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ITP-BUDAPEST 610WUB 04-05DESY 04-014hep-ph/0402102STRONG NEUTRINO-NUCLEON INTERACTIONS ATULTRAHIGH ENERGIES AS A SOLUTION TO THE GZK PUZZLE�Z. FODOR1;2, S. D. KATZ2y, A. RINGWALD3 AND H. TU31Institute for Theoretial Physis,E�otv�os University,H-1518 Budapest, Pf. 32, Hungary2Department of Physis,University of Wuppertal,D-42097 Wuppertal, Germany3Deutshes Elektronen-Synhrotron DESY,D-22603 Hamburg, GermanyAfter a short review of the ultrahigh energy osmi ray puzzle { the apparent obser-vation of osmi rays originating from osmologial distanes with energies above theexpeted Greisen-Zatsepin-Kuzmin uto� 4�1019 eV { we onsider strongly interatingneutrino senarios as an espeially interesting solution. We show that all features ofthe ultrahigh energy osmi ray spetrum from 1017 eV to 1021 eV an be desribed tooriginate from a simple power-like injetion spetrum of protons, under the assumptionthat the neutrino-nuleon ross-setion is signi�antly enhaned at enter of mass ener-gies above � 100 TeV. In suh a senario, the osmogeni neutrinos produed during thepropagation of protons through the osmi mirowave bakground initiate air showers inthe atmosphere, just as the protons. The total air shower spetrum indued by protonsand neutrinos shows exellent agreement with the observations. We shortly disuss TeV-sale extensions of the Standard Model whih may lead to a realization of a stronglyinterating neutrino senario. We emphasize, however, that suh a senario may evenbe realized within the standard eletroweak model: eletroweak instanton/sphaleronindued proesses may get strong at ultrahigh energies. Possible tests of strongly inter-ating neutrino senarios range from observations at osmi ray failities and neutrinotelesopes to searhes at lepton nuleon sattering experiments.1. IntrodutionThe Earth's atmosphere is ontinuously bombarded by osmi partiles (\rays").Their measured ux extends over many orders of magnitude in energy (f. Fig. 1).At energies above 1015 eV, they are observed in the form of extensive air show-ers (EAS's), initiated by inelasti sattering proesses of osmi partiles o� at-mospheri nuleons. Ground-based observatories have measured EAS's with en-�Invited talk given at the 10th Marel Gro�mannMeeting, 20-26 July 2003, Rio de Janeiro, Brazil.yOn leave from Institute for Theoretial Physis, E�otv�os University, Budapest, Hungary.1



2ergies up to E <� 3 � 1020 eV, orresponding to enter-of-mass (CM) energiesps = p2mpE <� 750 TeV, where mp is the proton mass. Therefore, the high-est energy osmi rays probe physis beyond the reah of the (Very3) Large HadronCollider4 ((V)LHC), with a projeted CM energy of 14 (200) TeV. In this ontext, itis interesting that the measured osmi ray ux at the highest energies, E>� 1020 eV,represents a puzzle. What is this puzzle about?

Figure 1. Compilation of measurements of the ux of osmi rays. The dotted line shows an E�3power-law for omparison. Approximate integral uxes (per steradian) are also shown (adapted1from Ref.2).It hinges on the irumstantial evidene that the osmi rays above 1017:5�18:5 eVoriginate from osmologial distanes (for a reent review, see Ref.5). This evideneis largely based on the apparent large-sale isotropy in the arrival diretions ofosmi rays (f. Fig. 2). Moreover, whereas there are only very few { if any { nearbysoure andidates, plausible astrophysial soures are most likely to be found onlyat osmologial distanes.If the highest energy osmi rays are nuleons (or nulei), if their soures are
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CFigure 2. Arrival diretions of osmi rays detetedby the AGASA and Akeno (A20) experimentsin equatorial oordinates. Open irles and open squares represent osmi rays with energies(4� 10)� 1019 eV, and � 1020 eV, respetively. The galati and super-galati planes are shownby the red and blue urves, respetively. Large shaded irles indiate event lusters within 2:5Æ.The shaded regions indiate the elestial regions exluded by a zenith angle ut of � 45Æ. Update6(June 24, 2003) of the published data from Ref.7.indeed uniformly distributed at osmologial distanes, and if their injetion spe-tra are power-laws in energy { a reasonable assumption, in view of the measuredspetrum in Fig. 1 whih appears to be approximately of (broken) power-law typeover many order of magnitude in energy { then their total ux arriving at Earthshould show a pronouned drop above the Greisen-Zatsepin-Kuzmin8 (GZK) \ut-o�" EGZK = 4 � 1019 eV. This is due to the fat that, above this energy, theuniverse beomes opaque to high energy nuleons (and nulei), due to inelastihadroni sattering proesses with the osmi mirowave bakground (CMB) pho-tons. The GZK uto� is, however, not seen in the data, at least not in a signi�antmanner (f. Fig. 3). Correspondingly, the events above 1020 eV in Fig. 3 shouldoriginate from small distanes below 50 Mp, the typial interation length of nu-leons above EGZK. However, no soure within a distane of 50 Mp is known inthe arrival diretions of the post-GZK eventsa. The basi puzzle is: if the soures ofultrahigh energy osmi rays are indeed at osmologial distanes, how ould theyreah us with energies above 1020 eV?At the relevant energies, among the known partiles only neutrinos an prop-agate without signi�ant energy loss from osmologial distanes to us. It is thisfat whih led, on the one hand, to senarios invoking hypothetial { beyond theStandard Model { strong interations of ultrahigh energy osmi neutrinos18 and,on the other hand, to the Z-burst senario19;20.In the latter, ultrahigh energy osmi neutrinos (UHEC�'s) produe Z-bosonsthrough annihilation with the reli neutrino bakground from the big bang. OnaThe dominant radio galaxy M87 in the Virgo luster, at a distane of about 20 Mp, has been asoure andidate for a long time14. The major diÆulty with this idea is the isotropy of the arrivaldistribution. It might be overome by invoking a partiular galatimagneti �eld originating froma \galati wind"15. Critiisms of this model16 have been addressed in Ref.17.



4
Figure 3. Ultrahigh energy osmi ray data with their statistial errors (top: ombination ofAkeno9 and AGASA10 data; bottom: ombination of Fly's Eye11 and HiRes12 data) and thepreditions arising from a power-law emissivity distribution (1) orresponding to soures whihare uniformly distributed at osmologial distanes. The best �ts between E� = 1017:2 eV andE+ = 1020 eV are given by the solid lines and orrespond to the indiated values of the parameters� and n in the soure emissivity distribution. The 2-sigma variations orresponding to the minimal(dotted) and maximal (dashed) uxes are also shown. Other parameters of the analysis wereEmax = 3� 1021 eV, zmin = 0:012, and zmax = 2. From Ref.13.Earth, we observe the air showers initiated by the protons and photons from thehadroni deays of these Z-bosons. Though the required ultrahigh energy osmineutrino ux20 is smaller than present upper bounds21, it is not easy to oneive aprodution mehanism yielding a suÆiently large one. In the near future, UHEC�detetors, suh as the Pierre Auger Observatory22, IeCube23, ANITA24, EUSO25,OWL26, and SalSA27 an diretly on�rm or exlude this senario28.Senarios based on strongly interating neutrinos, on the other hand, are basedon the observation that the ux of neutrinos originating from the deay of thepions produed during the propagation of nuleons through the CMB18;29;30;31{ the osmogeni neutrinos { shows a nie agreement with the observed ultrahighenergy osmi ray (UHECR) ux above EGZK. Assuming a large enough neutrino-nuleon ross-setion at these high energies, these neutrinos ould initiate extensiveair showers high up in the atmosphere, like hadrons, and explain the existene ofthe post-GZK events18. This large ross-setion is usually ensured by new types ofTeV-sale interations beyond the Standard Model, suh as arising through gluoni



