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WHAT DO WE EXPECT TO LEARN FROMVERY HIGH ENERGY COSMIC RAY OBSERVATIONS?�H. RebelForshungszentrum Karlsruhe, Institut für KernphysikHermann von Helmholtz Platz 1, 76344 Eggenstein-Leopoldshafen, Germany(Reeived Deember 17, 2001)By a short tour through the exiting �eld of very high-energy and ultrahigh-energy osmi rays studies, a brief review is given about the urrentquestions approahed, in partiular by the KASCADE experiment and thePierre Auger projet. The present status of the investigations of the kneeregion of the osmi ray spetrum by KASCADE is presented and openproblems are disussed.PACS numbers: 98.70.Sa 1. IntrodutionMany kinds of radiation exist in the Universe, eletromagneti radiationand partiles with a broad range of wavelengths and energies, respetively.Some of the radiation is produed in stars and galaxies, while some is the os-mologial bakground radiation, a reli from the osmi evolution. Amongthis radiation, the most energeti are osmi rays partiles, dominantly pro-tons, helium, arbon, nitrogen up to iron ions in a appreiable amount.They ontinuously bombard our Earth from the osmos by an isotropistream of high energy partiles. These osmi rays were disovered in 1912by the Austrian Vitor Hess (see [1℄) through a series of balloon �ights, inwhih he arried eletrometers to over 5000m altitudes. Nowadays we knowthat the energy spetrum of these partiles extends from 1GeV to beyond1020 eV (100EeV), to the highest energies of known individual partiles inthe Universe. However, we have only a rudimentary understanding, wherethese partiles are oming from, how they are aelerated to suh high ener-gies and how they propagate through the interstellar spae. The di�ulty isthat osmi rays are overwhelmingly harged partiles (stripped nulei), and� Presented at the XXVII Mazurian Lakes Shool of Physis, Krzy»e, Poland,September 2�9, 2001. (211)



212 H. Rebelthe galati magneti �elds are su�iently strong to sramble their paths.Perhaps, exept at highest energies osmi rays have lost all their memoryabout the loation of the emission soures, when they eventually arrive at theEarth's atmosphere. Hene the only observable quantities, whih may giveus some information are the energy distribution and the elemental omposi-tion of primary osmi rays, at highest energies eventually with deviationsfrom isotropi inidene. The experimental determination of suh quantitiesare topis of ontemporary researh, espeially in regions whih exeed theenergies provided by man-made aelerators.The following brief overview will give an impression about the urrentexperimental ativities with their astrophysial motivations.The rather featureless energy spetrum of primary osmi rays (Fig. 1)omprises more than 12 orders of magnitude in the energy sale. It followsan overall power-law (/ E�2:7: note that the �ux is multiplied by E2:7)with a distint hange around 1015 eV, alled the �knee�. This feature, stillnot onsistently explained, has been disovered 40 years ago by Kulikov andKhristiansen from the Mosow State University [2℄ with studies of the in-tensity spetrum of Extensive Air Showers (EAS), of the so-alled showersize, whih roughly re�ets the primary energy. The �ux of primary os-mi rays falls from 1partile=m2 s to 1 partile=km2 entury at highest ener-gies. A great deal of interest and urrent e�orts onern the shape of thespetrum in the EeV-region, above 1018 eV, where the spetrum seems to�atten (�ankle�), espeially around 5 � 1019 eV, with the theoretially pre-
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Fig. 1. Primary energy spetrum of osmi rays.



What Do We Expet to Learn from Very High Energy . . . 213dited Greisen�Zazepin�Kuzmin ut-o� [3℄, due to the photo-interation ofprotons with the 2.7K-bakground radiation. The AGASA experiment inAkeno (Japan) [4℄, in partiular, has shown that this limit does not exist,and this fat is an issue of extreme astrophysial and osmologial relevane,establishing an enigma.Below 1014 eV the �ux of partiles is su�iently large for individual nu-lei to be studied by �ying detetors in balloons and satellites. From suhdiret experiments we know that the majority of partiles are nulei of om-mon elements. Around 1GeV the abundanes are strikingly similar to thosefound in ordinary material of the solar system. Striking exeptions are theabundane of elements like Li, Be, and B, overabundant sine originatingfrom spallation of heavier nulei in the interstellar medium.2. Methodial features and tehniquesAbove 1014 eV the tehniques used to study osmi rays employ the phe-nomenon of extensive air showers disovered independently by Auger et al.[5℄ and Kohlhörster et al. [6℄ in 1938.Most of the produed partiles in the hadroni interations are pions andkaons, whih an deay into muons and neutrinos before interating, thusproduing the most penetrating omponent of atmospheri showers. Themost intensive omponent, eletrons and photons, originates from the fastdeay of neutral pions into photons, whih initiate eletromagneti showers,thus distributing the originally high energy over millions of harged partiles.The bakbone of an air shower is the hadroni omponent of nuleons, pionsand more exoti partiles (Fig. 2).

