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DESY 06-203Exoti Neutrino Interations in Cosmi RaysMarkus Ahlers aaDeutshes Elektronen-Synhrotron DESY, Notkestra�e 85, 22607 Hamburg, GermanyAbstratThe spetrum of extra-galati osmi rays (CRs) is expeted to follow the Greisen-Zatsepin-Kuzmin (GZK) uto� at about 5� 1010 GeV whih results from energy losses ofharged nulei in the osmi mirowave bakground. So far the onfrontation of this featurewith CR data is inonlusive. In the absene of lose-by soures a power-law ontinuationof the spetrum might signal the ontribution of new physis. We have investigated thestatistial signi�ane of a model where exoti interations of osmogeni neutrinos arethe origin of super-GZK events. A strong neutrino-nuleon interation is favored by CRdata, even if we aount for a systemati shift in energy alibration.1. IntrodutionThe appearane of extremely high energeti (EHE) osmi rays (CRs) is a mys-tery. Simple geometri arguments show that the energy of nulei originating in os-mi aelerators should be limited orresponding to the size and magneti �eld ofthe aelerating environment (Hillas riterion) [1℄. Additional onstraints arise fromenergy losses in the soure that has to be balaned by the aeleration rate [2℄. Inpartiular, the energy loss length of synhrotron radiation dereases with the thirdpower of the magneti �eld (at onstant gyro-radius) and limits the eÆieny ofsmall andidate aeleration sites. The very few soures that seem to be apable ofaelerating protons up to 1012 GeV inlude radio galaxy lobes and relativistiallymoving soures like jets of ative galati nulei or gamma ray bursts.Not only the aeleration mehanism of these partiles seems to be problem-ati, but also their propagation in the interstellar medium. Resonant pion photo-prodution in the osmi mirowave bakground (CMB) limits the range of EHEpartiles to a few 10 Mp. It was �rst emphasized by Greisen [3℄, Zatsepin, andKuzmin [4℄ (GZK) that this should be signaled by a uto� in the CR spetrum atabout 5� 1010 GeV if extra-galati soures dominate at these energies. So far, theonfrontation of this e�etive uto� with CR data is inonlusive. In partiular, theobservations of two large exposure experiments AGASA [5℄ and HiRes [6℄ seem toimply oniting results.The \exess" of super-GZK events reported by the AGASA ollaboration hasled to speulations about a di�erent origin of EHE CRs. Berezinsky and Zatsepinproposed that osmogeni neutrinos [9℄ produed in the deay of the GZK pionsould explain these events assuming a rapid rise of the neutrino-nuleon interation.Email address: markus.ahlers�desy.de (Markus Ahlers).Workshop on Exoti Physis with Neutrino Telesopes Uppsala 20-22 Sept 2006



Fig. 1. Left panel: The osmi ray spetra from AGASA, Fly's Eye Stereo, Hires-I/II (with energyshift given in Ref. [14℄), and PAO. Right panel: The ux of extra-galati protons and osmogenineutrinos from CMB interations orresponding to the 99% CL of the �t.We have followed this idea in Ref. [11℄ and investigated the statistial signi�aneof senarios with strongly interating neutrinos ombining CR data from AGASAand HiRes and neutrino limits from horizontal events at AGASA and ontainedevents at RICE.The AGASA exess of super-GZK events ould also be the result of a relativesystemati error in energy alibration of �30% [12℄. This interpretation is fueledby a reent re-analysis of the AGASA data [13℄. The preliminary results indiatethat the energy of highly inlined showers has previously been over-estimated. Ifveri�ed, this would result in a re-alibration of the spetrum aording to a relativeenergy shift of �10% to �15%.Remarkably, this energy shift agrees with preditions from a mathing proedureof CR spetra assuming an early onset in extra-galati proton dominane at about109 GeV [14℄. The alibration by the \dip" in these proton spetra resulting fromeletron-positron pair prodution on the CMB predits a �10% and 20% energyshift of the AGASA and HiRes data, respetively. We have inorporated this re-alibration into our analysis and show also the e�et of the preliminary data fromthe Pierre Auger Observatory (PAO) [15℄ on our results.2. Cosmi Soures of Protons and NeutrinosWe assume that extra-galati protons dominate the CR spetrum above 5 �108 GeV. A onvenient parameterization of a spatially homogeneous and isotropisoure luminosity is given byLCR(z; E) / (1 + z)nE� e� EEmax ; zmin < z < zmax; (1)whih aounts for an evolution with redshift z and an exlusion of nearby ( zmin)and early (zmax) soures. In our analysis we have keep these parameters �xed atzmin = 0:012, orresponding to rmin � 50Mp, and zmax = 2:0. The power-lawinjetion is e�etively limited to energies below Emax, whih we also �x at 1012 GeV.The ux of protons originating at distant soures is subjet to energy redshift andollisions with the interstellar photon bakground during propagation. The domi-nating interations of UHE protons are e+e� pair prodution and meson photopro-dution in the CMB (see e.g. [16℄). These e�ets are taken into aount by means of2



