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CAN COSMIC RAYS PROVIDE SIGNOF STRANGELETS?�M. Rybzy«ski, Z. WªodarzykyInstitute of Physis, �wi�tokrzyska Aademy�wi�tokrzyska 15, 25-406 Kiele, Polandand G. WilkThe Andrzej Soªtan Institute of Nulear StudiesHo»a 69, 00-681 Warsaw, Poland(Reeived Deember 11, 2001)We disuss the possible imprints of Strange Quark Matter (SQM) inosmi ray data. In partiular, we investigate the propagation of SQMthrough the atmosphere and disuss: (i) diret andidates for strangelets,(ii) exoti events interpreted as signals of SQM and (iii) muon bundles anddelayed neutrons in Extensive Air Showers. The physis and astrophysis ofSQM is shortly reviewed. We point out the possibility that extreme energyosmi rays are the results of the deay of unstable primordial objets.Finally, the abundane of possible andidates for strangelets and their massspetrum are estimated and ompared with the astrophysial limits, andprospets of the possible observation of SQM in aelerator experimentsare outlined.PACS numbers: 12.38.Mh 1. IntrodutionIn the astrophysial literature [1℄ one an �nd a number of phenomenawhih an be regarded as a possible manifestation of the existene of theso alled Strange Quark Matter [2℄ (existing in the form of lumps alledstrangelets). This is extremely interesting possibility of apparently newstable form of matter (it an deay only via weak interations, whih fora bulk of matter onsisting strangelet are very ine�ient in reduing itssize). In partiular one observes (f. [3℄ for relevant referenes):� Presented by Z. Wªodarzyk at the XXVII Mazurian Lakes Shool of Physis, Krzy»e,Poland, September 2�9, 2001.y wlod�pu.kiele.pl (277)



278 M. Rybzy«ski, Z. Wªodarzyk, G. Wilk� anomalous osmi ray bursts from Cygnus X-3,� extraordinary high luminosity gamma ray burst from the supernovaremnant N49 in the Large Magellani Cloud,� or the so alled Centauro events, whih are haraterised by anoma-lous omposition of seondary partiles with almost no neutral pionspresent.There were also attempts to �nd lumps of SQM, alled strangelets, in ter-restrial experiments devoted to searh for the Quark Gluon Plasma (QGP)state of matter but so far without apparent suess (f. Ref. [1℄ and last se-tion below). This fat, however, does not prelude sensibleness of searhingfor strangelets in osmi ray experiments, whih deal with strangelets formedin ompletely di�erent astrophysial mehanisms [2℄, besides one witnessestheir prodution proeeding in ollisions of the original CR �ux with atmo-spheri nulei [4℄. However, any SQM produed at very early stage of the his-tory of the Universe would have evaporated long time ago due to the ation ofweak interations [5℄. On the other hand SQM is probably ontinuously pro-dued in neutron stars with a super-dense quark surfae and in quark starswith a thin nuleon envelope [2℄. Collisions of suh objets ould, therefore,produe small lumps of SQM, strangelets with 102 < A< 106, permeatingthe Galaxy and possibly reahing also Earth, i.e., a priori being detetablehere. In this presentation we demonstrate how strangelets (not muh di�er-ent in size from the similar lumps of normal nulear matter) an still pen-etrate deeply in the atmosphere. We estimate the initial �ux of strangeletsentering the atmosphere, and �nally, we point out the possibility that ex-treme energy osmi rays are the results of the deay of unstable primor-dial objets whih an possibly be identi�ed with strangelets. We shall listalso the presently running and planned experiments looking for SQM beingprodued already at aelerators and summarise results obtained so far.2. Some features of strangeletsTypial SQM onsists of roughly equal number of up (u), down (d) andstrange (s) quarks, and it has been found to be the true ground state ofQCD [5℄, i.e., it is absolutely stable at high mass numbers A and, beausethe energy per baryon in SQM ould be smaller than that in ordinary nulearmatter, it would be more stable than the most tightly bound 56Fe nuleus.The measure of stability of strangelets is provided by the so alled separationenergy dE=dA, i.e., energy whih is required to remove a single baryon froma strangelet. There exists some ritial size given by a ritial value ofA = Arit (vary from Arit = 300 to 400 depending on the various hoies



