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DESY 07-067, UG-FT-217/07, CAFPE-87/07, ROMA-1452-07Long-lived Staus from Cosmi RaysMarkus Ahlers,1, � Jos�e Ignaio Illana,2, y Manuel Masip,2, z and Davide Meloni3, x1Deutshes Elektronen-Synhrotron DESY, Notkestra�e 85, D-22607 Hamburg, Germany2CAFPE and Depto. de F��sia Te�oria y del Cosmos, Universidad de Granada, 18071 Granada, Spain3INFN and Dipto. di Fisia, Universit�a degli Studi di Roma "La Sapienza", 00185 Rome, Italy(Dated: May 2007)The ollision of a high energy osmi ray with a nuleon in the upper atmosphere ould produelong-lived heavy partiles. Suh partiles would be very penetrating, sine the energy loss in mattersales as the inverse mass, and ould reah a neutrino telesope like IeCube from large zenith angles.Here we study this possibility and fous on the long-lived stau of SUSY models with a gravitino LSP.The signal would be a pair of muon-like parallel traks separated by 50 meters along the detetor.We evaluate the bakground of muon pairs and show that any events from zenith angles above 80Æould be explained by the prodution of these heavy partiles by osmi rays.PACS numbers: 13.85.Tp, 14.80.LyI. INTRODUCTIONThe hierarhy problem has motivated an intense searhfor new physis during the past 20 years. Colliders likeLEP, the Tevatron, or the B fatories have explored thestandard model (SM) at the quantum level but have notreahed the energy or the sensitivity neessary to detetnew physis. There is experimental evidene for neu-trino masses, whereas osmologial data strongly suggestthe presene of a stable weakly-interating massive par-tile (WIMP) as the origin of the dark matter of theuniverse. However, these features ould be easily addedto the SM without hanging its struture. Therefore, aswe approah the searh for extensions like supersymme-try (SUSY), tehniolor or extra dimensions at the LHC,it is lear that we should never underestimate the SM.On the other hand, osmi rays are another soure ofelementary partiles of very high energy with the poten-tial to explore the physis beyond the SM. When a protonof 108 GeV from outer spae hits an atmospheri nuleonit provides a enter of mass energyps = p2mNE around14 TeV. A small fration of these protons (or of the se-ondary partiles with still enough energy) may then pro-due exoti massive partiles. Of ourse, the question iswhether suh an event ould give any observable signal.In this paper we argue that this is the ase, the long-lived harged partiles present in some extensions of theSM ould provide a distint signature when they ross aneutrino telesope from large zenith angles.The proess that we propose ould take plae in SUSYmodels with an exat R-parity, a gravitino lightest SUSYpartile (LSP) working as dark matter, and a hargednext-to-LSP (NLSP) [1, 2, 3, 4, 5, 6, 7, 8, 9, 10℄. Theollision of the osmi proton with the nuleon ould pro-�Eletroni address: markus.ahlers�desy.deyEletroni address: jillana�ugr.eszEletroni address: masip�ugr.esxEletroni address: meloni�roma1.infn.it

due any pair of SUSY partiles, whih would then deaypromptly into the NLSP. Sine the NLSP ouples veryweakly to the LSP gravitino, it will be long-lived andable to ross a kilometer-long detetor like IeCube. Thegeneri features of this framework ould be also found inother extensions of the SM, like Little Higgs models [11℄.These models may inorporate a T -parity [12℄ separat-ing the standard and the exoti partiles. The T -paritywould forbid unobserved mixing between both setors,tree-level four fermion operators, and would also makethe lightest partile in the odd setor stable. If this parti-le (onstituting the dark matter) is very weakly oupledwith the rest, the next-to-lightest one will be long-lived.The possibility to observe quasi-stable gluinos inIeCube [13℄ has been onsidered in [14, 15℄ in theframework of split-SUSY models with very heavysfermions [16℄. Here we will fous on non-olored par-tiles, whih present some remarkable di�erenes withthe gluinos. In partiular, as one of these partiles propa-gates in matter it loses energy at a muh smaller rate thanan R-hadron [17, 18℄. This fat makes it easier to onfuseit with a muon, but it also lets the partile reah IeCubeform larger zenith angles. To be de�nite we will onsidera long-lived stau e�R1, although our arguments would beanalogous for any massive harged partile: harginos,other sleptons, or vetorlike leptons that may appear inLittle Higgs models.Other analyses of the prodution of exoti partiles byosmi rays refer to primary neutrinos [20, 21, 22, 23℄.Being weakly interating, the relative e�et of newphysis on the neutrino-nuleon ross setion may belarger (see below), however, it is diÆult to make pre-ise preditions until the ux of osmi neutrinos is de-termined. In ontrast, our analysis here relies on a uxof primary osmi rays that is well-known in the relevant1 We will assume in the following that the e�R life-time ismuh larger than the propagation time through the Earth (seee.g. [19℄).
