed.� Most important are di�rative proesses, signaled in the longitudinalmomentum (xF ) distribution by the di�rative peak in forward dire-tions. Here the interating nuleon looks like a spetator, in some kindof polarisation being slowed down a little bit due to a soft exitation ofanother nuleon by a olour exhange with sea quarks (quark-antiquarkpairs spontaneously reated in the sea).� There are a number of suh quark lines, representing nondi�rative,di�rative and double di�rative proesses, with single and multipleolour exhange.The various string models di�er by the types of quark lines inluded. For agiven diagram the strings are determined by Monte Carlo proedures. Themomenta of the partiipating partons are generated along the struture fun-tions. The models are also di�erent in the tehnial proedures, how theyinorporate hard proesses, whih an be alulated by perturbative QCD.With inreasing energy hard and semihard parton ollisions get important,in partiular minijets indued by gluon�gluon sattering.In summary, the string models VENUS [11℄, QGSJET [12℄, SIBYLL [13℄and DPMJET [14℄, whih we spei�ally use as generators in Monte Carlosimulations of air showers, are based on the Gribov�Regge theory and theydesribe soft partile interations by exhange of one or multiple Pomerons.Inelasti reations are simulated by utting Pomerons, �nally produing twoolour strings per Pomeron whih subsequently fragment into olour-neutralhadrons. The di�erenes between the models are in some tehnial detailsin the treatment and fragmentation of strings. An important di�erene isthat QGSJET and DPMJET are both able to treat hard proesses, whereasVENUS, in the present form, does not. VENUS on the other hand allowsfor seondary interations of strings whih are lose to eah other in spaeand time.These models are implemented in the Karlsruhe Monte Carlo simulationprogram CORSIKA [15℄ � now world-wide used � and to whih we referin the analyses of data.



1562 H. Rebel4. The KASCADE apparatusFrom the very beginning, when planning the KASCADE experiment [6℄the set-up of a alorimeter for e�ient studies of the hadroni omponentin the shower enter has been foreseen with the intention of heking thepreditions of hadroni interation models.The KASCADE detetor array onsists of an �eld array of 252 detetorstations, arranged in a regular way in an area of 200 � 200m2, and of aomplex entral detetor with a sampling alorimeter for hadron detetion.The �eld detetors identify the EAS event, they provide the prinipal trigger