5bound state leptons32, through TeV-sale grand uni�ation with leptoquarks33,through Kaluza-Klein modes from ompati�ed extra dimensions34 (see, however,Ref.35), or through p-brane prodution in models with warped extra dimensions36(see, however, Ref.37); for earlier and further proposals, see Ref.38 and Ref.39,respetively.In this review, we disuss strongly interating neutrino senarios as a possiblesolution to the GZK puzzle. We present a detailed statistial analysis of the agree-ment between observations and preditions from suh senarios40. Moreover, weemphasize an example whih { in ontrast to previous proposals { is based entirelyon the Standard Model of partile physis. It exploits non-perturbative eletroweakinstanton-indued proesses for the interation of osmogeni neutrinos with nule-ons in the atmosphere, whih may have a sizeable ross-setion above a thresholdenergy Eth = O((4�mW =�W )2)=(2mp) = O(1018) eV, where mW denotes the W-boson mass and �W the eletroweak �ne struture onstant41;42;43.Our senario is based on a standard power-like primary spetrum of protonsinjeted from soures at osmologial distanes. After propagation through theCMB, these protons will have energies belowEGZK, so they an well desribe the lowenergy part of the UHECR spetrum. The osmogeni neutrinos interat with theatmosphere and thus give a seond omponent to the UHECR ux, whih desribesthe high energy part of the spetrum. The relative normalization of the proton andneutrino uxes is �xed in this senario, so the low and high energy parts of thespetrum are explained simultaneously without any extra normalization. Details ofthis analysis an be found in Ref.40.The struture of this review is as follows. In the next setion, we review ourproedure to infer the uxes of protons and osmogeni neutrinos at Earth, from anassumed injetion spetrum at the soures. In Set. 3, various possibilities, inludingthe one exploiting eletroweak instantons, for a large neutrino-nuleon ross-setionat high energies are disussed, and the indued air shower rate is alulated. InSet. 4, we present a omparison of the preditions with the observations and adetermination of the goodness of the �t. Possible further tests are mentioned inSet. 5, while onlusions are given in Set. 6.2. Proton and osmogeni neutrino uxesOur analysis40 is based on the assumption of a power-law emissivity distributionorresponding to uniformly distributed soures. The emissivity is de�ned as thenumber of protons per o-moving volume per unit of time and per unit of energy,injeted into the CMB with energy Ei and haraterized by a spetral index � anda redshift (z) evolution index n,Lp = j0E��i (1 + z)n �(Emax � Ei) �(z � zmin) �(zmax � z) : (1)Here, j0 is a normalization fator, whih will be �xed by the observed ux. Theparameters Emax and zmin=max have been introdued to take into aount ertain



6possibilities suh as the existene of a maximal energy, whih an be reahed throughastrophysial aelerating proesses in a bottom-up senario, and the absene ofnearby/very early soures, respetively. Our preditions are quite insensitive to thespei� hoie for Emax, zmin, and zmax, within their antiipated values. The mainsensitivity arises from the spetral parameters � and n, for whih we determine the1- and 2-sigma on�dene regions in Set. 4.The propagation of partiles an be desribed30;44;45 by Pbja(z; Ei;E) fun-tions, whih give the expeted number of partiles of type b above the thresholdenergy E if one partile of type a started at a redshift \distane" z with energyEi. With the help of these propagation funtions, the di�erential ux of protons(b = p) and osmogeni neutrinos (b = �i; ��i) at Earth an be written asFb(E) = 14� Z 10 dEi Z 10 dzH(z) � �Pbjp(z; Ei;E)�E Lp(r; Ei)1 + z : (2)In our analysis, we took zmax = 2 (f. Ref. 46), while we hoose zmin = 0:012 in orderto take into aount the fat that within 50 Mp there are apparently no astrophys-ial soures of UHECR's. We used the expression H2(z) = H20 �
M (1 + z)3 + 
��for the relation of the Hubble expansion rate at redshift z to the present one. Un-
Figure 4. Predited osmogeni neutrino uxes per avor, F�` +F��` , ` = e; �; � , originating froma power-law proton soure emissivity distribution (1) and orresponding to the predited UHECRuxes in Fig. 3. The \best" preditions for the neutrino spetra are given by the solid lines. The2-sigma variations orresponding to the minimal (dotted) and maximal (dashed) uxes are alsoshown. The dotted band labelled by Auger represents the expeted sensitivity of the Pierre AugerObservatory to �� + ��� , orresponding to one event per year per energy deade50. From Ref.13.



7ertainties of the latter, H0 = h 100 km/s/Mp, with47 h = (0:71� 0:07)�1:150:95, areinluded. 
