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DESY 09-168Possible osmogeni neutrino onstraints onPlank-sale Lorentz violationDavid M. Mattingly1, Lua Maione2, Matteo Galaverni3,Stefano Liberati4;5, G�unter Sigl61 University of New Hampshire, Durham, NH 038242 DESY, Theory Group, Notkestra�e 85, D-22607 Hamburg, Germany3 INAF-IASF Bologna, Via Gobetti 101, I-40129 Bologna, Italy4 SISSA, Via Beirut, 2-4, I-34151, Trieste, Italy5 INFN, Sezione di Trieste, Via Valerio, 2, I-34127, Trieste, Italy6 II. Institut f�ur Theoretishe Physik, Universit�at Hamburg, Luruper Chaussee 149,D-22761 Hamburg, GermanyE-mail: davidmmattingly�omast.net, lua.maione�desy.de,galaverni�iasf.bo.it, liberati�sissa.it, guenter.sigl�desy.deAbstrat. We study, within an e�etive �eld theory framework, O(E2=M2Pl) Plank-sale suppressed Lorentz invariane violation (LV) e�ets in the neutrino setor, whosesize we parameterize by a dimensionless parameter �� . We �nd deviations frompreditions of Lorentz invariant physis in the osmogeni neutrino spetrum. Forpositive O(1) oeÆients no neutrino will survive above 1019 eV. The existeneof this uto� generates a bump in the neutrino spetrum at energies of 1017 eV.Although at present no onstraint an be ast, as urrent experiments do not haveenough sensitivity to detet ultra-high-energy neutrinos, we show that experiments inonstrution or being planned have the potential to ast limits as strong as �� . 10�4on the neutrino LV parameter, depending on how LV is distributed among neutrinomass states. Constraints on �� < 0 an in priniple be obtained with this strategy, butthey require a more detailed modeling of how LV a�ets the neutrino setor.1. IntrodutionOver the last �fteen years there has been onsistent theoretial interest in possible smalldeviations from the exat loal Lorentz Invariane (LI) of general relativity as well as aourishing of observational tests. The theoretial interest is driven primarily by ideasin the Quantum Gravity (QG) ommunity that Lorentz invariane may not be an exatloal symmetry of the vauum. The possibility of outright Lorentz symmetry violation(LV) or a di�erent realization of the symmetry than in speial relativity has arisen instring theory [1, 2℄, Loop QG [3, 4, 5℄, non-ommutative geometry [6, 7, 8, 9℄, spae-time foam [10℄, some brane-world bakgrounds [11℄, and ondensed matter analoguesof \emergent gravity" [12℄. As well, allowing the fundamental theory of gravity to benon-relativisti in the ultraviolet an make gravity renormalizable while avoiding some
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Possible osmogeni neutrino onstraints on Plank-sale Lorentz violation 2of the other pathologies that plague renormalizable gravitational ations with higherderivative terms [13℄.Construting useful tests for the various ative models and ideas is therefore vital.Sine there are so many theoretial models around, a good approah is to work withina alulable framework where all possible LV terms are parameterized. Eah theorythen piks out a ertain ombination of terms whih an be onstrained. In this vein,a standard method is to simply analyze a Lagrangian ontaining the standard model�elds and all LV operators of interest that an be onstruted by oupling the standardmodel �elds to new LV tensor �elds that have non-zero vauum expetation valuesz.All renormalizable LV operators that an be added to the standard model in thisway are known as the Standard Model Extension (SME) [16℄. These operators all havemass dimension three or four and an be further lassi�ed by their behavior under CPT.Higher mass dimension operators an be systematially explored as well, whih is usefulin ase the naive EFT hierarhy breaks down due to other new physis (e.g. SUSY) orquantum gravity introduing a ustodial mehanism for the renormalizable operators inthe infrared.The CPT odd dimension �ve kineti terms for QED oupled to a non-zero vetor�eld were written down in [17℄ while the full set of dimension �ve operators with avetor were analyzed in [18℄. The dimension �ve and six CPT even kineti terms forQED for partiles oupled to a non-zero bakground vetor, whih we are primarilyinterested in here, were partially analyzed in [19℄. The full set of dimension �ve and sixoperators for QED has reently been introdued in [20℄. It is notable that SUSY forbidsrenormalizable operators for matter oupled to non-zero vetors [21℄ but permits ertainnonrenormalizable operators at mass dimension �ve and six.Many of the parameterized LV operators have been very tightly onstrained viadiret observations (see [22, 23, 14, 24℄ for reviews). In partiular, the dimension�ve and six CPT even operators for LV with a vetor �eld have been reentlydiretlyx onstrained in the hadroni setor by exploiting ultra-high energy osmi-ray observations [26℄ performed by the Pierre Auger Observatory (PAO). Indeed, theonstrution and suessful operation of this instrument has brought UHECRs to theinterest of a wide ommunity of sientists and it is expeted to allow, in the near future,the assessment of several problems of UHECR physis and also to test fundamentalphysis (in partiular Lorentz invariane in the QED setor) with unpreedentedz There are other approahes to either violate or modify Lorentz invariane, that do not neessarilyyield a low energy EFT (see [14℄ and refs therein). However, these models do not easily lend themselvesto partile physis onstraints as the dynamis of partiles is less well understood and hene we do notonsider them here. In partiular, we remark here that ideas of deformation, rather than breaking, ofthe Lorentz symmetry (see, e.g., [15℄) do not have an ordinary-EFT formulation, hene they annot betested with the arguments presented in this work.x Notie that all these operators an be indiretly onstrained by EFT arguments [25℄, as higherdimension LV operators indue large renormalizable ones if we assume no other relevant physis entersbetween the TeV and MPl energies. SUSY, however, is an example of new relevant physis that anhange this.