Fig. 2. Extensive air showers � Ausgedehnte Luftshauer � Grandes gerbes.



214 H. RebelThe eletromagneti omponent is aompanied by an additional EASphenomenon, the prodution of atmospheri Cerenkov light whih arriesfurther information about the shower development. For EAS with higherenergies (> 1017 eV) also the nitrogen �uoresene light indued in the at-mosphere an be observed.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, that means from the intensity, the lateral and eventuallythe energy distributions, we have to dedue the properties of the primarypartile.The intensity and the width of the lateral distributions of the threeomponents are very di�erent. The muons, for example, extend to severalhundred meters as most of them are produed very high in the atmosphere.Therefore, even a small transverse momentum imparted to them in the pro-dution an lead to large distanes from the shower axis.In an EAS experiment the lateral distributions of the partiles are sam-pled by more or less regular arrangements of a large number of detetorswhih over only a small fration of the total area. This sampling is anadditional soure of �utuations whih add to the large spread resultingfrom the inherent statistial �utuations of the shower development in theatmosphere. As an example the photo shows the KASCADE [7℄ detetorarrangement, installed in Forshungszentrum Karlsruhe.KASCADE (Fig. 3) is a multi-omponent detetor array: a �eld ofeletron�muon ounters and a entral detetor set-up, whih is a omplexarrangement of several types of detetors, basially a iron sampling alorime-ter for hadron measurements and multiwire proportional hambers below,for studies of the higher energy muon omponent, and other detetors forspeial purposes.
Fig. 3. KASCADE detetor array with a �eld array, a entral detetor for measuringthe hadron omponent and the muon omponent at various energy thresholds.In addition there is a muon traking detetor arrangement in a tunnel.