M and 
�, with 
M +
� = 1, are the present matter and vauum en-ergy densities in terms of the ritial density. As default values we hoose 
M = 0:3and 
� = 0:7, as favored today. Our results turn out to be rather insensitive to thepreise values of the osmologial parameters.We alulated Pbja(z; Ei;E) in two steps. i) First, the SOPHIA Monte-Carloprogram48 was used for the simulation of photohadroni proesses of protons withthe CMB photons. For e+e� pair prodution, we used the ontinuous energy lossapproximation, sine the inelastiity is very small (� 10�3). We alulated the Pbjafuntions for \in�nitesimal" steps as a funtion of the redshift z. ii) We multipliedthe orresponding in�nitesimal probabilities starting at a redshift z down to Earthwith z = 0. The details of the alulation of the Pbja(z; Ei;E) funtions for protons,neutrinos, harged leptons, and photons will be published elsewhere49.Sine the propagation funtions are of universal usage, we deided to make thelatest versions of ��Pbja=�E available for the publi via the World-Wide-Web URLwww.desy.de/~uher .As an illustration of the outome of our propagation odes, we display in Fig. 3the preditions for the proton ux at Earth, originating from a power-like soureemissivity distribution (1) with partiular �; n; : : : values indiated on the �gureand in its aption. A nie �t of the data an be obtained apparently for energiesbelow <� 4 � 1019 eV = EGZK { more on this in Set. 4. The assoiated preditedosmogeni neutrino ux, for the same parameter values, is displayed in Fig. 4.3. Spetrum of neutrino-indued air showersThe main assumption of strongly interating neutrino senarios is that the neutrino-nuleon ross-setion �tot�N suddenly beomes muh larger than � 1 mb above enterof mass energies ps � 100 TeV. In this ase, the orresponding neutrino intera-tion length �� � mp=�tot�N , with �tot�N = ��N + �new�N , falls below X0 = 1031 g/m2{ the vertial depth of the atmosphere at sea level { above the neutrino thresholdenergy � 1019 eV. Here ��N and �new�N denote the harged urrent and the newontribution to the ross-setion. Above the neutrino threshold energy, the atmo-sphere beomes opaque to osmogeni neutrinos and most of them will end up asair showers. Quantitatively, this fat an be desribed byF 0�(E) = F�(E) h1� e� X(�)��(E) i = F�(E) �8<: X(�)��(E) for ��(E)� X(�)1 for ��(E)� X(�) ; (3)whih gives the spetrum of neutrino-initiated air showers, for an inident osmo-geni neutrino ux F� = Pi[F�i + F��i ℄ from Eq. (2), in terms of the atmospheridepth X(�), with � being the zenith angle.Suh suddenly inreasing ross-setions have been proposed in various mod-els involving physis beyond the Standard Model32;33;34;35;36;37;38;39. Among



8
Figure 5. Total ross setion �(�N ! p�brane) in a model with n = 6 extra dimensions, outof whih m have a size L=L� = 0:25 in terms of the fundamental Plank length L� = M�1� , form = 0; : : : ; n�1 from below. The fundamental Plank saleMD = [(2�)n=8�℄1=(n+2)M� has beenhosen as MD = Mminp = 1 TeV in terms of the minimum p-brane mass Mminp . The StandardModel harged urrent ross-setion �(�N ! `X) is also shown (dotted). From Ref.37.the usual suspets are TeV-sale gravity senarios with large or warped extradimensions51. In those, the neutrino-nuleon ross-setion may be greatly enhanedompared to the Standard Model one. As an example, we demonstrate in Fig. 5 thatp-brane prodution in neutrino-nuleon sattering36;37 may reah a ross-setionof � 10 mb at � 1019 eV, depending on the parameters of the model. This is inontrast to mirosopi blak hole (� 0-brane) prodution52 whih has generiallytoo small a ross-setion53 to solve the GZK puzzle, within the allowed parameterranges.In Fig. 6, we show another example for a strong enhanement in the neutrino-nuleon ross-setion, whih is based entirely on the Standard Model, exploit-ing non-perturbative eletroweak instanton-indued proesses41;42;43. Aord-ing to the estimates presented in Fig. 6, the eletroweak instanton-induedneutrino-nuleon ross-setion appears to have a threshold-like behavior at Eth =O((4�mW =�W )2)=(2mp) = O(1018) eV, above whih it quikly rises above 1 mb.Our quantitative analysis in Ref.40 was based on the ross-setion from Ref.43(solid line in Fig. 6), however it is quite insensitive to the exat form of it as longas it rises abruptly far above 1 mb. Note that suh a behaviour is onsistent withpresent upper bounds on eletroweak instanton-indued ross-setions56;57. How-ever, it is fair to say that there are substantial unertainties in the preditions inFig. 6: the absolute size of the ross-setion above the threshold energy may wellbe unobservably small.