Possible osmogeni neutrino onstraints on Plank-sale Lorentz violation 3preision [27, 28, 29℄.The UHECR onstraints [30, 31, 32, 33, 34, 35, 26, 36℄ rely on the behaviorof partile reation thresholds with LV, whih are one of the best methods in theEFT approah to onstrain nonrenormalizable LV operators. Many LV operatorsgive modi�ed dispersion relations for free partiles, where the energy as a funtion ofmomentum deviates slightly from the speial relativisti form. For threshold reationswhat matters is not the size of the LV orretion to the energy ompared to the absoluteenergy of the partile, but instead the size of the LV orretion to the mass of thepartiles in the reation. Hene the LV terms usually beome important when their sizebeomes omparable to the mass of the heaviest partile. If the LV term sales withenergy as En, then this ritial energy is Er � �m2Mn�2Pl �1=n [37℄. Aording to thisreasoning, the larger the partile mass the higher is the energy at whih threshold LVe�ets ome into play. This is why & TeV eletrons and positrons, but not protons,an be used to onstrain n = 3 LV [38℄, and why UHE protons are needed to obtainonstraints on hadroni LV with n = 4 saling (whih orresponds to CPT even massdimension �ve and six operators).From this point of view, neutrinos, with their tiny mass of order m� ' 0:01 eV[39℄, are in priniple the most suited partiles to provide strong onstraints on LV,at least for reations involving only neutrinos. One suh reation is that of neutrinoosillation. Indeed, for a deade neutrino osillations have proven to be exellent testsof the SME and other LV models [40, 20, 41, 42, 43℄ as when the LV orretions arenear the neutrino mass, the osillation pattern an hange as a funtion of energy,diretion and mass. ICECUBE may even be able to probe dimension six operatorswith time of ight tehniques with TeV neutrinos from distant Gamma Ray Bursts [44℄.UHECR experiments have also the apability of plaing onstraints on SME parametersby exploiting neutrino osillations [45℄k. One an onstrut omplementary and in somemeasures even more sensitive neutrino tests of higher dimension operators by leveragingobservables whih deviate more strongly from their speial relativisti values as theneutrino travel distane inreases. One suh observable is found to be related to UHEneutrino spetrum observations.Despite the threshold being low for LV e�ets to kik in, neutrinos with ultra-highenergy are neessary to ahieve a signal, as they interat so weakly that the phasespae for a LV reation must be huge to generate an appreiable rate. This requirementimplies that, sine the LV terms and hene the phase spae grow with energy, verylarge energies are needed. Indeed, for renormalizable operators, where the phase spaedoes not grow quikly enough, reations of the type we onsider here never ahievethe neessary rate given urrent bounds on their oeÆients, even for UHE neutrinosover osmologial distanes [46, 40℄. However, for the CPT even non-renormalizableoperators the situation is di�erent, and we �nd that for energies of order 1017 eV therean be a signi�ant modi�ation of the spetrum. Next generation neutrino detetorsk We notie that in the same work [45℄ the proess of neutrino deay is disussed, but in a di�erentontext than what we onsider here.



Possible osmogeni neutrino onstraints on Plank-sale Lorentz violation 4suh as ANITA [47℄ and SuperEUSO [48, 49℄ are sensitive to neutrinos of energies> 1019 eV. Further experiments, like the planned ARIANNA [50, 51℄ and IeRay [52℄,will over the range 1017 � 1020 eV.In the present work we study how limits on the absolute sale of non-renormalizableCPT even LV neutrino parameters an be obtained from UHE neutrino observations. Inpartiular we will determine the energy sale where the neutrino spetrum might beginto deviate as a funtion of the size of the LV oeÆients. With three neutrino speiesas well as assorted light leptons possibly involved, the spetrum as a funtion of variousLV parameters an only be omputed by a detailed parameterized numerial searh.At this stage, where LV in this setor is only speulative, we feel that suh a searh isunwarranted. However, we will show the \best ase" senario for a LV neutrino signalwith dimension six operators as well as a senario where a signal in the UHE spetrumis muh more subtle even though LV is still relatively strong.This paper is strutured as follows. In setion 2 we desribe the theoretial LVframework in whih we will derive the LV e�ets on the UHE neutrino spetrum. Insetions 3 and 4 we will give general information on the standard understanding ofUHE neutrino generation by UHECRs, and we will present and detail the main LVreations possibly a�eting their spetrum. Setion 5 is devoted to present results inour test ases. In Setion 6 we disuss the possible role of other proesses than neutrinosplitting. In setion 7 we will report our �nal remarks and onlusions.2. Theoretial frameworkIn order to study the phenomenologial onsequenes of LV indued by QG, the existeneof a dynamial framework in whih to ompute reation thresholds and rates is essential.We assume that the low energy e�ets of LV an be parameterized in terms of a loalEFT. Furthermore, for simpliity we assume that only boost invariane is broken, whilerotations are preserved (see [22℄ for further omments on rotation breaking in thisontext). Therefore we introdue LV by oupling standard model �elds to a non-zerovetor. More ompliated forms ould of ourse be hosen, however this would introduesigni�ant diretion dependene. With low statistis already for neutrino observatories,disentangling diretion dependene would be a diÆult task.We fous on the CPT even mass dimension �ve and six operators involving a vetor�eld ua (whih we assume to desribe the preferred referene frame in whih the CMB isseen as isotropi) oupled to a Dira neutrino  in a mass eigenstate with mass m thatare quadrati in matter �elds and hene modify the free �eld equations. Negleting theleft-handed heliity of neutrinos for a moment, the Lagrangian for a generi fermion isthe usual Dira term plus [19℄ h� 1MPl (u �D)2(�(5)L PL + �(5)R PR) (1)� iM2Pl (u �D)3(u � )(�(6)L PL + �(6)R PR)