Can Cosmi Rays Provide Sign of Strangelets? 279of parameters [5℄) suh that for A > Arit strangelets are absolutely stableagainst neutron emission [6℄. Below this limit strangelets deay rapidly byevaporating neutrons.The small value of the harge to mass ratio, Z=A � A1=3, expeted in thease of strangelets [5,7℄, provide us with the main riterion for their disrim-ination among other debris when searhing osmi rays for suh nulearities.As we have demonstrated in [3℄ the resaled radius r0 of strangelets(whih follow A-dependene typial for nulei, i.e., R = r0A1=3) is ompara-ble to this of ordinary nulei. Considering a lump of SQM visualised after [5℄as Fermi gas of u, d and s quarks, with total mass number A whih is on-�ned in a spherial volume V / A, the resaled radius r0 is determined bythe number density of strange matter [5℄. For the values ommonly aeptedfor SQM (like the mass of the strange quark m �= 150 MeV and the hemialpotential � �= 300 MeV), the values of r0 of the strangelets are ompara-ble with that for the ordinary nulear matter [3℄ (being only a bit smaller,with di�erenes not exeeding 10%�20%). However, beause the mass num-ber A of strangelets is muh larger than the mass number of ordinary nulei,their expeted geometrial ross setions are also muh larger than those fornormal nulei.3. Propagation of strangelets in the atmosphereIt does not mean, however, that some form of SQM does not penetratedeep in the atmosphere to be �nally, registered. The apparent ontraditionbetween its �normal� size and strong penetrability an be resolved in verysimple manner. Strangelets reahing so deeply into atmosphere are formedin many suessive interations with air nulei following one of the proposedpossible senarios:(i) either an initially small strangelet piks up mass from the ollisionswith air atoms whih during its passage through Earth atmosphere [8℄,(ii) or an initially very heavy lump of SQM entering our atmosphere (withA of the order of 103) dereases due to subsequent ollisions with airnulei, until its mass reahes a ritial value Arit at whih point itdisintegrates [3, 9℄.In what follows we explore the seond senario developed by us reently.In this way one an aommodate both the most probably �normal� meanfree paths for suessive interations and �nal large penetrating depth. Suhsenario is fully onsistent with all present experiments [9℄. The senarioproposed and tested in [3℄ was that in the interation of strangelet withtarget nuleus all quarks of the target (whih are loated in the geometrial
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Fig. 1. Atmospheri length � after whih initial strangelets reahes its ritial sizeArit = 320 drawn as a funtion of its initial mass number A0 for SM (solid) and TM(dashed line) models of interation with air nulei. Conseutive squares indiatepoints where A0=Arit = 2; 3; : : :, (for A0 > 600).
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Fig. 2. Number of nuleons released in 1 g/m2 at depth h of the atmospherefrom the strangelet with mass number ratios A0=Arit = 1; 2; :::; 8, respetively,(in SM model).



Can Cosmi Rays Provide Sign of Strangelets? 281intersetion of the two olliding nulei) are involved. It is assumed that eahquark from the target interats with only one quark from the strangelet; i.e.,during interation the mass number of strangelet is diminished to the valueequal to A�At at most. This proedure ontinuous unless either strangeletreahes Earth or (most probably) disintegrates at some depth h of the at-mosphere reahing A(h) = Arit. This result, in a �rst approximation (inwhih At � Arit < A0), in the total penetration depth of the order of� �= 4=3�NAt(A0=At)1=3. Fig. 1 shows at what depth strangelets start tobeome ritial whereas Fig. 2 exposes the expeted number of nuleonsreleased from strangelet at depth h of the atmosphere.In numerial estimations provided in [3,9℄ in addition to the above Stan-dard Model (SM) of ollisions of strangelets with the air nulei, we have alsoonsidered the so alled �tube-like model� (TM) in whih all quarks fromgeometrial intersetion region, both from projetile and target, partiipatein the ollision. However, this variant, whih leads to the maximal possibledestrution of quarks in strangelets, i.e., to their maximal dereasing, an-not desribe adequately experimental data (f. Fig. 3).
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Fig. 3. The estimation of the expeted �ux of strangelets on the border of atmo-sphere, N(A0), as a funtion of their mass number as obtained from SM (fullsymbols; solid line for power �ts) and TM (empty symbols; dashed line). See [3,9℄for further details.