94. Comparison with UHECR dataThe predited air shower rate indued by protons and neutrinos is given byFpred(E;�; n;Emax; zmin; zmax; j0) = Fp(E; : : :) + F 0�(E; : : :) : (4)In Ref.40, we performed a statistial analysis to ompare the predition (4), withinthe eletroweak instanton senario from Fig. 6 (solid), with the observations andpresented a measure for the goodness of the senario. We gave the best �t to theobservations and the 1- and 2-sigma on�dene regions in the (�,n) plane.To start the analysis, we had to onvert the measured uxes, whih UHECRollaborations usually publish in a binned form, into event numbers in eah bin.We used the most reent results of the HiRes and AGASA ollaborations and didour analysis separately with both data sets. We onentrated on the energy range1017:2 eV { 1021 eV whih is divided into 38 equal logarithmi bins. In the lowenergy region, there are no published results available from AGASA and only lowstatistis results from HiRes-2. Therefore, we inluded the results of the predeessorollaborations { Akeno9 and Fly's Eye, respetively { into the analysis. With asmall normalization orretion, it was possible to ontinuously onnet the AGASAdata10 with the Akeno ones and the HiRes-1 monoular data12 with the Fly's Eyestereo ones11, respetively (f. Figs. 3 and 7).The goodness of the senario was determined by a statistial analysis. Wedetermined the ompatibility of di�erent (�,n) pairs (f. Eqs. (1) and (4)) withthe experimental data. For some �xed (�,n) pair, the expeted number of events inindividual bins are (� = f�1; :::; �rg with r being the total number of bins (in our
Figure 6. Preditions of the eletroweak instanton-indued neutrino-nuleon ross-setion �(I)�N(solid40 and dashed54) in omparison with the harged urrent ross-setion ��N (dotted) fromRef.55, as a funtion of the neutrino energy E� in the nuleon's rest frame.
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Figure 7. Ultrahigh energy osmi ray data (Akeno + AGASA on the upper panel and Fly's Eye+ HiRes on the lower panel) and their best �ts (solid) within the eletroweak instanton senariofrom Fig. 6 (solid) for Emax = 3 � 1022 eV, zmin = 0:012, zmax = 2, onsisting of a protonomponent (dotted) plus a osmogeni neutrino-initiated omponent (dashed). From Ref.40.ase 38). The probability of getting an experimental outome k = fk1; :::krg (whereki are non-negative integer numbers) is given by the probability distribution funtionP (k), whih is just the produt of Poisson distributions for the individual bins.We also inluded the � 30% overall energy unertainty into the P (k) probabilitydistribution. We denote the experimental result by s = fs1; :::srg, where the si-s arenon-negative, integer numbers. The (�,n) pair is ompatible with the experimentalresults if XkjP (k)>P (s)P (k) <  : (5)For a 1-(or 2-)sigma ompatibility one takes =0.68 (or =0.95), respetively. Thebest �t is found by minimizing the sum on the left hand side.Figure 7 shows our best �ts for the AGASA and for the HiRes UHECR data. Thebest �t values are � = 2:68(2:68) and n = 2:65(2:9), for AGASA(HiRes), within theeletroweak instanton senario from Fig. 6 (solid). We an see very nie agreementwith the data within an energy range of nearly four orders of magnitude. The �tsare insensitive to the value of Emax as far as we hoose a value above � 3�1021 eV.



11
Figure 8. Con�dene regions in the �{n plane for �ts to the Akeno + AGASA data (2-sigma(long dashed)) and to the Fly's Eye + HiRes data (1-sigma (solid); 2-sigma (short-dashed)),respetively, within the eletroweak instanton senario from Fig. 6 (solid), for Emax>� 3�1021 eV,zmin � 0, zmax = 2. From Ref.40.The shape of the urve between 1017 eV and 1019 eV is mainly determined by theredshift evolution index n. At these energies the universe is already transparent forprotons reated at z � 0, while protons from soures with larger redshift aumulatein this region. The more partiles are reated at large distanes { i.e. the larger n is{ the stronger this aumulation should be. In this ontext, we note that the dataseem to on�rm our impliit assumption that the extragalati uniform UHECRomponent begins to dominate over the galati one already at � 1017 eV. If we,alternatively, start our �t only at 1018:5 eV { orresponding to the assumption thatthe galati omponent dominates up to this energy { we �nd, however, also a verygood �t, with a very mild dependene on n and the same best �t values for �,with a bit larger unertainties. The peak around 4 � 1019 eV in Fig. 7 shows theaumulation of partiles due to the GZK e�et. Neutrinos start to dominate overprotons at around 1020 eV.It is important to note that, if we omit the neutrino omponent, then the modelis ruled out on the 3-sigma level for both experiments. This is due to the fat that weexluded nearby soures by setting zmin 6= 0 (see also Ref.58). The hoie zmin = 0makes the HiRes data ompatible with a proton-only senario on the 2-sigma level(see also Refs.12;59).Figure 8 displays the on�dene regions in the (�,n) plane for AGASA andHiRes. The senario is onsistent on the 2-sigma level with both experiments.For HiRes, the ompatibility is even true on the 1-sigma level. It is important tonote that both experiments favor the same values for � and n, demonstrating theirmutual ompatibility on the 2-sigma level (see also Ref.60). If we ignore the energy



12unertainty in the determination of the goodness of the �t, they turn out to beinonsistent.