Possible osmogeni neutrino onstraints on Plank-sale Lorentz violation 5� iM2Pl (u �D)�(u � )(~�(6)L PL + ~�(6)R PR)i ;where ua is a timelike unit vetor desribing the preferred frame, PR and PL are theusual right and left projetion operators, PR;L = (1�5)=2, and D is the gauge ovariantderivative. The � oeÆients are dimensionless.For fermions, at E � m the heliity eigenstates are almost hiral, with mixing dueto the partile mass and the dimension �ve operators. Sine we will be interested inhigh energy states, we re-label the � oeÆients by heliity, i.e. �(d)+ = �(d)R ; �(d)� = �(d)L .The resulting high energy dispersion relation for positive and negative heliity partilesan easily be seen from (1) to involve only the appropriate �(d)+ or �(d)� terms. Forompatness, we denote the heliity based dispersion by �(d)� . Therefore at high energieswe have the dispersion relationE2 = p2 +m2 + f (4)� p2 + f (6)� p4M2Pl ; (2)where f (4)� = mMPl (�(5)� + �(5)+ ) and f (6)� = 2�(6)� + �(5)� �(5)+ . We have dropped the ~�(6)R;Lterms as the � operator present in these terms makes the orretion to the equationsof motion proportional to m2 and hene tiny.The dimension �ve fermion operators indue two orretions, one proportional toE4 and one orresponding to a hange in the limiting speed of the fermion away from. The seond e�et, generated by f (4) is naturally of order 10�30 due to the masssuppression for neutrinos and hene an also be disregarded. Furthermore, we androp the positive heliity oeÆients, as the dominant signal will be from left-handedneutrinos produed by standard model ouplings. Finally, sine CPT is onserved, andneutrinos and antineutrinos exist only in opposite states of heliity, f (6)� � �� = f (6)�� .All these lovely properties of neutrinos mean we have just one LV oeÆient, while inother ases [26℄ further assumptions, suh as parity preservation, are needed to reduethe number of free parameters. The �nal dispersion relation we assume in this work foreah mass eigenstate neutrinos and antineutrinos isE2� = p2 +m2� + ��I p4M2Pl ; (3)where I denotes the mass eigenstate of the neutrino. There is no reason why eah masseigenstate needs have the same oeÆient, and indeed whether or not they do makes adramati di�erene in the observed spetrum. In partiular, we will study two ases: inthe \avor blind" ase all the ��I have roughly the same magnitude, whih translatesin all the LV e�ets being essentially independent of avor; in the \avor dependent"ase the ��I are instead di�erent for di�erent mass states, whih makes the LV e�etsdepend upon avor states. Among the \avor blind" ases we an �nd a \best ase"senario, in whih the e�ets of LV are maximal, as well as a \worst ase" senario, inwhih LV is present but is ine�etive in the ontext of UHE neutrinos we are disussingnow.A fairly aurate general estimate of the minimum energy in whih LV orretions inequation (3) is relevant is obtained, as stated previously, by omparing the largest mass



Possible osmogeni neutrino onstraints on Plank-sale Lorentz violation 6of the partiles entering in the LV reation with the magnitude of the LV orretionin these equations [37℄. In our ase, assuming ��I � 1, the typial energy at whihLV ontributions start to be relevant is of order Eth � pm�MPl ' 1013 eV, assumingm� ' 10�2 eV. This energy of 10 TeV allows observatories suh as ICECUBE to possiblyonstrain these operators in the future using neutrino osillations. We instead fous onhanges to the UHE neutrino spetrum indued by these operators.3. UHE neutrinos and LVIf we neglet exoti soures of UHE neutrinos (as suggested in many top-down modelsfor the prodution of UHECRs, now disfavored by the urrent experimental photonlimits), the \osmogeni" neutrino ux is reated [53, 54, 55, 56℄ via the deay ofharged pions produed by the interation of primary nuleons with CMB photons aboveEpr ' 5 � 1019 eV, the Greisen-Zatsepin-Kuz'min (GZK) e�et [57℄. HiRes [58℄ andAUGER [59℄ spetral observations seem to on�rm the presene of a GZK suppressionin the UHECR spetrum. Although the suppression of the UHECR spetrum ould bealso due to the maximal aelerating power of UHECR soures, the fat that it oursat just the right energy for being GZK taking plae during propagation, and the results[60℄ on the orrelation of the UHECR arrival diretions with the large sale distributionof matter within � 75 Mp, seem to favor the GZK explanation. Motivated by theseonsiderations, we make here the hypothesis that the GZK reation is at work duringUHECR propagation.We have heked numerially that the proess of pion deay is not strongly a�etedby the above LV if only neutrinos are LV. One might ask in general if LV e�ets inthe hadroni setor, whih we have so far negleted, an matter in the prodution ofUHE neutrinos. We an neglet the hadroni setor beause of the tight onstraintsalready plaed on suh LV operators [27, 28, 29, 26℄, whih are stronger than what willbe onsidered here.Violation of Lorentz invariane however introdues new phenomena in thepropagation of UHE neutrinos. A partial list of these e�ets inludes:Modi�ed � osillations Sine the LV is parameterized in the mass eigenstate, theLV terms at as ontributions to an e�etive mass and ontribute to neutrinoosillations. Cosmogeni neutrinos are not the right phenomena with whih tostudy modi�ed osillations as they have osillated many times during their ightfrom an unknown soure, making it extremely hard to derive osillation onstraints.ICECUBE and other neutrino observatories may be sensitive to these operators foratmospheri neutrinos.�-�Cerenkov �Cerenkov radiation in vauum via harge-radius oupling or gravity:� ! �. This possibility has been already investigated for renormalizableoperators [46, 40℄. The rate is too small for both renormalizable operators (aturrent limits) or non-renormalizable operators, even for osmogeni neutrinos. Italso involves additional LV oeÆients for photon emission and perhaps new modes



Possible osmogeni neutrino onstraints on Plank-sale Lorentz violation 7for graviton emission [61℄, thereby ompliating the analysis and, at best, yieldingless de�nitive limits.�-splitting : � ! ����. This e�et is what we fous on in the following, as it exlusivelyinvolves the neutrino setor and has a high enough rate to be seen at UH energies.�-pair emission : � ! �Z ! �f �f . Here, f represents some other fermion speiesbesides neutrinos. Eletrons are the only fermion speies light enough to have ane�et ompared to �-splitting at UH energies. We initially will ignore this reation,but we will onsider the possible e�ets of eletron pair and hadroni emission insetion 6.4. Neutrino SplittingTo understand how a neutrino an split into three, it suÆes to alulate the thresholdenergy for this reation to our, whih in a Lorentz invariant senario would be in�nite.Let us ompute the threshold for the deay �A(p)! �A(p0)�B(q)��B(q0), where �A, �B areneutrinos of massmA,mB and p; p0; q; q0 are the momenta. In the threshold on�gurationthe momenta of the outgoing partiles are all aligned and parallel to the diretion of theinoming neutrino momentum [62℄, hene we hoose all momenta to be in the z-diretion.Let x,y and t be the fration of initial momentum arried respetively by the outgoing�A, by �B, and by ��B, t = 1�x�y and 0 < x; y; t < 1. For a general dispersion relationwith LV term �(n)pn=Mn�2Pl the threshold equation (the energy onservation equationimposing momentum onservation) an then be written aspnMn�2Pl ��(n)�A (1� xn�1)� ��B(yn�1 + tn�1)� = m2�A 1� xx +m2�B �1y + 1t� :(4)When LI is exat, the left hand side vanishes and there is no solution. With LV, inthe simple ase where n = 4 and A = B, we obtain the equationp4M2Plm2�A �(4)�A = 13xyt : (5)The minimum of the right-hand side in the equation above is 9 and is attained atx = y = t = 1=3, hene the threshold energy is given byp�!����th(4) =vuut3MPlm�A��(4)�A�1=2 ' 20 TeVvuut m�A10�2 eV ��(4)�A�1=2 : (6)Note that ��A must be positive in order for there to be splitting, i.e. we mustdeal with superluminal neutrinos. If A 6= B then the threshold energy must be solvedfor numerially as the LV parameter and mass are generially di�erent. However, theexistene of a �nite threshold an still be shown for appropriate values of ��A and ��B . Inthe latter ase, the oeÆients do not need to be all positive for there to be a threshold,however it is neessary that ��B < ��A � K(p), where K(p) is a positive number thatdepends on the inoming momentum. Thresholds for negative oeÆients have been