282 M. Rybzy«ski, Z. Wªodarzyk, G. Wilk4. Cosmi nulearitiesThere are several reports suggesting diret andidates for SQM. In par-tiular, the following anomalous massive partiles, whih an be interpretedas strangelets, have been apparently observed in Cosmi Ray (CR) experi-ments:(i) In ounter experiment devoted to study primary CR nulei two anoma-lous events have been observed (Saito) [10℄ with values of harge Z�=14and of mass numbers A �= 350 and A �= 450, respetively.(ii) The so alled Prie's event [11℄ with Z �= 46 and A > 1000, regardedpreviously as possible andidate for magneti monopole.(iii) The so alled Exoti Trak (ET) event with Z �= 20 and A �= 460has been reported in [12℄. The name omes from the fat that theprojetile ausing that event has apparently traversed � 200 g/m2 ofatmosphere.It is remarkable that all possible andidates for SQM have mass numbersnear or slightly exeeding Arit (it is also argued that Centauro [13℄ event,regarded to be possible andidate for strangelet, ontains probably � 200baryons [14℄). Also the values of Z and A mentioned above are fully onsis-tent with the existing theoretial estimations for Z=A ratio, whih is har-ateristi for the SQM [15℄, f. Fig. 4.Using our senario of strangelet propagation [3,9℄ and experimental datataken at di�erent atmospheri depths we an estimate the �ux of strangeletsreahing our atmosphere, f. Fig. 3. The experimental data Saito, ET [10,12℄and Centauro [13℄ on measured �uxes on di�erent atmospheri depths as wellas the orresponding upper limits (no strangelets found so far), JACEE [16℄and Conorde [17℄ are proessed. Notie, that Prie's data favour standardmodel. In terms of �ts (for 3 points: Saito, ET, Centauro) one gets: � A�7:50for SM and � A�2:80 for TM (dashed line). The hoie of the power-like formof standard model was ditated by the analogy to nulear fragmentation andthe expetation that deay (fragmentation) of a strange star after its ollisionwill result in the prodution of strangelets with similar distribution of mass.The analysis [3, 9℄ of the above listed andidates for SQM indiate thatthe abundane of strangelets in primary osmi ray �ux is roughlyFS(A0 = Arit)=Ftot = 2:4 � 10�5 at the same energy per partile.
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Fig. 4. The relation of Z and A for SQM (solid line) in omparison with the same fornormal nulei (dashed line). Notie that andidates for strangelets (S1 [10℄, S2 [12℄and S3 [11℄) lie on theoretial line.5. Exoti eventsWe would like to disuss now shortly a number of existing experimentalresults obtained by Emulsion Chamber experiments, whih an be regardedas exoti (i.e., not enountered so far in aelerator experiments and, there-fore, still waiting for its proper understanding) [18℄. Those are, for example,entauro speies, super-families with �halo�, the strongly penetrating om-ponent, et. As already mentioned, they an hardly be explained in termsof standard ideas about hadroni interations, whih we have learned so farfrom aelerator experiments. Our Monte Carlo simulations show, however,that these phenomena ould not originate from any kind of statistial �u-tuations of �normal� hadroni interations, indiating, therefore, that eithersome new mehanism of interation or new primaries might appear in thehigh energy interations. Our attitude is to attribute all those e�ets toation of strangelets. 5.1. Mini-lusterThe transition urves of anomalous asades exhibit surprising features:a strong penetrating nature assoiated with very slow attenuation andappearane of many maxima with small distanes between them (about2 to 3 times smaller than the alulated distanes for the �normal� hadron



284 M. Rybzy«ski, Z. Wªodarzyk, G. Wilkasades). We investigate [19℄ the possible onnetion between this ex-tremely penetrating omponent, frequently aompanying the osmi rayexoti phenomena, and the hypothesis of the formation of strangelets takingplae in the proess of strangeness distillation, being the last stage of the evo-lution of the quark matter droplet. We �nd that many-maxima long-rangeasades observed in the homogeneous lead emulsion hamber experimentsan be produed in the proess of strangelet penetration through the ap-paratus. The bundle of hadrons provides the possible explanation for theanomalous (strongly penetrating) showers. In order to explain the mutualdistane distribution of the sub-showers maxima positions, we need onlya few (� 7) hadrons onentrated in the very forward region. The assump-tion of strangelet with A = 15 penetrating through the hamber and evap-orating neutrons leads to the formation of the long-range many-maximaasades similar to those observed in the experiment.The existing experimental data, however, are not su�ient to deideif they are produed by (stable or unstable) strangelets. The CASTORdeteting system, proposed as a subsystem of the ALICE experiment atLHC ould help in solving the existing unertainties [20℄.5.2. CentaurosThe Centauro and mini-Centauro events, haraterised by the extremeimbalane between hadroni and gamma-ray omponents among the pro-dued seondaries, are the best known examples of numerous unusual eventsreported in osmi-ray experiments. There are many attempts to explainthem (di�erent types of isospin �utuations or formation of disoriented hiralondensate, multipartile Bose�Einstein orrelations, strange quark matterformation or interation). It was shown that families reorded at mountainaltitudes are insensitive to any isospin �utuations. Centauro-like phenom-ena require deeply penetrating omponent in osmi rays. We laim thatthey an be produts of strangelets penetrating deeply into atmosphere andevaporating neutrons [21℄. Both the �ux ratio of Centauros registered atdi�erent depths and the energy distribution within them an be suessfullydesribed by suh onept.5.3. Coplanar emissionPhenomenon of alignment of strutural objets of gamma-hadron fami-lies near a straight line in the plane at the target diagram was �rst observedduring examination of multiore halos and, later, when observing distin-guished energeti ores (i.e., halos, energeti hadrons, high energy gammaquanta or narrow partile groups) [22℄. The exess of aligned families foundin these ases exeeds any known onventional onept of interation. Many



