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Supersymmetry on the Roks DESY 06-193Markus AhlersDeutshes Elektronen-Synhrotron DESY, Notkestra�e 85, 22607 Hamburg, GermanyE-mail: markus.ahlers�desy.deAbstrat. In R-parity onserving supersymmetri (SUSY) models the lightest SUSY partile(LSP) is stable and a andidate for dark matter. Depending on the oupling and mass of thispartile the life time of the next-to-lightest SUSY partile (NLSP) may be large ompared toexperimental time sales. In partiular, if the NLSP is a harged partile and its deay lengthis of the order of the Earth's diameter Cherenkov telesopes might observe parallel muon-liketraks of NLSP pairs produed in neutrino-nuleon interations in the Earth's interior. We haveinvestigated two SUSY senarios with a long-lived e� NLSP and a gravitino LSP in view of theobservability at the IeCube detetor.1. IntrodutionThe interations of high energy (E & 1 PeV) osmi partiles with the Earth matter are aprobe of physis beyond the TeV sale. It was pointed out by the authors of Ref. [1℄ that underfavorable onditions a hypotheti harged partile emerging from neutrino-nuleon interationsin the Earth's interior ould give rise to an appreiable rate of muon-like traks in Cherenkovtelesopes. The underlying ux of high energy neutrinos is expeted from photopion proessesof high energy protons with the osmi mirowave bakground (osmogeni neutrinos) [2, 3℄ orwith the ambient photon gas of osmi aelerators [4, 5℄. For the observability of these newpartiles at neutrino telesopes the low prodution ross setion and the small branhing ratioompared to Standard Model (SM) proesses has to be balaned by a suÆiently long life timeand a low energy loss in matter.2. Supersymmetry with a Long-lived Stau NLSPAttrative andidate senarios are supersymmetri (SUSY) extensions of the SM with R-parityonservation. In these models the next-to-lightest super-partile (NLSP) an only deay into �nalstates ontaining the lightest super-partile (LSP) whih is stable. For a gravitino LSP with massm3=2 the deay length L of the NLSP in units of the Earth's diameter 2R� is approximately [6℄� L2R�� � � mNLSP100GeV��6� m3=2400 keV�2� ENLSP500GeV�: (1)Constraints from big bang nuleosynthesis and the osmi mirowave bakground yield an upperlimit on the mass of a gravitino LSP between 10 and 100 GeV [7℄. Throughout our alulationswe will assume that the NLSP is the right-handed stau (e�R), the supersymmetri salar partnerof the right-handed tau, and treat this partile as e�etively stable orresponding to a gravitinomass m 3=2 & 400 keV.



Figure 1. The neutrino nuleon ross setionof the SM ompared to ontributions fromneutralino and hargino exhange. Figure 2. The rate of parallel stau traksthrough a neutrino telesope like IeCube interms of the neutrino energy.Due to R-parity onservation neutrino-nuleon interations will allways produe pairs ofsuper-partiles, whih then promptly deay into long-lived e�R NLSPs. It was argued in Ref. [8℄that the rate of single stau events is subdominant ompared to the ux of muons, even for themost optimisti ase of very light squarks with masses around 300 GeV. This is onneted tothe fat that traks of high energy staus in a Cherenkov detetor will look like low energy muonswhih have a muh larger rate. Instead, a promising signal ould be the observation of staupairs whih might show up as parallel traks in the detetor due to their large boost [1℄. Inthe following setions we will give a short review of the alulation of this e�+e� ux through aneutrino telesope suh as IeCube [9℄ and omment on some phenomenologial aspets.3. Prodution and Propagation of Stau PairsCosmi neutrinos are exposed to SM harged and neutral urrent interations in the Earth matterbefore they might undergo a supersymmetri proess at some distane l to the observer. Wetake these interation into aount by an exponential attenuation of the initial di�use neutrinoux F� along the line of sight �dz = n(~x)dl using the Earth's nuleon density n = �=mp shownin Ref. [10℄. The integrated olumn depth of the Earth, z�, depends on the nadir angle � andthe depth of the detetor enter below the horizon, whih we �x at 1:9 km orresponding to theIeCube detetor [9℄. For the (yet unknown) high energy osmi neutrino ux we will adopt asa benhmark the Waxman-Bahall ux of neutrinos from optially thin soures given in Ref. [4℄:E2� FWB(E�) � 6�10�8 m�2 s�1 sr�1GeV (all avor).The leading order supersymmetri ontribution in deep inelasti sattering (DIS) o� nuleonsonsists of slepton el and squark eq prodution via hargino � or neutralino �0 exhangebetween neutrinos and quarks. The partoni ross setions an be found in Refs. [1, 8℄.We have analyzed two di�erent SUSY mass spetra with a long-lived e�R NLSP whih wedenote by \min em", a senario with super-partile masses just above the experimental limitsm� = m�0 = mel = 100 GeV and meq = 300 GeV, and \SPS 7" with SUSY masses orrespondingto the benhmark point SPS 7 [11℄. The resulting neutrino-nuleon ross setion is shown inFig. 1. Here and in the following we have used the CTEQ6D parton distribution funtions