Possible osmogeni neutrino onstraints on Plank-sale Lorentz violation 8investigated previously [37, 63℄ and there are strong limits on the LV oeÆients.{However, for UHE neutrinos it is more diÆult to extrat onstraints, as we shall disussin Setion 5.2.4.1. The best ase senario: avor blind LVNeutrinos reated in a avor eigenstate are, of ourse, a ombination of mass eigenstates.In order to maximize the neutrino splitting signal one would want all mass eigenstatesto split (\avor blind" senario). The best ase senario is therefore when ��I > 0 foreah I and eah ��I is of the same order of magnitude (so all states begin to deay atthe same energy). As our best ase senario then we take ��I equal and positive for allI.4.1.1. Deay time omputation Let us now onsider, within the above \avor blindsenario", energies well above threshold so that neutrinos do e�etively split, and thebest ase ombination of the ��I . The splitting rate an be alulated from the neutrinowidth �tot;A =XB �AB ; (7)where the sum runs over the open splitting hannels and �AB represents the partialwidth for the hannel �A ! �A�B��B. �AB is simply�AB = 12Ep � Z jMABj2 � d�AB ; (8)where �AB represents the phase spae of the �nal states and MAB the matrix elementfor the proess. The dominant hannel for neutrino splitting is via the tree level neutralurrent interation. The matrix element for this interation isMAB / g24 os2 �w �uA(p0)�PLuA(p) g��r2 �M2Z + iMZ�Z �uB(q0)�PLvB(q) ; (9)where g is the harged urrent eletro-weak oupling onstant, PL is the usual spinprojetor, �w is the Weinberg angle and r� represent the 4-momentum omponents ofthe Z boson. u and v are the spinors assoiated with �A and �B, their funtional forman be found in [19℄. r2 is at most the order of p4=M2P l and hene for any inomingmomenta p < 1019:5 eV r2 �M2Z . After some brute fore algebra, we end withMAB / g24M2Z os2 �wp16EpEp0EqEq0 � F (�) ; (10)where � is the angle between inoming and outgoing �A and F (�) is a ompliatedfuntion of �.{ We notie here that aording to our eq. (4) neutrino splitting is forbidden for superluminal neutrinosin the ase n = 1 studied e.g. in [64℄. Although the model presented in [64℄ does not have an EFTdesription, a simple threshold omputation under the assumption of energy-momentum onservationand equal values of masses and LV parameters for neutrinos and antineutrinos shows that if neutrinosplitting is possible also in that framework, values �(1)� � �10�51 an be probed by � 1019 eV neutrinos.



Possible osmogeni neutrino onstraints on Plank-sale Lorentz violation 9The phase spae, d�AB is given byd�AB = (2�)4Æ(4)(pin �X pout) d3p0(2�)32Ep0 d3q0(2�)32Eq0 d3q(2�)32Eq : (11)We integrate over q0 and we are left withd�AB = 18(2�)5 Æ(Ep � Ep0 � Eq � Eq0) d3p0d3qEp0EqEq0 : (12)Substituting MAB and d�AB bak into (8) we have�AB = g416(2�)5M4Zos4�w Z Æ(Ep � E 0p � Eq � E 0q)d3p0d3qF 2 : (13)We now turn to estimating the size of the remaining integral well above threshold,as UHE neutrinos are far in exess of the neutrino splitting threshold around 20 TeV.Temporarily, we will set �� = 1 and re-insert it at the end. We �rst assume that theopening angle for all three neutrinos is roughly equal, as is true over most of phase spae.In this ase, F (�) an be approximated as (1� os�). The opening angle � vanishes asMP l ! 1, and is small even for UHE neutrinos. F (�) then redues to F (�) = �2=2.Indeed, � is given by the typial transverse momenta p? divided by the longitudinalmomenta pk. The harateristi size of p? an be estimated by energy onservation,reognizing that when energy is onserved any \exess" energy from LV goes into theenergy needed to reate transverse momenta. Formally this implies thatp3kM2Pl � p2?p k; (14)i.e. p? � p2k=MPl. pk itself for any partile an range from almost 0 to almost the initialenergy Ep well above threshold. The available phase spae volume for the remainingoutgoing partiles an therefore be approximated (although somewhat overestimated)as a ylinder with length Ep and radius E2p=MPl, whih has a total volume of �E5p=M2Pl.Similarly, � an be estimated as � � pk=MPl � Ep=MPl. The Æ-funtion in energysimply removes one fator of energy from our equation. Putting these expressions bakinto (13) we �nd�AB � g416(2�)5M4Zos4�w 1Ep ��E5pM2Pl�2 E4p4M4Pl ; (15)or, simpli�ed �AB � G2F64�3M8PlE13 ; (16)where we used GF=p2 = g2=(8M2Z os2 �w). If we now want to restore the �� fator, wenotie that we must put one �� for eah M�2Pl . In the end, the total rate is omputedby adding the partial rates for eah neutrino avor, whih is equivalent to multiply by3. Hene, we have����� � 3G2F64�3 �4�E13M8Pl : (17)