Can Cosmi Rays Provide Sign of Strangelets? 285attempts to interpret this phenomenon of oplanar emission were under-taken. However, up to now no satisfatory explanation exists. The troubleis that this alignment ours in spite of the fat that there is always substan-tial number of interations ontributing to family formation. The long-�yingomponent with mean free path of the few hundreds of g=m2 is required.As a tentative explanation the arrival of strangelets with high spin (J � A2)and gradual dispersion of mass A(h) along their way through the atmospherean be given.6. Families and EAS indued by strangeletsThe harateristi features in strangelets propagation in the atmosphereare illustrated in Figs. 1 and 2. Many harateristis of the families and EASare sensitive to existene of primary strangelets. As an illustration we showin Fig. 5 our expetations for the orresponding distributions of hadronsin EAS deteted at Chaaltaya. Analysis of gamma-ray families indued byosmi rays also shows signi�ant di�erenes between SQM and �normal�hadroni matter. On Fig. 6 we show di�erenes in f = E=PE distributionin families withPE = 100�200 TeV initiated by primary protons and SQM.Families from SQM are haraterised by soft energy spetrum (being also
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Fig. 5. Multipliity distribution of hadrons in EAS with size Ne = 106�107 detetedat Chaaltaya and initiated by primary protons (dashed line), iron nulei (dottedline) and strangelets with A0 = 400 (solid line).
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Fig. 6. Integral f = E=PE distribution in families with PE = 100�200 TeVinitiated by primary protons (dots) and SQM (squares).muh broader) then those indued by primary proton. The examples of re-sults obtained for muons in EAS with and without strangelets are presentedin Figs. 7 and 8.
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Fig. 8. Multipliity distributions of muons in EAS with size Ne = 106�107 detetedat Chaaltaya and indiated by primary protons (dashed line), iron nulei (dottedline) and strangelets with A0 = 400 (solid line).7. Muon bundles from CosmoLEPWe would like to bring ones attention to the data from the osmi-rayrun of the ALEPH detetor at the CosmoLEP experiment. Data arhivesfrom the ALEPH runs have revealed a substantial olletion of osmi raymuon events [23℄. More than 3:7 � 105 muon events have been reordedin the e�etive run time 106 seonds. Multi-muon events observed in the16 m2 time projetion hamber with momentum ut-o� 70 GeV have beenanalysed and good agreement with the Monte Carlo simulations obtainedfor multipliities N� between 2 and 40. However, there are 5 events withunexpetedly large multipliities N� (up to 150) whih annot be explained,even assuming pure iron primaries.We shall estimate the prodution of muon bundles of extremely highmultipliity in ollisions of strangelets with atmospheri nulei [24℄. MonteCarlo simulation desribes the interation of the primary partiles at thetop of atmosphere and follows the resulting eletromagneti and hadroniasades through the atmosphere down to the observation level. The integralmultipliity distribution of muons from ALEPH data is ompared with our



288 M. Rybzy«ski, Z. Wªodarzyk, G. Wilk

20 40 60 80 100 120 140 160 180 200
N

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

P(
>

N
)