Figure 3. The distribution of stau pairswith respet to their trak separation in aCherenkov detetor. Figure 4. The rate of stau pairs with respetto the nadir angle � ompared to single muonevents.fj(x;Q2) [12℄.We assume that the emerging sleptons and squarks will promptly deay into the e�R NLSPwith an average energy of hEe�iel=Eel = 0:5 (1:0) and hEe�ieq=Eeq = 0:3 (0:5) for the \SPS 7"(\min em") mass senario, respetively. This determines the average energy loss range hze�iel=eq ofthe staus whih has been studied in great detail in Refs. [13, 14, 15℄. To �rst order, the staurange sales linearly with the mass me� and is about three orders of magnitude larger than therange of muons with the same energy. In our alulations we have used an approximation ofze� from Ref. [13℄ for staus with energy Ee� > 4�105GeV�(me�=150GeV). Below this energyionization losses dominate and were used in the alulation. For a given nadir angle the maximalrange zmax of an observable stau pair is then the lesser of z�, hze� iel, and hze� ieq.The ux of stau pairs through the detetor from the deay of the emerging slepton and squarkis then given byd4Ne�+e�dt dA d
dE� � Xparton j EmaxZEmindEel zmaxZ0 dz 1Zxmindx fj(x;Q2)� d2�SUSYdx dEel �F�(E�)�e�(z��z)�SM : (2)Fig. 2 shows the result of Eq. (2) for the two SUSY mass senarios \min em" and \SPS 7"ompared to the rate of single muon events through the detetor.4. Detetion Rate at Neutrino TelesopesNot all of the stau pairs (Eq. (2)) might be seen as separable traks in a Cherenkov telesopeif they emerge from interations too lose to the detetor. As an estimate we use the openingangle Æ between the slepton and squark in DIS to alulate the separation of stau traks in thedetetor: x = 2 l tan(Æ=2). In Fig. 3 we show the distribution of stau traks aording to theirdistane in the detetor. In Tab. 1 we show the absolute rate at a ubi kilometer neutrinotelesope suh as IeCube for di�erent detetor resolutions.The distribution of stau pairs aording to the nadir angle � is shown in Fig. 4. It reets theexponential attenuation of the ux of neutrinos depending on the integrated olumn depth of



Table 1. Rates of upward-going stau pairs for two di�erent SUSY mass senarios and di�erentdetetion thresholds of the trak separation x.Rate of e� pairs [ yr�1 km�2 ℄Senario total x > 10 m x > 50 m x > 100 mmin em 12 9 5 2SPS 7 0.19 0.14 0.07 0.03the Earth (z�) in the line of sight. The steepening of the di�erential rate below 33Æ is an e�etof the dense inner ore of the Earth. Most of the stau pairs arrive from about 85Æ with respetto nadir. The suppression at larger nadir angles is due to the small olumn depth of the Earth,z�, ompared to the energy loss range of the staus.On ompletion the IeCube detetor will onsist of 80 strings separated by 125 m [9℄, whereeah string arries 60 optial modules separated by about 17 m. Sine most of the stau pairswill arrive from about 5Æ below the horizon an e�etive detetor resolution of 50� 100 m withrespet to their separation seems possible.5. ConlusionsLong-lived harged partiles from a new physis setor may produe alternative signals atCherenkov telesopes even if their prodution ross setion and branhing ratio is very small.Attrative andidate senarios inlude supersymmetry with e�R NLSPs and gravitino LSPs. Forour hoie of supersymmetri mass spetra and neutrino uxes an observation of stau pairs at arate of a few per year is possible (see Tab. 1). However, urrent bounds [16℄ on the di�use uxof high energy neutrinos are about one order of magnitude above the Waxman-Bahall ux [4℄and an improvement of the results by a fator �10 is possible.AknowledgementsThe author would like to thank I. Albuquerque and Z. Chako for valuable disussions andJ. Kersten and A. Ringwald for ollaboration.Referenes[1℄ I. Albuquerque, G. Burdman, and Z. Chako, Phys. Rev. Lett. 92, 221802 (2004), hep-ph/0312197.[2℄ V. S. Beresinsky and G. T. Zatsepin, Phys. Lett. B28, 423 (1969).[3℄ F. W. Steker, Astrophys. J. 228, 919 (1979).[4℄ E. Waxman and J. N. Bahall, Phys. Rev. D59, 023002 (1999), hep-ph/9807282.[5℄ M. Ahlers et al., Phys. Rev. D72, 023001 (2005), astro-ph/0503229.[6℄ G. F. Giudie and R. Rattazzi, Phys. Rept. 322, 419 (1999), hep-ph/9801271.[7℄ D. G. Cerde~no, K.-Y. Choi, K. Jedamzik, L. Roszkowski, and R. Ruiz de Austri, JCAP 0606, 005 (2006),hep-ph/0509275.[8℄ M. Ahlers, J. Kersten, and A. Ringwald, JCAP 0607, 005 (2006), hep-ph/0604188.[9℄ IeCube, J. Ahrens et al., Nul. Phys. Pro. Suppl. 118, 388 (2003), astro-ph/0209556.[10℄ R. Gandhi, C. Quigg, M. H. Reno, and I. Sarevi, Astropart. Phys. 5, 81 (1996), hep-ph/9512364.[11℄ B. C. Allanah et al., Eur. Phys. J. C25, 113 (2002), hep-ph/0202233.[12℄ J. Pumplin et al., JHEP 07, 012 (2002), hep-ph/0201195.[13℄ M. H. Reno, I. Sarevi, and S. Su, Astropart. Phys. 24, 107 (2005), hep-ph/0503030.[14℄ I. F. M. Albuquerque, G. Burdman, and Z. Chako, (2006), hep-ph/0605120.[15℄ Y. Huang, M. H. Reno, I. Sarevi, and J. Usinski, (2006), hep-ph/0607216.[16℄ IeCube, M. Ribordy et al., (2005), astro-ph/0509322.