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Figure 9. The Hillas diagram showing size and magneti �eld strengths of possible sites ofpartile aeleration. Objets below the diagonal lines (from top to bottom), derived from theHillas riterion61 Emax � 2ZeB r for the maximum energy aquired by a partile of harge Zetraveling in a medium of size r with a magneti �eld B, annot shok aelerate protons above1021 eV, above 1020 eV and iron nulei above 1020 eV, respetively. (This version of the pitureis ourtesy of Murat Boratav).Finally, let us emphasize that the same �t results are valid for all strongly in-terating neutrino senarios, as long as the neutrino-nuleon ross-setion has asimilar threshold-like behavior as in Figs. 5 and 6, with a neutrino threshold energy<� 4� 1019 eV and a ross-setion >� 1 mb above threshold. It is also important tonote that the energy requirements on the soures of the primary protons are om-paratively mild. To obtain a good �t, we need Emax>� 3 � 1021 eV. An inspetionof the Hillas diagram in Fig. 9 reveals that there are a number of reasonable astro-physial soure andidates, notably neutron stars and gamma ray bursters (GRB's),whih may provide the neessary onditions to aelerate protons to the requiredenergies by onventional shok aeleration.



135. Further testsThere are a number of further possible tests of strongly interating neutrino se-narios, ranging from astropartile tests, whih inlude searhes at EAS arrays andneutrinos telesopes, to laboratory tests at present and future aelerators. We willreview some of those in this Setion.5.1. Astropartile tests5.1.1. Searhes at EAS arraysOne possibility to test the ultrahigh energy neutrino omponent in the EAS datais to study the zenith angle dependene of the events in the 1018�20 eV range,whih will reet the energy dependene of the neutrino-nuleon ross-setion42;62.Near the threshold energy in strongly interating neutrino senarios, there will bealways a range of energies where the ross-setion is already sizable, but does notyet reah hadroni values (f. Figs. 5 and 6), in partiular, where �tot�N <� 0:56 mb,orresponding to the atmospheri depth at larger zenith angles, � >� 70Æ. Therefore,for these energies, neutrino-initiated showers an be searhed for at osmi rayfailities by looking for quasi-horizontal air showers42, � >� 70Æ. We have hekedin Ref.40 that the rate from our eletroweak instanton predition (f. Fig. 6) isonsistent with observational onstraints found by the Fly's Eye63 and AGASA64ollaborations. For the ase of p-brane prodution, suh onstraints an be avoidedin warped extra dimension senarios with �ne-tuned sizes37.
Figure 10. AGASA integrated energy spetrum of osmi rays (losed irles) and their ontri-bution to lustered events (open squares, see also Fig. 2). From Ref.65.