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10−14FIG. 2: Cross setion to produe any pair of olored SUSYpartiles in a pN and a �N ollision for di�erent inidentenergies and a squark/gluino mass m eX = 150, 300 GeV.energy region 105{108 GeV.The outline of the paper is as follows. In Se. II, wealulate the rate of long-lived stau pairs produed byollisions of primary and seondary osmi rays in theatmosphere. We disuss then in Se. III the signal ofthese pairs at IeCube and the bakground from muonpairs. Setion IV inludes a summary of our results.II. PRODUCTION OF STAU PAIRSAt energies above 104 GeV the deay length of nule-ons, harged pions and kaons is muh larger than theirinteration length in the air. Therefore, as they propa-gate in the atmosphere the probability that one of thesehadrons (h) ollides with a nuleon (N) to produe newphysis is just [24℄ PhX(E) � A �hNX�haT : (1)In this expression �hNX is the ross setion to produethe exoti partile(s) X and �haT the total ross se-tion of the hadron with the air (we assume A = 14:6nuleons in a nuleus of air and neglet nulear ef-fets). The (default) ross setions with the air used byCORSIKA [25℄ above 104 GeV an be approximated by�haT � Ch0 + Ch1 ln(E=GeV) + Ch2 ln2(E=GeV), with theonstants given in Table I. Sine �haT is above 100 mb, itis apparent that this probability will be very small andthat it would be muh larger for a neutrino propagatingin matter.The ross setion to produe SUSY partiles in ahadroni ollision depends basially on their mass and

on whether they have strong interations. All the rosssetions at the parton level an be found in Ref. [26℄.Collider bounds on SUSY partiles with prompt deayinto a neutral LSP are around 250 GeV for gluinosand squarks, and 100 GeV for the stop, the sbottom,harginos, and harged sleptons [27℄. These bounds, how-ever, may not apply if the partiles deay instead into along-lived harged or olored SUSY partile. For exam-ple, in order to minimize the SM bakground a reentanalysis [28℄ of jets plus missing momentum at the run IIof the Tevatron imposes a veto on events with an isolatedeletron or muon with large transverse momentum. How-ever, gluino or squark events will inlude here �nal staus(instead of neutralinos) that ould be taken by isolatedmuons. We are not aware of spei� bounds on the ol-ored SUSY spetrum in stau NLSP models. Notie thatbounds based on the delay in the time of ight versusa muon or the anomalous ionization of the staus shouldalso be spei�, as they are based on the absene of slow-moving (� � 0:6) harged partiles, but here the stausget an extra boost from the deay of the parent squark orgluino. Through the paper we will then onsider slepton,TABLE I: Constants de�ning the total ross setion with theair �haT � Ch0 +Ch1 ln(E=GeV) +Ch2 ln2(E=GeV).h Ch0 [mb℄ Ch1 [mb℄ Ch2 [mb℄N 185:7 13:3 0:08� 100:5 16:9 0:00K 79:7 13:9 0:05
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10−5FIG. 4: Flux of stau pairs produed by osmi rays in termsof the (total) stau energy Ee�e� on prodution for m eX = 150,300 GeV and � = 1. We inlude the ux of muon pairsprodued with an opening angle above 10�4 rad.hargino and neutralino masses as low as 100 GeV andolored SUSY partiles above 150 GeV.In Fig. 1 and 2 we plot the total hN (h = p; �)ross setions to produe pairs of these SUSY partilesfor di�erent SUSY masses (left panel) and for valuesof the hadron energy between 104 and 1011 GeV (rightpanel). We have used the CTEQ6M [29℄ (MRSS [30℄)parton distribution funtions for baryoni (mesoni) in-terations, with the renormalization sale � = 0:2m eXsuggested by a NLO alulation [31℄. We observe thatthe ross setion to produe diretly a pair of long-livedstaus of 100 GeV is muh smaller than via the produ-tion and prompt deay of olored partiles of