What Do We Expet to Learn from Very High Energy . . . 215I would like to mention that the KASCADE ollaboration is just exten-ding the detetor, together with the University of Torino, in order to registere�iently showers at energies up to beyond the LHC energy: KASCADEGRANDE [8℄ distributes the detetor stations over an 800 � 700m2 area.The general sheme of inferene in a modern EAS experiment is displayedin Fig. 4, indiating also the involved di�ulties.The identi�ation of di�erenes in EAS whih result from di�erenes inmass of the primary partile requires a modelling of shower developmentin the atmosphere. For that Monte Carlo programs of the EAS develop-
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216 H. Rebelment like the Karlsruhe CORSIKA program have been developed [9℄. It isunder ontinuous modi�ation and improvement. A prerequisite for theMonte Carlo proedures is a knowledge about partile prodution in high-energy hadroni interations. Sine the energy region of our interest exeedsthe partile energies provided at man made aelerators, we rely on modeldesriptions whih extend the present knowledge to a terra inognita, onbasis of more or less detailed theoretial approahes of phenomenologialnature and with QCD inspired ideas. (The development of suh models isan item of its own.) The CORSIKA ode inludes various models, presentlyen vogue as options, and in fat, the model dependene is an obvious featurein the atual omparisons with the experimental data.A multi-detetor experiment observing simultaneously all major EASomponents with many observables provides some possibilities to test thehadroni interation models and to speify the most onsistent one.The stohasti harater of the huge number of asading interations inthe shower development implies onsiderable �utuations of the experimen-tally observed EAS parameters and of the orresponding simulated show-ers as well, louding the properties of the original partile. The inherent(unavoidable) �utuations establish an important and intriguing di�ultyof the EAS analysis and need adequate response of the analysis methods.The further proessing is to ompare real data with pseudo experimentaldata on equal level, inluding the detetor response and expressed by variousreonstruted shower variables: shower intensity, the lateral, arrival timeand eventually energy distributions of the various EAS omponents.The most e�ient observables with respet to the mass omposition is theorrelation of total intensities of the eletron and muon omponents (showerssizes Ne and N�). This is obvious from the inspetion of the di�erent longi-tudinal development of the shower sizes (Fig. 5).For the omparison of the observables with the pseudo data we have torealise: None of the observables is stritly only dependent on the mass ofprimary, or only dependent from the energy, and sine we are investigatingan a priori unknown spetral distribution aompanied by another a pri-ori unknown variation of the elemental omposition (or vie versa), thereis always an intriguing feedbak of the estimates of both. Therefore, mul-tivariate analyses, orrelating the observations of di�erent EAS variablesare strongly required, and the inferene from only one EAS omponent hasbeen often misleading. For the analysis of the orrelated distributions with-out any bias of a onstraining parameterisation, there are adequate methodsworked out involving neural networks and Bayesian deision making [10,11℄.Applying these tehniques, for eah partiular ase, i.e. for a partiularset of seleted EAS variables or for a hosen number of mass groups or for
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218 H. RebelThe onept of the KASCADE experiment with a multi-omponent de-tetor array is to measure a larger number of EAS variables for eah individ-ual event with high auray. For this aim the detetor has been designed.Spei� EAS variables aessible, in addition to the shower size Ne and thetrunated muon number Ntr� , are the number of hadrons N100h with energieslarger than 100 GeV, the energy sumPEh of these hadrons, the energy ofthe most energeti hadrons Emaxh , the number N�� of muons with energieslarger than 2 GeV and others like some quantities representing the muonarrival time distribution.Fig. 6 presents two solutions with the same data and the same analysisproedures, but based on referene patterns from di�erent hadroni intera-tion models. This indiates the present limits due to the unavoidable modeldependene of any analysis.
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What Do We Expet to Learn from Very High Energy . . . 221It is impossible for ultrahigh energy osmi partiles to reah us from soureswhose distane would exeed 100 Mp (this is roughly the size of our loalsuperluster), unless rather exoti partiles or interation mehanisms areenvisaged.A seond feature is related to the hemial omposition of ultrahigh en-ergy primary osmi rays. If the highest energy osmi rays would be mainlyprotons, as some experimental results are tentatively interpreted, the traje-tories of single harged ultrahigh energy partiles through the galati andextra-galati magneti �elds (whih are believed to be of the order of �Gand nG, respetively) get no more notieably de�eted over distanes limitedby the Greisen�Zatsepin�Kuzmin ut-o�. Typially the angular deviation ofa 1020 eV proton from a soure of 30 Mp distane would be about 2 degrees.In other words, above the ut-o�, the diretion of inidene of suh parti-les should roughly point to the soure: Proton astronomy should beomepossible to some extent, de�ned within the box of the onsequenes of theut-o�. However, looking in our astrophysial surroundings, the number ofobjets within a distane of a few Mp is quite limited, if suh objets areeven able to aelerate partiles to suh extremely high energies at all.What is the experimental knowledge?The data around the ankle and above ome from a few large-apertureground based detetor arrays with two types of tehniques (Table I). FromTABLE IUHECR detetors.Array Loation Area Prinipal DetetorsHaverah Park [18℄ England 11 km2 Water Cerenkov tanksYakutsk [19℄ Russia 10 km2 Sintillation ountersAtmospheri CerenkovdetetorsMuon detetorsSUGAR [20℄ Australia 60 km2 Muon detetorsAGASA [21℄ Japan 100 km2 Sintillation ounters(Akeno) Muon detetorsVolano Ranh [22℄ New Mexio 8 km2 Sintillation ountersUSAFly's Eye [23℄ Utah (USA) Air �uoresene detetorHiRes [24℄ Utah (USA) Air �uoresene detetor



