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Squarks and Sleptons between Branes and Bulk {Gaugino Mediation and Gravitino Dark Matter in an SO(10) Orbifold GUT aJ. KERSTENDESY Theory Group, Notkestr. 85,22603 Hamburg, Germany

We study gaugino-mediated supersymmetry breaking in a six-dimensional SO(10) orbifoldGUT model where quarks and leptons are mixtures of brane and bulk �elds. The ouplings ofbulk matter �elds to the supersymmetry breaking brane �eld have to be suppressed in orderto avoid large FCNCs. We derive bounds on the soft supersymmetry breaking parametersand alulate the superpartile mass spetrum. If the gravitino is the LSP, the ~�1 or the ~��Lturns out to be the NLSP, with harateristi signatures at future olliders and in osmology.1 IntrodutionSupersymmetri orbifold GUTs are attrative andidates for uni�ed theories explaining themasses and mixings of fermions, see for example 2;3;4. Features like doublet-triplet splittingand absene of dimension-�ve proton deay operators, whih are diÆult to realise in four-dimensional grand uni�ed theories, are easily obtained. In order to add preditions for thesuperpartile mass spetrum, an orbifold model has to be supplemented by a senario for SUSYbreaking. Given the higher-dimensional setup with various branes, this senario involves ingeneral both bulk and brane �elds.Aording to this reasoning, we ombine an SO(10) theory in six dimensions, proposedin 5, with gaugino-mediated SUSY breaking 6;7. The orbifold ompati�ation of the two extradimensions has four �xed points or \branes". On three of them, three quark-lepton generationsare loalised. The Standard Model leptons and down-type quarks are linear ombinations ofthese loalised fermions and a partial fourth generation living in the bulk. This leads to theobserved large neutrino mixings. On the fourth brane, a �eld S develops an F -term vauumaTalk presented at the XLIst Renontres de Moriond, Marh 11-18, 2006, La Thuile, Italy. Based on workdone in ollaboration with Wilfried Buhm�uller and Kai Shmidt-Hoberg 1.



Table 1: Charge assignments for the symmetries U(1)R and U(1) ~XH1 H2 � H3 � H4  i � � H5 H6 SR 0 0 0 2 0 2 1 1 1 1 1 0~X -2a -2a -a 2a a -2a a -a a 2a -2a 0expetation value (vev) breaking SUSY. As the gauge and Higgs �elds propagate in the bulk,they feel the e�ets of SUSY breaking. Thus, gauginos and Higgs salars obtain soft masses.The soft masses and trilinear ouplings of the salar quarks and leptons approximately vanish atthe ompati�ation sale. Non-zero values are generated by the running to low energies, whihleads to a realisti superpartile mass spetrum. If the gravitino is the lightest superpartile(LSP), it an form the dark matter. The next-to-lightest superpartile (NLSP) is then a salartau or a salar neutrino, whih is onsistent with onstraints from big bang nuleosynthesis.2 The Orbifold GUT ModelWe onsider an N = 1 supersymmetri SO(10) gauge theory in 6 dimensions ompati�edon the orbifold T 2= (Z2 � Z02 � Z002) 5. The theory has 4 �xed points, Oi, Ops, Ogg and O,loated at the orners of a \pillow" orresponding to the two ompat dimensions. At Oithe full SO(10) survives, whereas at the other �xed points SO(10) is broken to its subgroupsGps = SU(4)� SU(2)� SU(2), Ggg = SU(5)�U(1)X and ipped SU(5),G = SU(5)0� U(1)0,respetively. The intersetion of these GUT groups yields the Standard Model group with anadditional U(1) fator, Gsm0 = SU(3)� SU(2)� U(1)Y � U(1)X, as unbroken gauge symmetrybelow the ompati�ation sale, whih we identify with the GUT sale.The �eld ontent of the theory is strongly onstrained by requiring the anellation of bulkand brane anomalies. The brane �elds are the 16-plets  1;  2;  3. The bulk ontains six 10-plets, H1; : : : ; H6, and four 16-plets, �;�; �; �, as hypermultiplets. Vevs of � and � break thesurviving U(1)B�L. The eletroweak gauge group is broken by expetation values of the doubletsontained in H1 and H2. The zero modes of �; � and H5; H6, at as a fourth generation of downquarks and leptons and mix with the three generations of brane �elds. We alloate these 16-pletsto the branes where SO(10) is broken, plaing  1 at Ogg,  2 at O and  3 at Ops. The three\families" are then separated by distanes large ompared