14 The arrival diretions of the osmogeni neutrinos should pretty muh oinidewith the diretion of the primary protons. Therefore, strongly interating neutrinosenarios open a window of opportunity for the searh for astrophysial point souresof post-GZK UHECR's loated at osmologial distanesb. In this ontext, it isinteresting to note that AGASA observed a lustering of events on small angularsales7;65;66 (f. Fig. 2) { whose statistial signi�ane of ourring higher thanhane oinidene67 is still being debated44;45;68;69, however. Intriguingly, theintegrated ux of osmi rays ontributing to the AGASA event lusters, as shownby open squares in Fig. 10, has a spetrum whih is strikingly similar to the oneexpeted from osmogeni neutrinos in a strongly interating neutrino senario (f.Fig. 7 (dashed)). Possible orrelations of the arrival distributions of UHECR'swith de�nite distant astrophysial soures suh as ompat radio quasars70, inpartiular BL Laertae objets71, or GRB's and magnetars72 may give furtherirumstantial evidene for an UHEC� omponent in EAS data. High statistis datafrom forthoming osmi ray failities suh as Auger22 and EUSO25 are required73for these investigations.5.1.2. Searhes at neutrino telesopesThe harateristi zenith angle distribution of showers in strongly interating neu-trino senarios an of ourse be searhed for also at neutrino telesopes where theabsorbing material is, in addition to the atmosphere, the Earth as well as antartiie (for IeCube23) or water (for ANTARES74). This is illustrated in Fig. 11 (left),whih displays the expeted zenith angle distribution of neutrino-initiated showersabove 1 EeV in a kilometer-sale detetor54. For Standard Model interations, thedistribution (solid urve) is nearly at for down-going events, and essentially no up-going events our due to very eÆient neutrino absorption by the Earth at theseenergies. For models with larger ross-setions, vertial down-going events beomemore frequent, produing more events near os �zenith � 1. At zenith angles nearthe horizon, os �zenith � 0, more of the neutrinos are absorbed and the rate an besuppressed.Another distintive observable at neutrino telesopes is the energy spetrumof down-going shower events, whih is shown in Fig. 11 (right) for the IeCubedetetor54. The struture of this spetrum an be easily understood. As theneutrino energy exeeds the assumed threshold energy of the new interation (f.Fig. 6), the number of events inreases dramatially above the Standard model pre-dition. Even farther above this energy, however, more of the neutrinos are absorbedin the ie before reahing the detetor and the event rate is suppressed. This drasti\bump" struture in the spetrum indiates the sharply enhaned ross-setion atthe threshold. The peak of this bump ours at the assoiated neutrino thresholdbThis window of opportunity is shared with any senario whih exploits neutrinos as \messenger"partiles, in partiular also the Z-burst senario.
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Figure 11. Charateristi observables to be studied, in the ontext of strongly interating neu-trino senarios, at a kilometer-sale neutrino detetor54 suh as IeCube23. The osmogenineutrino ux from Ref.75 was assumed. The dotted lines exploit the ross-setion estimate fromeletroweak instantons from Refs.43;40 (f. Fig. 6 (solid)), whereas the dashed lines represent theorresponding estimate from Refs.56;57 (f. Fig. 6 (dashed)). The solid lines are the StandardModel neutral+harged urrent preditions.Left: Zenith angle distribution of showers generated in neutrino-nuleon interations. A 1 EeVenergy threshold for the observed showers has been imposed.Right: Energy distribution of down-going showers generated in neutrino-nuleon interations.energy and is mainly generated by harged urrent eletron neutrino interations.The \shoulder" slightly to the left of the bump is from neutral and harged urrentinterations whih generate showers less energeti than the inident neutrino.Let us mention also the possibility to look for enhaned rates for throughgoingmuons (see Ref.76 for a related study) or even spatially ompat muon bundles42.These signatures, however, rely on details of the �nal state from the new interationand are, therefore, more model-dependent than the ones disussed above, whihexploit just generi shower properties.5.2. Laboratory tests5.2.1. (Quasi-)elasti neutrino-(eletron-)nuleon satteringAs a onsequene of dispersion relations, the hypothesized rapid rise in the neutrino-nuleon ross-setion at large energies is felt in the elasti neutrino-nuleon sat-tering amplitude at muh lower energies77. Exploiting unitarity and analytiity,one may relate the invariant elasti �N amplitudes A�(E), labeled by the nuleonThis has been also pointed out in Ref.78, however in the ontext of perturbative and model-dependent onsiderations.