mass around200 GeV. In the latter ase, we estimate that the �nalstau will arry a fration �� � m2eX +m2e�2m2eX ( eX = eg; eq ) (2)of the energy of the parent gluino or squark. The averageangle of the stau pair (in the lab frame) for di�erentenergies of an inident proton are given in Fig. 3.To evaluate the prodution rate of stau pairs by osmirays we need the total ux of hadrons: primary plus se-ondary nuleons, pions and kaons produed at any depthin the atmosphere and with enough energy to reate stausin the ollision with an air nuleon. This analysis hasbeen arried out in [14℄ assuming a ux of primary nu-leons d�NdE � 1:8 � E1GeV��2:7 nuleonsm2 s sr GeV ; (3)

for energies up to 106 GeV, with a spetral index thathanges to 3 in the interval 106{109 GeV and goes bakto 2.7 at higher energies (e.g. [32℄). We will use in thefollowing the results on the ux of seondary hadrons(nuleons, pions, and kaons) derived there.The ux of quasi-stable staus produed via the promptdeay of a pair eX eX 0 of SUSY partiles is then�e�e� = Xh=N;�;K Z 1Emin dE d�hdE PheX eX0(E) : (4)In Fig. 4 we plot the di�erential ux (d�/dEe�e� ) of staupairs produed by osmi rays for squarks and gluinosmasses of 150 and 300 GeV and � = 1.III. BACKGROUND OF MUON PAIRS ANDSIGNAL AT ICECUBEThe ux of stau pairs produed high in the atmosphereneeds to propagate down to the ore of IeCube, abouttwo kilometers under the antarti ie, to be observed.In addition, the possible signal faes a strong bakgroundof muon pairs rossing the detetor. We plot in Fig. 4the ux (d�/dE��) of muon pairs2 produed by osmirays of energy Eh > 104 GeV. We inlude only the eventswhere the two muons are produed with an opening angle2 We neglet the muons from tau deays as they are a � 1% or-retion to this ux.
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will use the approximation for the range of a stau pro-vided in [17℄ and will neglet losses through eletroweakinterations [18℄, as they are not important for the stauenergies that we obtain.In Fig. 5 we plot the range of staus and muons of en-ergy between 103 and 109 GeV. We give the orrespon-dene between integrated olumn depth of the Earth (seee.g. [33℄) and zenith angle for several trajetories endingat the enter of IeCube. We observe, for example, thatwhereas a muon of E = 107 GeV has a range of about25 km water equivalent (w.e.) and an reah IeCubefrom a zenith angle �max � 86Æ, the range of a stau ofthe same energy is 360 times larger, whih makes it ableto reah IeCube from zenith angles of up to �max � 105Æ.Another relevant observable is the separation of thetwo partiles when they ross IeCube. This depends ontheir angle at the reation point (see Fig. 3) and the dis-tane from that point to the telesope. The interationlength of a 107 GeV proton in air is around 4 g/m2 (itsross setion is �haT � 400 mb), whih orresponds toan altitude of about 20 km in the atmosphere. There-fore, if a primary proton reates a stau pair it will do itaround that altitude. The prodution of a stau pair bya seondary hadron will typially our along the seondinteration length, �nishing at around 15 km, and so on.To estimate the distane between the parallel stau traksat IeCube we will assume that they are reated at aheight H � 15 km. This implies that stau pairs omingfrom zenith angles of 60Æ, 80Æ, and 100Æ y an approxi-mate distane of about 30, 90, and 2300 km, respetively,to reah the enter of IeCube.In Fig. 6 we ompare the number of stau and muon