Possible osmogeni neutrino onstraints on Plank-sale Lorentz violation 10This width an be turned into a deay length asL���� = ����� � 1:7� 10�3 Mp ��4� � E1019 eV��13 : (18)This makes lear we need to push the required energies above 1018:5 eV (with �� = 1)for the rate to be appreiable. As a �nal remark, we notie that the deay length inEq. (18) strongly depends on both the energy and ��. Therefore, the error about itsatual magnitude we might have made in our estimate will reet in very small errorsin the determination of the energy at whih LV e�ets start to be relevant as well as ofthe onstraint on ��.4.1.2. Z boson resonane At suh high energies the Z ould be real - i.e. there is aresonane in the matrix element. Even in this regime, however, the neutrino deaytime an be omputed easily, as the only hypothesis one has to relax is that the Z 4-momentum r satis�es r2 �M2Z . The magnitude of r2 an be easily omputed exploitingthe kinemati equations. We obtain r2 = 16=27��E4�=M2Pl. The �nal deay length is thenL���� � 1:7� 10�3 Mp ��4� � E�1019 eV��13 � "�1� 1627�� E4M2PlM2Z�2 + � �ZMZ�2# : (19)A omparison between the two di�erent deay lengths, Eq. (18) and Eq. (19), an befound in Fig. 1. The Z resonane is hit at E4 = 27=16 (��1� M2PlM2Z). We notie that even
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Figure 1. Comparison between omputations of the deay length without(Eq. (18)/red dashed line), and with (Eq. (19)/blak solid line) the Z boson resonane.though the two omputations lead to very di�erent results above the resonane, theywill not lead to any appreiable e�et in the neutrino spetra, as at suh energies thedeay lengths are anyway muh smaller than the propagation distane of osmologialneutrinos.



Possible osmogeni neutrino onstraints on Plank-sale Lorentz violation 114.2. A non-optimal ase: avor dependent LVIn the avor blind ase above every mass eigenstate undergoes splitting. It is easyto onstrut a senario where only one mass eigenstate deays - one eigenstate has apositive � LV oeÆient while the other two have no LV. While this is unnatural insome sense, it serves as a nie example to illuminate a method to easily hide LV.The neutrino spetrum produed by the GZK proess has a distint distribution inavor states of 1/3 �e and 2/3 ��. Therefore, in order to alulate a spetrum with LVwe need to onvert this avor spetrum into a mass spetrum, i.e. we need to hoose aneutrino mixing model. For our purposes we hoose tribimaximal mixing [73, 39℄, whihsatis�es urrent experimental onstraints and provides a simple mixing matrix. Withtribimaximal mixing the GZK neutrino spetrum has equal distribution over all masseigenstates.Now that we have spelled out out test models we shall proeed disussing the resultsfor both senarios.5. ResultsThe net e�et of neutrino splitting is very simple. It kills one neutrino of energy Eand reates 3 neutrinos of average energy E=3, provided the parent neutrino is abovethreshold and has a reasonable life time. As we showed in se. 4.1.1, for a life timeshorter than the age of the Universe, the neutrino energy has to be above 1018:5 eV,i.e. we need to probe UHE neutrinos.The e�ets of neutrino splitting on the UHE neutrino spetrum are twofold andan be understood qualitatively as follows.Flux suppression at UH energies The splitting is e�etively an energy loss proessfor UHE neutrinos. If the rate is suÆiently high, the energy loss length an bebelow 1 Mp. Let us all �E(��) the energy at whih this happens. Then, beingGZK neutrinos produed mainly at distanes larger than 1 Mp, we do not expetany neutrino to be deteted at Earth with E > �E.The mere observation of neutrinos up to a ertain energy Eobs would imply aonstraint, aording to Eq. 18�(4)� . � Eobs6� 1018 eV��13=4 : (20)Flux enhanement at sub-UH energies Neutrinos lose energy by produing lowerenergy neutrinos. Eventually these neutrinos will beome stable, either beausetheir energy is below threshold, or beause their lifetime is larger than theirpropagation time. Aordingly, we expet an enhanement of the neutrino uxat energies below few � 1018 eV.In spite of being qualitatively straightforward, however, this analysis is not powerfulenough to provide us with onstraints on LV. In order to obtain meaningful onstraints,



Possible osmogeni neutrino onstraints on Plank-sale Lorentz violation 12we have to resort to full MonteCarlo simulations of the UHECR propagation fromsoures to the Earth.We simulated then the propagation of UHECR protons in the Inter GalatiMedium using the Monte Carlo pakage CRPropa [65℄, suitably modi�ed to take intoaount LV in the neutrino setor. The simulation parameters are the following: wesimulated unidimensional UHECR proton propagation, with soure energy spetrumdN=dE / E�2:2, from a spatially uniform distribution of soures loated at redshiftz < 3 aording to the Waxman & Bahall (WB) distribution used in [66℄. The injetionproton spetrum was tuned to �t AUGER data [59℄.5.1. Results for avor bind LV senarioFigure 2 shows the outome of the simulations for di�erent values of the LV parameter ��in the best ase senario, together with experimental sensitivities from some existing andplanned observatories, as well as the Waxman & Bahall bound [68, 69℄ for referene.+Results are in agreement with qualitative expetations previously disussed: Above a
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Figure 2. Evolution of the predited LV neutrino spetra varying �� in the \best asesenario". Sensitivities of main UHE neutrino operating and planned experiments areshown, as found in [51, 47, 67℄. The Waxman & Bahall limit [68, 69℄ in the interestingenergy range is shown for referene.+ This limit is in fat an estimate of the neutrino luminosity of soures of UHE Cosmi Rays and-rays, in the hypothesis that the soures are optially thin to the esape of UHE partiles and thatboth -rays and neutrinos are originated from UHECR interations with radiation bakgrounds. It isworth mentioning that this bound might be strongly a�eted by QG e�ets, as shown in [70℄.