to the uto� sale �. Hene, theyan only have diagonal Yukawa ouplings with the bulk Higgs �elds. The brane �elds, however,an mix with the bulk zero modes without suppression. As these mixings take plae onlyamong left-handed leptons and right-handed down-quarks, we obtain a harateristi patternof mass matries. The allowed terms in the superpotential are restrited by R-invariane andan additional U(1) ~X symmetry with the harge assignments given in Tab. 1. The most generalsuperpotential satisfying these onstraints is given in5. It determines the SUSY-onserving massterms and Yukawa ouplings.Soft SUSY-breaking terms are generated by gaugino mediation 6;7. A gauge-singlet hiralsuper�eld S, whih is loalised at the �xed point Oi, aquires a non-vanishing vev for its F -termomponent. Supersymmetry is then fully broken and the breaking an be ommuniated to bulk�elds by diret interations. In the ase of the gauginos, these are of the formLS � g24h4� Z d2� SW�W� + h.. ; (1)where g4 is the four-dimensional gauge oupling and h is a dimensionless oupling. Furtherinterations that are relevant for SUSY breaking and respet all symmetries are obtained bymultiplying terms in the superpotential by S=�.



Soft masses for the Higgses and for all bulk matter �elds, as well as a �- and a B�-term arisefrom the K�ahler potential. In order to obtain a �-term, we assume the global U(1) ~X symmetryto be only approximate and allow for expliit breaking here. Although the �-term itself is not asoft term, it is thus generated only after SUSY breaking via the Giudie-Masiero mehanism 8.The MSSM squarks and sleptons live on di�erent branes than S. Therefore, they obtainsoft masses only via loop ontributions through the bulk, whih are negligible here, and viarenormalisation group running.3 The Salar Mass Matries and FCNCsFrom the superpotential one obtains 4� 4 matries of the formm = 0BB� �1 0 0 e�10 �2 0 e�20 0 �3 e�3fM1 fM2 fM3 fM4 1CCA (2)for the down-type quark, harged lepton and Dira neutrino masses. Here �i; e�i � v andfMi � MGUT. While �i and e�i have to be hierarhial, we assume no hierarhy between thefMi. The up-type quark and Majorana neutrino mass matries are diagonal 3� 3 matries, sinethe orresponding �elds do not have partners in the bulk. At the ompati�ation sale, weintegrate out the heavy degrees of freedom to obtain an e�etive theory with three generations.This requires blok-diagonalising the mass matries m by transformations involving unitarymatries U4 and V4. In the ase of the leptons, V4 ontributes to the observed large mixingbetween the left-handed �elds. On the other hand, U4 is lose to the unit matrix, so that thereis only small mixing among the right-handed �elds. The situation is reversed in the down-quarksetor, where the right-handed �elds are strongly mixed while the left-handed ones are not.Only the salars of the fourth generation, whih are very heavy, obtain soft masses, sinethey are bulk �elds. However, the transformations diagonalising the fermion mass matriestransmit SUSY-breaking e�ets from the fourth to the light generations. As some of them auselarge mixing, there are soft mass matries whose o�-diagonal elements are generially of similarsize as the diagonal elements in a basis where quark and lepton mass matries are diagonal.This leads to unaeptably large avour-hanging neutral urrents. We expet this problem tobe generi in higher-dimensional theories with mixing between bulk and brane matter �elds aslong as the bulk �elds an ouple to the hidden setor. In the following, we shall assume thatsoft masses for bulk matter �elds, ontrary to the bulk Higgs �elds, are strongly suppressed.4 The Low-Energy Spartile SpetrumImposing vanishing soft masses for the bulk matter �elds, the boundary onditions at the om-pati�ation sale are those of the usual gaugino mediation senario with bulk Higgs �elds 7,g1 = g2 = g3 = g ' 1p2 ; (3)M1 =M2 =M3 = m1=2 ; (4)m2~�L = m2~�R = 0 for all squarks and sleptons ~� ; (5)A~� = 0 for all squarks and sleptons ~� ; (6)�;B�;m2~hi 6= 0 (i = 1; 2) : (7)