5pairs reahing IeCube with a separation larger than 50meters, so that the two traks an be resolved [34℄. Weplot the ux of these partiles oming from zenith angleslarger than the value given in the x-axis (e.g. �min = 0orresponds to pairs oming from any diretion). Weshow the ases m eX = 150, 300 GeV and � = 1, 0:7.We observe that from zenith angles between 80Æ and 95Æthere is a possible signal with no bakground from muonpairs. IV. SUMMARY AND DISCUSSIONCosmi rays may be ontinuously produing massivepartiles when they ollide with nuleons in the upperatmosphere. If these partiles are long-lived they will beable to reah a detetor like IeCube, about two kilome-ters under the ie. To have a sizeable prodution rate (or-der 1 per year and square kilometer) the partiles shouldbe produed through strong interations. This would bethe ase for a quasi-stable stau resulting from the promptdeay of a gluino or a squark. We have studied in somedetail the possibility to observe suh an event.The heavy staus would be produed in pairs at al-titudes around 15 km, and as they approah IeCubethe two staus would separate. In priniple, they ouldbe onfused with a muon pair: a muon and a stau of500 GeV would give in IeCube a very similar signa-ture. We have shown, however, that it is possible toredue the dimuon bakground below the signal. AboveE � 500 GeV muons lose energy in ie muh faster thanthe staus. As a onsequene, while muons will neverreah IeCube from diretions lose to the horizon, stausan ome from zenith angles of up to 110Æ. In addition,larger zenith angles mean also larger distane of ightand, in turn, larger separation between the two traks atIeCube.

We obtain that any events with two muon-like traksseparated by more than 50 meters oming from zenith an-gles of 80Æ{100Æ would be a lear signal of heavy hargedpartiles produed by osmi rays high in the atmosphere(see Fig. 6).One may wonder if this signal ould also be distin-guished from possible stau pairs produed by primaryneutrinos, whih have been extensively onsidered in theliterature. We �nd two main di�erenes with suh anevent. Suppose that the primary omes horizontally(� = 90Æ). In our ase the staus will be reated highin the atmosphere, whereas in a neutrino event the in-teration to produe them will typially take plae deepinside the ie. This implies a smaller distane betweenthe two stau traks along IeCube. A seond importantdi�erene is that while neutrino events ould ome basi-ally from any diretion, the staus produed by primaryprotons vanish at zenith angles above about 115Æ.We think that the study of inlined (� � 60Æ) two-muon events at IeCube would be interesting by itself.For example, it an be used as an indiret measure of thetotal (primary plus seondary) ux of hadrons of 104{109 GeV and, thus, as a test for the di�erent odes thatsimulate extensive air showers. Going to zenith anglesbelow the horizon the SM bakground vanishes, leavingsome room for exoti physis.AknowledgmentsWe would like to thank Franiso del �Aguila, FernandoCornet, Andreas Ringwald, and Christian Spiering foruseful disussions. This work has been supported byMEC of Spain (FPA2006-05294) and Junta de Andalu��a(FQM-101). We also aknowledge �nanial support froma grant CICYT-INFN (07-10).[1℄ A. Brandenburg, L. Covi, K. Hamaguhi, L. Roszkowski,and F. D. Ste�en, Phys. Lett. B617, 99 (2005), hep-ph/0501287.[2℄ W. Buhm�uller, K. Hamaguhi, M. Ratz, andT. Yanagida, Phys. Lett. B588, 90 (2004), hep-ph/0402179.[3℄ K. Hamaguhi, Y. Kuno, T. Nakaya, and M. M. Nojiri,Phys. Rev. D70, 115007 (2004), hep-ph/0409248.[4℄ J. L. Feng and B. T. Smith, Phys. Rev. D71, 015004(2005), hep-ph/0409278.[5℄ K. Hamaguhi and A. Ibarra, JHEP 02, 028 (2005), hep-ph/0412229.[6℄ O. Cakir, I. T. Cakir, J. R. Ellis, and Z. Kira, (2007),hep-ph/0703121.[7℄ R. H. Cyburt, J. Ellis, B. D. Fields, K. A. Olive, and V. C.Spanos, JCAP 0611, 014 (2006), astro-ph/0608562.[8℄ J. R. Ellis, A. R. Raklev, and O. K. Oye, JHEP 10, 061(2006), hep-ph/0607261.[9℄ J. R. Ellis, K. A. Olive, Y. Santoso, and V. C. Spanos,
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