Possible osmogeni neutrino onstraints on Plank-sale Lorentz violation 13ertain energy the neutrino spetrum displays a sharp ut o�, while at lower energy apeak appears. The peak position and strength, as well as the position of the ut o�,depend on the value of the LV parameter �� . If �� = 1 the peak is found at . 1018 eVand overwhelms the LI spetrum by a fator of roughly 10, while the ut o� energy isat � 1018:7 eV. Also the evolution of the neutrino spetra with �� an be seen in thesame Fig. 2.Although at present it is not possible to draw �rm onlusions for the onstraintson LV in the neutrino setor, we notie that future experiments, if not already AUGER,will be able to probe the uxes we predit, hene they will be able to ast onstraintson ��. In the future, the ARIANNA experiment [50℄ will be able to probe uxes downto � 3 eV m�2 s�1 sr�1 in the energy range 1017 � 1020 eV in the full on�guration[51℄. If suh a sensitivity will be ahieved, a onstraint of order �� . 10�4 will be ast,aording to Fig. 2. Moreover, the IeRay experiment [52℄ planned at the South poleis expeted to observe roughly 4 neutrino events per year of data taking for the WBmodel preferentially studied here, in the range 1017 � 1019:5 eV [52℄. Hene, onstraintsof order � . 10�3 are expeted after few years of data taking by this experiment. We�nally notie here that by exploiting this strategy nothing an be said about the ase�� < 0.5.2. Results for avor dependent LV senarioIf only one mass eigenstate deays, the energy momentum onservation equations, rates,and lifetimes all remain the same. We therefore an apply our MonteCarlo spetrumfor this senario to just any one of the mass eigenstates (given our assumption oftribimaximal mixing no neutrino mass eigenstate is preferred). The only di�ereneis that only 1/3 of the total ux undergoes neutrino splitting. The resulting spetrumis shown in Fig. 3. Note that even for � = 1 the departure from the LI spetrum issigni�antly redued, as one would expet, with the magnitude of the deviation at thepeak being lowered to a � 50% exess over the LI ux. Hene, with present sensitivity,absene of a signal in the neutrino spetrum does not mean that LV is ruled out forneutrinos, even for O(1) positive oeÆients. We notie that the uto� feature presentin the avor blind ase has now e�etively disappeared. Then, observations of a UHEneutrino ux up to some maximal energy do not allow to draw onlusions about LV inthis ase senario.We now return to the question of negative oeÆients and neutrino splitting. Sofar, in both our avor blind and avor dependent senarios all the oeÆients have beenpositive. As argued in setion 4, neutrinos an split even with negative oeÆients whenthe relation ��B < ��A �K(p) holds. However, one an immediately see that thereforeat least one of the mass eigenstates is always stable if the oeÆients are negative. Thisimplies that no equivalent of the \best ase senario" (all the mass eigenstates deay) ispossible for negative ��I and that, onsequently, the deviation from the LI spetrum willbe suppressed by at least 1/3. Therefore osmogeni neutrinos are not e�etive probes
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Figure 3. Observed UHE neutrino spetra for di�erent values of the LV oeÆientof the only mass eigenstate undergoing splitting in the non-optimal senario. The uxsuppression at UH energies has e�etively disappeared (for what onerns observationalrelevane) and the exess at lower energies is signi�ant only for O(1) LV oeÆient.of the ��I < 0 region of parameter spae.5.3. Dependene on model unertaintiesPreditions of osmogeni neutrino spetra are known to be plagued by severalunertainties, as they depend strongly on the evolution of UHECR soures with redshift,whih annot be diretly probed with UHECRs due to the GZK attenuation e�et. Asa onsequene, also our preditions for the UHE neutrino ux in the presene of LV anbe a�eted.We hek this by simulating di�erent UHECR soures evolution models for the \bestase senario". In Fig. 4 we show the results for the model outlined in [56℄, whih isexpeted to give the largest ux. As a result, the presene and the strength of the bumpfeature are demonstrated to be weakly dependent on the underlying UHECR souredistribution, with the hoie of the soure distribution a�eting by a fator of 2 theheight of the bump. This was somewhat expeted from our qualitative onsiderations:as long as UHECR soures are loated at distanes muh larger than 1 Mp fromEarth, the magnitude of the bump depends only on how many neutrinos were originallyprodued at energy larger than the LV uto� energy. On the other hand, the uto�feature is de�nitely model independent, as long as the unknown maximal energy at
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Possible osmogeni neutrino onstraints on Plank-sale Lorentz violation 16of UHECRs produed by this Z-burst-like mehanism by onverting all the neutrinoswith energy E� above threshold into 2 protons of energy 1=80 � E�. The result isshown in Fig. 5. This mehanism would indeed ontribute to the UHECR spetrum at
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Possible osmogeni neutrino onstraints on Plank-sale Lorentz violation 177. ConlusionsIn this work we have investigated possible signals of higher dimension LV CPT evenoperators in the UHE neutrino spetrum, in partiular the e�et of the neutrino splittingon the UHE neutrino spetrum. This proess provides a lean test as it does not involveother LV operators apart from the neutrinos' ones. In addition, sine the dominantneutrino �eld is left-handed, there are no ompliations due to di�erent LV for di�erenthirality of fermion, as there are in the UHECR ase, and one ends up with one LVoeÆient for eah neutrino mass eigenstate. In the avor blind senario, where everymass eigenstate undergoes splitting approximately at the same energy, there is both apreoious fall o� of the neutrino ux at UHE as well as a signi�ant exess in the UHEneutrino ux at energies as low as 1017:5 eV. Notieably, this kind of energies are wellwithin reah of urrent and future UHECR experiments and about order of magnitudebelow those so far used for LV tests with hadroni and eletromagneti UHECRs.Aording to our study, existing or planned UHE neutrino experiments have thepotential to probe LV in the neutrino setor for oeÆients � & 10�4. However, we havedisovered a serious diÆulty with deriving onstraints in the absene of a positive LVsignal event. The distribution in mass eigenstates is roughly equal for UHE neutrinosin realisti mixing senarios. Although it might seem somewhat unnatural that LV hasdi�erent e�ets on di�erent mass states of the same partile �eld, if this is the ase thenit is possible that LV an exist/be strong for one mass eigenstate yet be almost invisiblefor UHE neutrino detetors. In partiular, the observation of a neutrino ux up to somemaximal energy does not imply a �rm onlusion on LV, at least with present auray.However, let us note that if a neutrino is ever deteted at energy E�, we an rule outa avor blind �� & (E�=1018:8 eV)�13=4 aording to Eq. (20). On the other hand, thebump feature an lead to onstraints on �� > 0, as this bump should be observable inany suh senario of LV in the neutrino setor. In this ase, to obtain a O(1) onstrainton LV requires at least a 50% auray in the determination of the neutrino spetrumin the energy range 1017 � 1019 eV, whih an be ahieved by future experiments.AknowledgmentsWe thank J. Kelley and B. MElrath for useful disussions. This work was supportedby the Deutshe Forshungsgemeinshaft through the ollaborative researh entre SFB676 \Partiles, Strings and the Early Universe: The Struture of Matter and Spae-Time". LM aknowledges support from the State of Hamburg, through the CollaborativeResearh program \Conneting Partiles with the Cosmos" within the framework of theLandesExzellenzInitiative (LEXI).Referenes[1℄ V. A. Kosteleky and S. Samuel, \Spontaneous Breaking Of Lorentz Symmetry In String Theory,"Phys. Rev. D 39, 683 (1989).