propagation funtions, whih have been provided by the authors of Ref. [21℄. Thepions, whih are resonantly produed at the GZK ut-o�, deay into eletron andmuon neutrinos via the reation hain �+ ! �+�� ! ������e e+ and the onjugateproess. This onstitutes a ux of UHE osmogeni neutrinos whih an be taken asa \guaranteed soure" assuming extra-galati protons as the highest energy CRs.Depending on the environment of the proton aelerators neutrinos might alsoemerge in the deay of pions produed by photoprodution proesses during ael-eration [23℄. The ux of extra-galati neutrinos have been estimated in Ref. [24℄assuming a low ross-over to extra-galati protons at about 5� 108 GeV. In on-trast to a transition at the \ankle" this ux of neutrinos from the soure dominatethe total neutrino ux below 109 GeV and exhausts urrent experimental neutrinobounds at energies of about 107 GeV. The total neutrino ux beyond the GZKuto� is however dominated by osmogeni neutrinos and we will only use thisontribution for our statistial evaluation.3. Exoti Neutrino InterationsThe ux of osmogeni neutrinos assoiated with a low ross-over to extra-galatiprotons is omparable to the ux of protons at the GZK ut-o� as an be seen fromFig. 1. A ontribution of these neutrinos as super-GZK events requires a strongdeviation from the feeble neutrino-nuleon interations predited by the StandardModel. In order to avoid large ontributions in neutrino experiments the transitionto a anomalously large ross setion has to be very rapid.The realization of suh a behavior has been proposed in senarios beyond the(perturbative) Standard Model (SM), e.g. arising through ompositeness, througheletroweak sphalerons, through string exitations in theories with a low string anduni�ation sale, through Kaluza-Klein modes from ompati�ed extra dimensions,or through blak hole and p-brane prodution, respetively. For details of thesemodels we refer to some reent reviews, Refs. [25℄. Skeptiism about these senarioshas been raised in Ref. [27℄ based on limitations from s-wave unitarity or the natu-ralness of the ouplings. However, these onsiderations do not neessarily apply fornon-perturbative aspets like instantons.In the following we will use a exible parameterization of a strong neutrino-nuleon inelasti ross setion (�new�N ) fousing on three harateristi parameters:(i) the energy sale Eth of the new underlying physis, (ii) the ampli�ation Aompared to the SM preditions, and (iii) the width B of the transition betweenweak and strong interation. A mathematial onvenient parameterization is givenby log10� �new�NA�SM�N � = 12 �1 + tanh�logB E�Eth�� : (2)In general, experiments distinguish di�erent CR primaries by their harateristishower development in matter. For the sake of simpliity we will assume that theharateristis of the showers indued by strongly interating neutrinos are indis-tinguishable from those indued by protons. In partiular, we assume for bothprimaries (i) a omplete onversion of the inident energy into the shower, and (ii)equal detetion eÆienies at the highest energies.3



Fig. 2. The range of the ross setion within the 95%, 90% and 68% CL (outer to inner bands) ob-tained by the re-alibrated AGASA, Fly's Eye Stereo, and HiRes-I/II data, with (right panel) andwithout (left panel) the preliminary Auger data. Also shown are theoretial preditions of the neu-trino-nuleon ross setion enhaned by eletroweak sphalerons, p-branes, and string exitations(see Ref. [11℄ for details).4. Quantitative AnalysisFollowing the proedure of Ref. [11℄ we have evaluated the CR spetra of AGASA,Fly's Eye Stereo, HiRes-I/II, and PAO (preliminary data) assuming extra-galatiproton dominane above and 5�108 GeV and a ontribution of strongly interatingneutrinos as super-GZK events. In ontrast to Ref. [11℄ we have re-alibrated theenergy by a multipliative fator 0:9 and 1:2 for the AGASA and HiRes data,respetively, following Ref. [14℄. For onsisteny with neutrino experiments we haveused the searh results of horizontal events at AGASA and ontained events atRICE [28℄. Figure 2 shows the range of the ross setion orresponding to the 68%,90%, and 95% on�dene level (CL) from a goodness-of-�t test assuming osmogenineutrino uxes from a low rossover senario. The details of the statistial analysisand the approximations involved an be found in Ref. [11℄.Compared to our previous results [11℄ the re-alibrated spetrum is in a muhbetter statistial agreement with the ombined ux of protons and neutrinos fromexoti interations. This is mainly due to the fat that the alibration method\optimizes" the CR data to extra-galati proton spetra below the GZK uto�.However, within this partiular model the re-alibrated data still favors an addi-tional ontribution from strongly interating osmogeni neutrinos. At the 95% CLthe orresponding neutrino-nuleon ross setion should exhibit a steep inrease byan ampli�ation fator of A > 103. For A < 105 the transition should be very rapid(B < 10) at about 5 � 1011 GeV. The allowed parameter spae further shrinks ifwe also inlude the preliminary PAO data.As an illustration of the result, we have onsidered three models of a rapidlyinreasing neutrino-nuleon ross setion based on eletroweak sphalerons [29℄, p-branes [30℄ and string exitations [31℄. The details an be found in Ref. [11℄. Aseparate �t of the soure luminosity (Eq. (1)) with these ross setion using the re-alibrated data gives a statistial aeptane at the 81%, 65%, and 60% CL (withoutPAO), respetively. If we also inlude the PAO data in the �t, these values hangeto 98%, 90%, and 88%, respetively, whih is in reasonable good agreement withthe results of Fig. 2. 4
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