222 H. Rebelhistorial reasons the smaller Volano Ranh array is added beause therethe �rst air shower event with the symboli limit of 1020 eV has been ob-served [22℄. Alternatively to partile detetor arrays a seond tehnique isbased on the observation of the nitrogen �uoresene indued by the ionisingpartiles rossing the air.Fig. 9 displays the highest energy region of the osmi ray spetrum asobserved by the AGASA detetor [4℄. The �gures near the data points in-diate the number of events and the bars show the 90% on�dene level.The energy spetrum is multiplied by E3, so that the part below 1018 eV be-omes �at. The ankle struture beomes evident and the deviation from theut-o� preditions. There are, of ourse, large error bars, but the tendenyis on�rmed when other 13 events are inluded, deteted by other detetors(HiRes). The statistial auray of the distribution in the supergalatiplane is too low to dedue any tendeny.The UHECR events onstitute an enigma, when we ask: Where are thesites and what are the aeleration mehanisms being apable to impartenergies of marosopi orders (in the most energeti ase of 3 � 1020 eVequivalent to 50 joules) to a mirosopi partile. Many proesses have beenproposed, where in an astrophysial plasma large sale marosopi motionis transferred to individual partiles, for example in a turbulene and byshok waves. The ruial role plays the size of the aeleration region and
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What Do We Expet to Learn from Very High Energy . . . 223the magneti �eld embedded in the plasma and keeping the gyroradius of thepartile in the aeleration region. That depends also from the veloity � ofthe motion. Under these aspets possible aelerator sites have srutinised[25,26℄. If all parameters related to the question are taken into aount, onehas to admit that none of the proposed senarios seems fully onvining.In addition we have to keep in mind that the soures should be nearby inosmologial sales. Within the present statistial auray the data also donot show a distint orrelation with nearby point soures.However, if future studies would exlude �onventional� astrophysial a-eleration mehanisms, one would need to onsider another lass of theoriesproposed as possible explanation, so-alled �top-down� proesses(see Ref. [27℄). Most of these study the possibility that UHECR arise fromdeay of some super-heavy X partile whose mass is in the Grand Uni�a-tion range (1025 eV) produed during some phase transition period in theearly Universe. The models di�er mainly, how to produe the density of Xpartile to �t the UHECR observations and their survival sine some 10�35 safter Big Bang. One should mention that suh models and onjetures havequite spei� features and experimental signatures (spetrum and mass om-position) so that a disrimination appears to be not impossible, provided theexperimental knowledge ould get inreased. That is just our hallenge forthe next generation of detetors with large apertures!5. The next and over-next generation of detetorsThe next detetor is the Pierre Auger observatory with 14.000 km2sraperture over two sites, one in eah hemisphere [28℄.The installation of the southern observatory (Fig. 10) has started in2000 with a prototype array of 55 km2 and a air �uoresene telesope,near the small town of Malargüe in the provine of Mendozza, Argentina.Finally, the site will be equipped with 1600 detetor stations (12m3 tanks�lled with water deteting Cerenkov light produed by seondary partiles),distributed in a grid with 1.5 km spaing. Four �eyes� omposed of 30 air�uoresene telesopes will view 3000 km2 of the site and measure during thelear moonless nights i.e. with a duty yle of 10% the giant showers throughthe �uoresene generated in the air. By this hybrid detetor a subsampleof 10% of the total number of events, simultaneously observed with bothtehniques, makes possible a ross alibration and yield an unpreetendedquality for shower identi�ation. It is expeted to detet some 50 to 100events per year above 1020 eV, and 100 times more above 1019 eV. The PierreAuger Projet has just started, and the ommunity looks already forward tothe next generation of detetors. There is less doubt that this will be an air-borne detetor observing the giant shower development in the atmosphere



224 H. Rebel

Fig. 10. Layout of the southern Pierre Auger observatory [28℄.with a huge aperture quasi �from above�. This is envisaged with the EUSOor Orbiting Wide Angle Light detetor within the Airwath projet [29℄ by�uoresene detetors on satellites. This is partiularly interesting when infew years it will be shown that the spetral ut-o� exeeds the reah of thePierre Auger observatory and larger statistis is neessary for studies of thefoal points of Extremely High Energy Cosmi Ray Observations.The questions are:� What is the reason for the hange of the spetral index at the ankle?A hange of the prodution mehanism? A hange of the elementalomposition? Or a hange of the harater of the interation?� How is the shape of the spetrum at energies above 1020 eV and isthere a limit of maximum energy?� Is there any diretional orrelation pointing to the soures of UHCR?With experimental answers to these questions we may provide some hintsfor explaining the origin. However, there is a lesson of the advaned studies
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