Possible osmogeni neutrino onstraints on Plank-sale Lorentz violation 18[2℄ J. R. Ellis, N. E. Mavromatos and D. V. Nanopoulos, Phys. Lett. B 665, 412 (2008)[arXiv:0804.3566 [hep-th℄℄.[3℄ R. Gambini and J. Pullin, \Nonstandard optis from quantum spaetime," Phys. Rev. D 59,124021 (1999).[4℄ C. Rovelli and S. Speziale, Phys. Rev. D 67, 064019 (2003) [arXiv:gr-q/0205108℄.[5℄ J. Alfaro and G. Palma, Phys. Rev. D 67 (2003) 083003 [arXiv:hep-th/0208193℄.[6℄ S. M. Carroll, J. A. Harvey, V. A. Kosteleky, C. D. Lane and T. Okamoto, \Nonommutative �eldtheory and Lorentz violation," Phys. Rev. Lett. 87, 141601 (2001). [arXiv:hep-th/0105082℄.[7℄ J. Lukierski, H. Ruegg andW. J. Zakrzewski, Annals Phys. 243 (1995) 90 [arXiv:hep-th/9312153℄.[8℄ G. Amelino-Camelia and S. Majid, Int. J. Mod. Phys. A 15 (2000) 4301 [arXiv:hep-th/9907110℄.[9℄ M. Chaihian, P. P. Kulish, K. Nishijima and A. Tureanu, Phys. Lett. B 604, 98 (2004) [arXiv:hep-th/0408069℄.[10℄ G. Amelino-Camelia, J. R. Ellis, N. E. Mavromatos, D. V. Nanopoulos and S. Sarkar, \PotentialSensitivity of Gamma-Ray Burster Observations to Wave Dispersion in Vauo," Nature 393,763 (1998). [arXiv:astro-ph/9712103℄.[11℄ C. P. Burgess, J. Cline, E. Filotas, J. Matias and G. D. Moore, \Loop-generated bounds onhanges to the graviton dispersion relation," JHEP 0203, 043 (2002). [arXiv:hep-ph/0201082℄.[12℄ C. Barelo, S. Liberati and M. Visser, \Analogue gravity," Living Rev. Rel. 8, 12 (2005). [arXiv:gr-q/0505065℄.[13℄ P. Horava, Phys. Rev. D 79, 084008 (2009) [arXiv:0901.3775 [hep-th℄℄.[14℄ G. Amelino-Camelia, arXiv:0806.0339 [gr-q℄.[15℄ G. Amelino-Camelia, Int. J. Mod. Phys. D 11 (2002) 35 [arXiv:gr-q/0012051℄.[16℄ D. Colladay and V. A. Kosteleky, Phys. Rev. D 58, 116002 (1998) [arXiv:hep-ph/9809521℄.[17℄ R. C. Myers and M. Pospelov, Phys. Rev. Lett. 90 (2003) 211601 [arXiv:hep-ph/0301124℄.[18℄ P. A. Bolokhov and M. Pospelov, Phys. Rev. D 77, 025022 (2008) [arXiv:hep-ph/0703291℄.[19℄ D. Mattingly, PoS QG-PH, 026 (2007).[20℄ V. A. Kosteleky and M. Mewes, Phys. Rev. D 80 (2009) 015020 [arXiv:0905.0031 [hep-ph℄℄.[21℄ S. Groot Nibbelink and M. Pospelov, Phys. Rev. Lett. 94, 081601 (2005) [arXiv:hep-ph/0404271℄.[22℄ D. Mattingly, Living Rev. Rel. 8, 5 (2005) [arXiv:gr-q/0502097℄.[23℄ T. Jaobson, S. Liberati and D. Mattingly, Annals Phys. 321 (2006) 150 [arXiv:astro-ph/0505267℄.[24℄ S. Liberati and L. Maione, arXiv:0906.0681 [astro-ph.HE℄. To appear in Annual Review ofNulear and Partile Siene.[25℄ J. Collins, A. Perez, D. Sudarsky, L. Urrutia and H. Vuetih, Phys. Rev. Lett. 93, 191301 (2004)[arXiv:gr-q/0403053℄.[26℄ L. Maione, A. M. Taylor, D. M. Mattingly and S. Liberati, JCAP 0904 (2009) 022[arXiv:0902.1756 [astro-ph.HE℄℄.[27℄ M. Galaverni and G. Sigl, Phys. Rev. Lett., 100, 021102 (2008). arXiv:0708.1737 [astro-ph℄.[28℄ L. Maione and S. Liberati, JCAP 0808, 027 (2008) [arXiv:0805.2548 [astro-ph℄℄.[29℄ M. Galaverni and G. Sigl, Phys. Rev. D 78 (2008) 063003 [arXiv:0807.1210 [astro-ph℄℄.[30℄ T. Kifune, Astrophys. J. 518 (1999) L21 [arXiv:astro-ph/9904164℄.[31℄ R. Aloisio, P. Blasi, P. L. Ghia and A. F. Grillo, Phys. Rev. D 62 (2000) 053010 [arXiv:astro-ph/0001258℄.[32℄ G. Amelino-Camelia and T. Piran, Phys. Rev. D 64 (2001) 036005 [arXiv:astro-ph/0008107℄.[33℄ F. W. Steker and S. T. Sully, Astropart. Phys. 23 (2005) 203 [arXiv:astro-ph/0412495℄.[34℄ L. Gonzalez-Mestres, Nul. Phys. Pro. Suppl. 190, 191 (2009) [arXiv:0902.0994 [astro-ph.HE℄℄.[35℄ S. T. Sully and F. W. Steker, Astropart. Phys. 31 (2009) 220 [arXiv:0811.2230 [astro-ph℄℄.[36℄ F. W. Steker and S. T. Sully, New J. Phys. 11 (2009) 085003 [arXiv:0906.1735 [astro-ph.HE℄℄.[37℄ T. Jaobson, S. Liberati and D. Mattingly, Phys. Rev. D 67 (2003) 124011 [arXiv:hep-ph/0209264℄.[38℄ L. Maione, S. Liberati, A. Celotti and J. G. Kirk, JCAP 0710 (2007) 013 [arXiv:0707.2673[astro-ph℄℄.