16heliity, with the total �N ross-setion via the dispersion relationReA�(E) �ReA�(0) = E4� P Z 10 dE 0 � �tot�N (E 0;�)E 0(E 0 � E) + �tot��N (E 0;�)E 0(E 0 + E)� ; (6)where P denotes the priniple value of the integral. Suppose the new physis domi-nates the neutrino-nuleon dispersion integral (6) for E 0 � Eth as hypothesized in astrongly interating neutrino senario. Assuming that �new�N is independent of heli-ity and energy, and obeys the Pomeranhuk relation �tot�N (E;�)��tot��N (E;�) E!1�! 0,a new ontribution to the real part of the amplitude at energy E emerges from (6),ReA�(E) ' ReA�(0)| {z }GF =2p2 + 12� EEth�new�N ; (7)resulting in ReA(E)newReA(E)SM ' � E=100 GeVEth=1018 eV� � �new�N100 mb� (8)for the ratio of the new amplitude to the (perturbative) Standard Model (SM)amplitude. Order 100% e�ets in the real elasti amplitudes begin to appear alreadyat energies seven orders of magnitude below the full realization of the strong ross-setion.Neutrino-nuleon sattering experiments in the laboratory have therefore the op-portunity to test strongly interating neutrino senarios by searhing for enhane-ments in the elasti ross-setions. Current experiments at CERN and Fermilabreah energies around 100 GeV and, therefore, already start to onstrain possiblesenarios, e.g. p-brane prodution37. Elasti and quasi-elasti sattering proessesmay be studied with the help of the H179 and ZEUS80 detetors at the HERA e�pollider. Its e� energy, in the proton's restframe, is around 105 GeV and, therefore,extends muh beyond the energy reah of the above mentioned �N �xed-targetexperiments. However, one-photon exhange dominates the low-energy elasti am-plitude for e�p ! e�p to suh an extent that the anomalous, new ontribution issuppressed by a fator of � 1=100 ompared to (8). On the other hand, possibleenhanements in the quasi-elasti hannels e+p ! �e n and e�p ! ��e n, whih donot su�er from QED dominane, annot be dedued from model-independent dis-persion relations. A separate alulation ould be made, however, if ertain aspetsof the new high-energy strong-interation are assumed.5.2.2. Instanton searhesThere is a lose analogy81 between eletroweak and hard QCD instanton-induedproesses in deep-inelasti sattering82. An observably large ross-setion for thelatter proesses at HERA is indeed neessary, but not suÆient for an observablylarge ross-setion for the former. It seems, moreover, that a >� mb eletroweak in-stanton ross-setion neessarily requires that the bulk of inelasti small-Bjorken-x



17proesses is indued by soft QCD instantons, as has been proposed indeed in Ref.83.Present upper limits on hard QCD instantons from the H184 and ZEUS85 experi-ments are still above the theoretial preditions, but may be improved onsiderablyat HERA II, within this deade. The possible diret prodution and observation86of eletroweak instanton indued proesses in the laboratory will have to wait forthe ommissioning of the VLHC43.6. Summary and onlusionsWe have shown that a simple senario with a single power-law injetion spetrumof protons an desribe all the features of the UHECR spetrum in the energyrange 1017�21 eV, provided the neutrino-nuleon ross-setions beomes of hadronisize at energies above � 1019 eV. In suh a strongly interating neutrino senario,the osmogeni neutrinos, whih have been produed during proton propagationthrough the CMB, initiate air showers high up in the atmosphere and give thus riseto a seond, neutrino-indued EAS omponent, extending well beyond the GZKenergy. As examples giving rise to the neessary enhanement in ��N , we disussedp-brane prodution in TeV-sale gravity senarios and Standard Model eletroweakinstanton-indued proesses. The model for the proton injetion spetrum has fewparameters fromwhih only two { the power index � and the redshift evolution indexn { has a strong e�et on the �nal shape of the spetrum. We found that, for ertainvalues of � and n, strongly interating neutrino senarios are ompatible with theavailable observational data from the AGASA and HiRes experiments (ombinedwith their predeessor experiments, Fly's Eye and Akeno, respetively) on the 2-sigma level (also 1-sigma for HiRes). There are a number of astrophysial soureandidates, notably neutron stars and GRB's, whih may provide the neessaryonditions to aelerate protons to the required energies, Emax>� 3 � 1021 eV, byonventional shok aeleration.The predited ultrahigh energy osmi neutrino omponent an be experimen-tally tested by studying the zenith angle dependene of the events in the range1018�20 eV and possible orrelations with distant astrophysial soures at osmi rayfailities suh as the Pierre Auger Observatory and EUSO, and by looking for bumpsin neutrino-initiated shower spetra at neutrino telesopes suh as ANTARES andIeCube. As laboratory tests, one may searh for a enhanements in (quasi-)elastilepton-nuleon sattering or for signatures of QCD instanton-indued proesses indeep-inelasti sattering, e.g. at HERA.In summary, strongly interating neutrino senarios provide a viable and at-trative solution to the ultrahigh energy osmi ray puzzle and may be subjet tovarious ruial tests in the foreseeable future.AknowledgmentsWe would like to thank Luis Anhordoqui for valuable omments and disussions.
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