Fig. 9. Integral multipliity distribution of muons for the CosmoLEP data [24℄(stars). Monte Carlo simulations for primary nulei with �normal� omposition(dotted line) and for primary strangelets with A = 400 (dashed line). Full lineshows the summary (alulated) distribution.simulations in Fig. 9. We have used here the so-alled �normal� hemialomposition of primaries with 40% protons, 20% helium, 20% CNO mixture,10% Ne�S mixture, and 10% Fe. It an desribe low multipliity (N� � 20)region only. Muon multipliity from strangelet indued showers are verybroad. As an be seen, the small amount of strangelets (with the smallestpossible mass number A = 400 (the ritial mass to be Arit = 320 here)) inthe primary �ux an aommodate experimental data. Taking into aountthe registration e�ieny for di�erent types of primaries one an estimatethe amount of strangelets in the primary osmi �ux. In order to desribethe observed rate of high multipliity events one needs the relative �ux ofstrangelets FS=Ftot ' 2:4 � 10�5 (at the same energy per partile). It anbe interesting to point out that the high multipliity events disussed here(with N� ' 110 reorded on 16 m2) orresponds to � 5600 muons withE� � 70GeV (or 1000 muons with energy above 220GeV). These numbersare in surprisingly good agreement with results from other experiments likeBaksan Valley where 7 events with more than 3000 muons of energy 220GeVwere observed [25℄.



Can Cosmi Rays Provide Sign of Strangelets? 2898. Delayed neutronsIn the last years some evidenes have been found [26℄ for the existeneof abnormal large events in neutron monitors that we shall all delayed neu-trons. These phenomena ould not be explained by the known mehanismsof hadroni asades development.On the other hand suh delayed neutrons may appear after deay ofsmall, unstable strangelet, whih was reated as a result of interation ofprimary osmi rays with air nulei. Mean lifetime of that strangelet maybe few thousands �s long [27, 28℄. We alulated arrival time distributionof neutrons, like shown in [29℄. We used this distribution for simulation ofthe time distribution of delayed neutrons whih appear after deay of thestrangelet. The energy spetrum of evaporated neutrons followed the Plankdistribution with T = 4 MeV. The integration over energy was performedin the energy interval 1�50 MeV. In Fig. 10 we show experimental datafrom standard neutron super monitor 18NM64 [30℄ in omparison with oursimulations. If we assume mean lifetime of a strangelet being � ' 2000 �sit desribes satisfatorily experimental data.
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290 M. Rybzy«ski, Z. Wªodarzyk, G. Wilk9. Interations with bakground radiationIn analysis of osmi rays propagation through the Universe one shouldonsider their interation with bakground radiation. In the region of highenergies, the main proesses are: pair prodution p +  ! p + e+e�, pho-toprodution p +  ! p + �0 and nulei photodisintegration. The energylosses of nulei with mass A during their interation with bakground pho-tons given by [31℄ shows remarkable Z2=A behaviour (� A�1=3 in the ase ofstrangelets). In Fig. 11 we show the energy losses of nulei and strangeletsarised due to interations with bakground radiation. As an be seen,
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Fig. 11. Energy losses of protons, O, Fe, and some strangelets with mass num-ber A = 320; 640; :::; 3200 (respetively, from left) due to interation with osmibakground radiation. Horizontal line shows red shift limit.beause of their large mass number A, strangelets an propagate throughthe Universe with very small energy losses. Critial energy for strangelets issee-mighty larger then this for protons (f. Fig. 12). This an lead to theidea that extremely energeti osmi rays are not the result of the aelera-tion of protons, but rather of the deay of unstable primordial objets. Weexpet that strangelets may be highly energeti primordial remnants of theBig Bang falling into this ategory.
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Fig. 12. GZK uto� Erit as a funtion of mass number A. Dots represents normalnulei, squares � strangelets.10. Abundane of strangeletsWe an estimate �ux of strangelets on the border of atmosphere usingthe existing experimental data taken at di�erent atmospheri depths [9℄.Interpreting them in terms of our senarios of propagation of strangeletsin the atmosphere, the �ux of strangelets hitting the Earths atmosphere asa funtion of mass is evaluated. The results an be parametrised as follows:/ A�7:50 . The estimated �ux of strangelets is onsistent (f. Fig. 13) with thepredited astrophysial limits and the upper limits given experimentally [32℄.It is interesting to note that essentially the same power behaviour isobserved also for ourrene of normal nulei in the Universe. Namely, om-bination of existing data [33℄ on the hemial omposition (for normal nulei,i.e., Z < 100 or A < 250) omprising CR (at relativisti energies) and dif-ferent astrophysial objets (like solar system matter, Earth's ore or Sun'satmosphere) an be desribed by the formula N(A) / A�7:5 (f. Fig. 14).
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