Possible osmogeni neutrino onstraints on Plank-sale Lorentz violation 19[39℄ Amsler W. M. et al. [Partile Data Group℄ Phys. Lett. B 667, 1 (2008).[40℄ S. R. Coleman and S. L. Glashow, Phys. Rev. D 59 (1999) 116008 [arXiv:hep-ph/9812418℄.[41℄ M. C. Gonzalez-Garia, F. Halzen and M. Maltoni, Phys. Rev. D 71, 093010 (2005) [arXiv:hep-ph/0502223℄.[42℄ J. S. Diaz, V. A. Kosteleky and M. Mewes, Phys. Rev. D 80, 076007 (2009) [arXiv:0908.1401[hep-ph℄℄.[43℄ S. Yang and B. Q. Ma, arXiv:0910.0897 [hep-ph℄.[44℄ M. C. Gonzalez-Garia and F. Halzen, JCAP 0702 (2007) 008 [arXiv:hep-ph/0611359℄.[45℄ A. Bhattaharya, S. Choubey, R. Gandhi and A. Watanabe, arXiv:0910.4396 [hep-ph℄.[46℄ S. R. Coleman and S. L. Glashow, Phys. Lett. B 405 (1997) 249 [arXiv:hep-ph/9703240℄.[47℄ P. Gorham et al. [ANITA ollaboration℄, arXiv:0812.2715 [astro-ph℄.[48℄ A. Petrolini, arXiv:0909.5220 [astro-ph.IM℄.[49℄ A. Santangelo and A. Petrolini, arXiv:0909.5370 [astro-ph.HE℄.[50℄ S. W. Barwik, J. Phys. Conf. Ser. 60 (2007) 276 [arXiv:astro-ph/0610631℄.[51℄ S. W. Barwik, Nul. Instrum. Meth. A 602 (2009) 279.[52℄ P. Allison et al., arXiv:0904.1309 [astro-ph.HE℄.[53℄ V. S. Beresinsky and G. T. Zatsepin, Phys. Lett. B 28 (1969) 423.[54℄ F. W. Steker, Astrophys. Spae Si. 20 (1973) 47.[55℄ R. Engel, D. Sekel and T. Stanev, Phys. Rev. D 64 (2001) 093010 [arXiv:astro-ph/0101216℄.[56℄ D. V. Semikoz and G. Sigl, JCAP 0404 (2004) 003 [arXiv:hep-ph/0309328℄.[57℄ K. Greisen, Phys. Rev. Lett. 16 (1966) 748; Zatsepin, Kuz'min, Sov.Phys.JETP 4, 78.[58℄ R. Abbasi et al. [HiRes Collaboration℄, arXiv:astro-ph/0703099.[59℄ M. Roth [Pierre Auger Collaboration℄, arXiv:0706.2096 [astro-ph℄.[60℄ J. Abraham et al. [Pierre Auger Collaboration℄, Siene 318 (2007) 938 [arXiv:0711.2256 [astro-ph℄℄.[61℄ T. Jaobson and D. Mattingly, Phys. Rev. D 70 (2004) 024003 [arXiv:gr-q/0402005℄.[62℄ D. Mattingly, T. Jaobson and S. Liberati, Phys. Rev. D 67 (2003) 124012 [arXiv:hep-ph/0211466℄.[63℄ T. J. Konopka and S. A. Major, New J. Phys. 4, 57 (2002) [arXiv:hep-ph/0201184℄.[64℄ J. M. Carmona and J. L. Cortes, Phys. Lett. B 494 (2000) 75 [arXiv:hep-ph/0007057℄.[65℄ E. Armengaud, G. Sigl, T. Beau and F. Miniati, Astropart. Phys. 28 (2007) 463 [arXiv:astro-ph/0603675℄.[66℄ J. N. Bahall and E. Waxman, Phys. Lett. B 556 (2003) 1 [arXiv:hep-ph/0206217℄.[67℄ T. P. A. Collaboration, Phys. Rev. D 79 (2009) 102001 [arXiv:0903.3385 [astro-ph.HE℄℄.[68℄ E. Waxman and J. N. Bahall, Phys. Rev. D 59 (1999) 023002 [arXiv:hep-ph/9807282℄.[69℄ J. N. Bahall and E. Waxman, Phys. Rev. D 64 (2001) 023002 [arXiv:hep-ph/9902383℄.[70℄ G. Amelino-Camelia, M. Arzano, Y. J. Ng, T. Piran and H. Van Dam, JCAP 0402 (2004) 009[arXiv:hep-ph/0307027℄.[71℄ D. Fargion, B. Mele and A. Salis, Astrophys. J. 517 (1999) 725 [arXiv:astro-ph/9710029℄.[72℄ R. Aloisio, V. Berezinsky, P. Blasi, A. Gazizov, S. Grigorieva and B. Hnatyk, Astropart. Phys.27 (2007) 76 [arXiv:astro-ph/0608219℄.[73℄ P. F. Harrison, D. H. Perkins and W. G. Sott, Phys. Lett. B 530 (2002) 167 [arXiv:hep-ph/0202074℄.


	1 Introduction
	2 Theoretical framework
	3 UHE neutrinos and LV
	4 Neutrino Splitting
	4.1 The best case scenario: flavor blind LV
	4.1.1 Decay time computation
	4.1.2 Z boson resonance

	4.2 A non-optimal case: flavor dependent LV

	5 Results
	5.1 Results for flavor bind LV scenario
	5.2 Results for flavor dependent LV scenario
	5.3 Dependence on model uncertainties

	6 Other processes
	7 Conclusions