As a benhmark point for our disussion, we hoose m1=2 = 500GeV, tan� = 10 andsign(�) = +1. The LSP an be the gravitino, with a mass between 50 and 100GeV 9. Thevalues of � and B� are determined by the onditions for eletroweak symmetry breaking. Inorder to �nd the spetrum at low energy, we have to take into aount the running of theparameters. We employ SOFTSUSY10 for this purpose.The 1-loop running of the gaugino masses does not depend on the salar masses, so thattheir low-energy values remain virtually the same in all ases as long as we do not hange m1=2.Numerially, we �nd M1(MZ) ' 200GeV, M2(MZ) ' 380GeV, and M3(MZ) ' 1200GeV. Togood approximation, the lightest neutralino is the bino and the seond-lightest one is the wino,unless the soft Higgs mass m2~h2 is sizable. In the latter ase, the eletroweak symmetry breakingonditions lead to a rather small �, so that there is signi�ant mixing between the neutralinos.One onstraint on the model parameters is that the running down to the weak sale mustnot produe tahyons. This yields an upper bound on m2~h1 . The bound on m2~h2 is due to theexperimental limits on the superpartile masses 11. If the initial value of m2~h2 is too large, thismass squared rosses zero at a rather low energy, so that its absolute value at the eletroweaksale is small. Consequently, the � parameter is also small, leading to a Higgsino-like harginowith a mass below the urrent limit of 94GeV. This limit on m2~h2 is the relevant one for almostall values of m2~h1 . Only for very small m2~h1 , the experimental requirement that the ~�1 be heavierthan 86GeV beomes more restritive. The resulting allowed region in parameter spae is thegray-shaded area in Fig. 1.In Fig. 2, we show the superpartile spetra we obtain at the 4 points in parameter spaemarked by dots in Fig. 1. Due to the large e�ets of the strong interation, the squark massesexperiene the fastest running and end up around a TeV. If all salar soft masses vanish at theGUT sale (point 1), the left-handed slepton masses hange signi�antly in the beginning, butafterwards the evolution attens. They reah values between 300 and 400GeV at low energies.The attening of the evolution is even more pronouned for the right-handed slepton masses.As a onsequene, these salars remain lighter than the lightest neutralino 6. This is also thease for m2~h2 > m2~h1 (point 3), sine then the evolution of the right-handed slepton masses isslowed down further, while that of the left-handed masses is enhaned.For m2~h1 > m2~h2 , important hanges an our 7;12;13, in partiular in the slepton spetrum.For the largest possible di�erene of the soft Higgs masses, the left-handed sleptons remainrelatively light, with a low-energy mass below 200GeV. Contrary to that, the right-handedslepton masses run unusually fast near the GUT sale and reah values lose to 400GeV at lowenergy. Thus, the NLSP is a sneutrino in this ase12, with a slightly heavier stau ~�1 (f. point 2).If m2~h1 is neither lose to zero nor to its upper bound (point 4), the running of the right-handedslepton masses is suÆiently enhaned to lift them above the lightest neutralino mass. At thesame time, the running of the left-handed slepton masses is damped weakly enough, so thatthey are heavier than the lightest neutralino, too 7;12. A neutralino NLSP together with agravitino LSP heavier than a GeV is exluded by osmology, see e.g. 14 for the most reentanalysis. Therefore, this ase is only viable if the neutralino is the LSP while the gravitino isheavier. This is possible, beause we only have a lower bound on the gravitino mass in gauginomediation. The orresponding region in parameter spae is the dark-gray area in Fig. 1.Varying the high-energy gaugino mass simply leads to a resaling of the salar spetrumto a �rst approximation. If m1=2 is inreased while keeping the other soft masses �xed, thespetrum omes loser to the one obtained in the minimal ase of vanishing salar masses. TheLEP bound on the lightest Higgs mass leads to a lower bound onm1=2. If m2~h1 takes its maximalvalue, a uni�ed gaugino mass of slightly less than 400GeV is ompatible with the LEP bound(for mt = 172:7GeV).
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Figure 1: Allowed region for the soft Higgs masses. In the dark-gray area, a neutralino is lighter than all sleptons.For the points marked by the dots, the resulting superpartile mass spetrum is shown in Fig. 2.