Fig. 7. The KASCADE experiment(a oinidene in at least �ve stations), the basi haraterisation (angle ofinidene, shower axis and ore loation) and sample the lateral distributionof the eletron�photon and muon omponent from whih the shower size andquantities haraterising the intensity and muon ontent of the showers aredetermined.The entral detetor ombines various types of detetor installations withan iron sampling alorimeter of eight layers of ative detetors.The iron absorbers are 12�36 m thik, inreasingly in the deeper partsof alorimeter. Therefore the energy resolution does not sale as 1=pE, butis rather onstant, slowly varying from �=E = 20% at 100 GeV to 10% at 10TeV. In total (inluding the onrete eiling) the alorimeter thikness or-responds to 11 interation lengths (�I = 16:7 m Fe) for vertial muons. Ontop, a 5 m lead layer absorbs the eletromagneti omponent to a su�ientlylow level.The ative detetors are 10,000 ionisation hambers using room temper-ature liquid tetramethylsilan (TMS) and tetramethylpentane (TMP) oper-
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MWPCFig. 8. Sheme of the KASCADE Central Detetorated with a large dynamial range (5�104). This ensures that the alorime-ter measures linearly the energy of single hadrons up to 25 TeV. The thirdlayer of the alorimeter set-up is an �eye� of 456 plasti sintillators, whihdeliver a fast trigger signal. Independently from hadron alorimetry, it isused as additional muon detetor and as timing faility for muon arrivaltime measurements. In the basement of the iron alorimeter there are posi-tion sensitive multiwire proportional hamber (MWPC) installed for spei�studies of the struture of the shower ore and of the EAS muon omponentwith an energy threshold of about 2.4 GeV.5. Test of EAS observablesThe general sheme of the analysis of EAS observations is displayed inthe diagram (Fig. 9). Using Monte Carlo simulations pseudo experimen-tal data are onstruted whih an be ompared with the real data. Theking-way of the omparison is the appliation of advaned statistial teh-niques of multivariate analyses of nonparametri distributions [16,17℄. Thesetehniques onsider also the in�uene of the �utuations of the interationproesses.The mass omposition of osmi rays in the energy region above 0.5 PeVis poorly known. Hene the omparison of simulation results based on dif-ferent interation models has to onsider two extreme ases of the primarymass: protons and iron nulei, and the riterion of our judgement of a modelis direted to the question, if the data are ompatible in the limits of thepredited extremes of protons and iron.
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Cosmi Rays Interfaing Astrophysis and Partile Physis 1565In general we onsider various shower observables like the number ofhadrons in the shower ore, their energy and spatial distributions in depen-dene from the shower sizes, haraterising the registered EAS, in partiularindiating the primary energy. Suh parameters are:� The shower size Ne, i.e. the total eletron number.� The muon ontent N tr� whih the number of muons obtained from anintegration of the lateral distribution in the radial range from 40 to200 m. It has been shown that this quantity is approximately a massindependent energy estimator for the KASCADE layout, onvenientlyused for a �rst energy lassi�ation of the showers.As an example of a test quantity we onsider the distribution of the en-ergy frations of the shower hadrons. We display the energy fration withrespet to the most energeti hadron. For protons as primaries the lead-ing partile is expeted to produe one single partiularly energeti �leadingpartile� aompanied by a broad distribution of lower energies. For ironprimaries a more equal distribution is expeted. The Monte Carlo simula-tions, here shown on the basis of the QGSJET model, on�rm qualitativelythis expetation. The physially meaningful region is the region between thetwo extremes, where the data should be found.The upper side is the ase for a lower primary energy of 2 PeV (identi�edwith the muon number N 0� � the trunated muon number N tr� , as we say).There the data orroborate the model. For a higher primary energy of 12 PeV(at bottom), however, the simulations annot explain the data, neither fromproton nor iron nulei indued showers.Tentatively we may understand that in the simulations Emax, the en-ergy of the leading hadrons is too large. Lowering Emax would lead to aredistribution of the E=Emax distribution shifting the simulation urves indiretion of the data. A further test quantity is related to the spatial granu-larity of hadroni ore of the EAS. The graph shows the spatial distributionof hadrons (seen in a top view on the alorimeter) for a shower indued by a15 PeV proton. The sizes of the points represent the energy (with a logarith-mi sale). For a haraterisation of the pattern a minimum spanning treeis onstruted. All hadron points are onneted by lines and the distanesare weighted by the inverse sum of energies. The minimum spanning treeminimises the total sum of all weighted distanes. The test quantity is thefrequeny distribution of the weighted distanes.Results are shown for two di�erent bins of the trunated muon size orof the primary energy (2 and 12 PeV), respetively. Again we are lead tothe impression that either the distribution pattern is not reprodued or thehigh energy hadrons are missing in the model.
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4.5 ≤ lg Nµ' < 4.75Fig. 10. The energy fration of the EAS hadronsTentatively we may dedue from these indiations, that the transfer ofenergy to the seondary � that what we phenomenologially all the inelas-tiity of the ollision � is underestimated.Suh type of tests an be made with a number of shower observables, ex-perimentally studied with the KASCADE apparatus, and for all the modelsunder disussion. The interested audiene may �nd the results in detail ina reent paper of the KASCADE ollaboration [18℄.
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-4Fig. 11. Left: Minimum spanning tree. Right: Frequeny distributions in theminimum spanning tree6. Emulsion hamber experimentsThe feature that the most energeti partiles are onentrated in theore of the extensive air showers in their initial stages is the basis of thetraditional emulsion hamber experiments on high altitudes, on Mt. Cha-altaya or Pamir e.g., whih ollet with a speial tehnique ontinuouslystrong interation data and registrate also peuliar events, like Centauros.A typial emulsion hamber devie (Fig. 13) onsists of two lead-X-ray �lm sandwih hambers (Gamma blok and hadron blok) of severalsquaremeters area, separated by a layer of arbon and some spaer. Theradiation length in lead is very short (6.37 g/m) ompared to the nulear in-teration length (a. 150 g/m). Hene �atmospheri� photons and eletronsinitiate asades very soon after entering the Gamma blok, whih ontainssome emulsion layers for identi�ation. Hadrons on the other hand interatdeeper in the upper hamber, in the arbon layer or in the lower hamber (ifat all). Interations of hadrons above the detetor are expeted to produeboth hadrons and photons. A pure eletromagneti asade in the atmospherewould manifest itself at the hamber as a group of asades (�families�) allstarting near the top of the upper hamber. The Pamir hamber experiment