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A hange of tan � leads to a hange of the mass splitting between the third generation andthe �rst two. If tan� is signi�antly smaller than 10, the value used in our benhmark senario,the Higgs mass bound leads to severer restritions. If tan� < 6, this bound is violated even formaximal mt and m2~h1 , i.e. a gaugino mass larger than 500GeV is required. For larger values oftan�, the lighter stau mass dereases a lot faster at lower energies. Hene, the parameter spaeregion shrinks where the lightest neutralino is lighter than the ~�1. For tan� = 25, this regionalmost vanishes. On the other hand, the soft Higgs masses have to satisfy severer upper boundsin order to avoid tahyons and a too light stau. For tan� = 35, the model is only viable if allsoft salar masses vanish at the GUT sale, and for tan� > 35 the lighter stau mass always liesbelow its experimental limit unless the gauginos are heavier than 500GeV. We onlude thatthe model favours 10 . tan� . 25.5 ConlusionsWe have disussed gaugino-mediated SUSY breaking in a six-dimensional SO(10) orbifold GUTwhere quarks and leptons are mixtures of brane and bulk �elds. The ouplings of bulk matter�elds to the SUSY breaking brane �eld have to be suppressed in order to avoid avour-hangingneutral urrents. The ompatibility of the SUSY breaking mehanism and orbifold GUTs withbrane and bulk matter �elds is a generi problem whih requires further studies.The parameters relevant for the superpartile mass spetrum are the universal gaugino mass,the soft Higgs masses, tan� and the sign of �. We have analysed their impat on the spetrumand determined the region in parameter spae that results in a viable phenomenology. The modelfavours moderate values of tan� between about 10 and 25. The gaugino mass at the GUT saleshould not be far below 500GeV in order to satisfy the LEP bound on the Higgs mass. Typially,the lightest neutralino is bino-like with a mass of 200GeV, and the gluino mass is about 1:2TeV.Either the right-handed or the left-handed sleptons an be lighter than the neutralinos. Theorresponding region in parameter spae grows with tan�. In this region, the gravitino is theLSP with a mass around 50GeV. The ~�1 or the ~��L is the NLSP. A sneutrino NLSP has theadvantage that onstraints from big bang nuleosynthesis and the osmi mirowave bakgroundare less stringent 15. For a stau NLSP, on the other hand, there exists the exiting possibilitythat its deays may lead to the disovery of the gravitino in future ollider experiments 16.Referenes1. W. Buhm�uller, J. Kersten, K. Shmidt-Hoberg, JHEP 02, 069 (2006) [hep-ph/0512152℄.2. Y. Kawamura, Prog. Theor. Phys. 103, 613 (2000) [hep-ph/9902423℄.3. L. J. Hall, Y. Nomura, Phys. Rev. D 64, 055003 (2001) [hep-ph/0103125℄.4. A. Hebeker, J. Marh-Russell, Nul. Phys. B 613, 3 (2001) [hep-ph/0106166℄.5. T. Asaka, W. Buhm�uller, L. Covi, Phys. Lett. B 563, 209 (2003) [hep-ph/0304142℄.6. D.E. Kaplan, G.D. Kribs, M. Shmaltz, Phys. Rev. D 62, 035010 (2000) [hep-ph/9911293℄.7. Z. Chako, M.A. Luty, A.E. Nelson, E. Ponton, JHEP 01, 003 (2000) [hep-ph/9911323℄.8. G.F. Giudie, A. Masiero, Phys. Lett. B 206, 480 (1988).9. W. Buhm�uller, K. Hamaguhi, J. Kersten, Phys. Lett. B 632, 366 (2006)[hep-ph/0506105℄.10. B.C. Allanah, Comput. Phys. Commun. 143, 305 (2002) [hep-ph/0104145℄.11. Partile Data Group, S. Eidelman et al, Phys. Lett. B 592, 1 (2004).12. D.E. Kaplan, T.M.P. Tait, JHEP 06, 020 (2000) [hep-ph/0004200℄.13. M. Shmaltz, W. Skiba, Phys. Rev. D 62, 095004 (2000) [hep-ph/0004210℄.14. D.G. Cerde~no, K.-Y. Choi, K. Jedamzik, L. Roszkowski, R. Ruiz de Austri, hep-ph/0509275(2005).
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