1568 H. Rebel

Fig. 12. Shemati struture of the Pamir hamber [19℄on 4370 m a.s.l. is able measure the �ux of the eletromagneti partilesin the range of 4�100 TeV produed by interations of the primaries in theupper atmosphere. The partile �ux an be estimated by the optial densityof the measured spots in the X-ray �lms.Andreas Haungs and Janusz Kempa [20℄ did arefully analyse suh dis-tributions, by alibrating the density of the spots in terms of the partileenergies on basis of detetor response simulations. In this way distributions,
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-0.4 -0.2 0 0.2 0.4 0.6Fig. 13. Inlusive optial density spetrum observed in the working layer of thePamir emulsion hamber ompared with simulated spetra of di�erent primariesfor di�erent interation models [20℄observed in 11.5 sqm yr exposured �lm, ould be ompared with MonteCarlo simulations of primary partile interations, assuming a mass spe-trum from balloon-borne experiments in the energy range of 100�1000 TeV.Of ourse the observation is rather inlusive, averaged over the aeptedenergy range, the antiipated mass spetrum and the angle-of-inidene dis-tribution. Figure 13 shows the results of the omparison with the modelpreditions.



1570 H. RebelThe stars represent the data, i.e. the single partile spetrum measuredwith the working layer of PAMIR hamber. The other symbols represent theadequately normalised simulation results for di�erent models as Monte Carlogenerators. Di�erenes between the VENUS and QGSJET models are foundto be negligible, and ignoring some low energy e�ets, probably due to thesanning e�ieny, there is good agreement, exept at the highest energies.SIBYLL, however, in the urrent release and widely used for simulationstudies, appears to be o�. The predited �ux in forward diretion proves tobe too large. 7. Conluding remarksFrom the investigation of a series EAS observables and omparisons withdi�erent hadroni interation models, en vogue for ultrahigh energy olli-sions, we onlude with following messages:� The model SIBYLL, in the present release, has problems, in partiularwhen orrelations with the muon ontent of the showers are involved.However it is fair to say, that the SIBYLL model experienes urrentlya thorough modi�ation, just prompted by the KASCADE results.� The model VENUS is in fair agreement with the data, but it indiatesalso some problems at high energies, when orrelations with the showersizes are onsidered.� In the moment the model QGSJET, whih inludes the minijet pro-dution � in ontrast to VENUS � reprodues su�iently well thedata, though it underestimates the number of high energy hadrons forhigh energies.� In general there are tentative indiations that the inelastiity (a phe-nomenologial onept) in the fragmentation region is not well de-sribed, espeially with inreasing energy.It should be noted that the experimentally de�ned onepts of �inelas-tiity� [19℄ and �leading partile�, are not well identi�ed in the theoretialmodels, sine the seondary of the highest energy has often nearly no quark-struture overlap with the projetile-rest.All urrent models are in a proess of re�nements and modi�ations. A-tually somehow pushed by the experimental indiations, there is a ommonenterprise of VENUS and QGSJET authors toward a model desription:NeXus [21℄. That is a uni�ed approah ombining oherently the Gribov��Regge theory and perturbative QCD. It should be realised: Faed with theexperimental endeavour to set up giant arrays for astrophysial observations
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