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AbstratGrand Uni�ed Theories often involve additional Abelian group fators apartfrom the standard model hyperharge, that generally lead to loop-induedmixing gauge kineti terms. In this letter, we show that at the one-looplevel this e�et an be avoided in many ases by a suitable hoie of basis ingroup spae and present a general sheme for the onstrution of this basis.In supersymmetri theories however, a residual mixing in the soft SUSYbreaking gaugino mass terms may appear. We generalize the renormaliza-tion group equations for the gaugino mass terms to aount for this e�et.In a further alulation we also present the neessary adjustments in therenormalization group equations of the trilinear soft breaking ouplings andthe soft breaking salar mass squares.1felix.braam�physik.uni-freiburg.de2juergen.reuter�desy.de
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The renormalization group equations (RGEs) desribe the dependene of the oupling onstants onthe hoie of the renormalization sale �, whih is ommonly translated into an energy dependene, asthe perturbative series usually onverges best if one hooses � to be of the order of the harateristienergy sale of a given proess. In (supersymmetri) grand uni�ed model building [1,2,3,4,5,6℄ theseequations onstitute the framework whih is employed to derive the potential uni�ation of the gaugeinterations into one fundamental fore. They also desribe the evolution of all other Lagrangianparameters (inluding the soft supersymmetry breaking parameters mediated to the \visible" setorthrough some mehanism at high sales) from a high uni�ation sale down to the energy salesaessible to urrent ollider experiments.The RGEs for a (supersymmetri) model with an arbitrary semi-simple gauge group augmented byat most one U(1) gauge group were given in [7,8,9,10℄ ([11,12,13,13℄). We present a way of treating thease with several Abelian gauge groups, inluding a onsistent generalization of the one-loop SUSYRGEs from [13℄ in the ase, where a mixing of gauge kineti terms at the tree-level does not our,i.e. �F i�� F ��;j = 0 8i 6= j : (1)In this situation we will show that the general onept presented in [14,15℄ whih has reently beenapplied to the omplete set of SUSY two-loop RGEs in [16℄, where an additional oupling parametrizingthe mixing is introdued, an be simpli�ed onsiderably at the one-loop level by an appropriate hoieof basis for the U(1) groups.First, we speify the type of models in whih ondition (1) holds, i.e. where our formalism isappliable: Consider some potentially multi-sale symmetry breaking senario:G(0)N �! G(1)N�d���d�3 � U(1)d�1 ! SM; (2)where G(0)N denotes a simple1 Lie group of rank N and G(i)N 0 an arbitrary semi-simple non-Abeliansubgroup of it. This implies, that ondition (1) holds at � for all U(1) groups in G(1)N�d � U(1)2, asthey all originate from non-Abelian gauge multiplets above �. A term as in Eq. (1) would have toneessarily arise from a mathing ondition at sale ��G��;1G��2 ! �0F��;1 F ��2 ; (3)withG�� being a non-Abelian �eld-strengh tensor, whih istself is not gauge invariant. So the left-handside of Eq. (3) is forbidden by the gauge symmetry.Our argumentation holds if there are intermediate symmetry breaking steps above �, with arbitrarysemi-simple gauge groups, as long as the rank N is preserved and the matter ontent still �lls ompletemultiplets of G(0)N . At the tree-level, there annot appear mixing terms in the ourse of symmetry1G(0)N does not neessarily have to be simple as long as the partile ontent an be assembled into omplete multipletsof a simple Lie group and there are no mixing gauge kineti terms at the tree-level.1



breaking, for the same reason as in Eq. (3). Furthermore the one-loop orretions to �0 in anyintermediate phase vanish, as the trae over omplete representations of the full GUT group vanishesfor produts of di�erent generators:tr[TATB℄ = 0 8 A 6= B:At the breaking sale �, a mixing among the U(1) gauge-kineti terms may be indued via quantumorretions from matter of representations made inomplete by the symmetry breaking. Typialexamples for suh senarios an be found in [17,18℄ and arise e.g. in GUT breaking hains likeE6 ! SO(10) � U(1) or E6 ! SU(5) � U(1)2.We will now develop a sheme for onstruting the basis for the U(1) gauge groups, suh that themixing indued at the one-loop level an be avoided in the G(3)N�d���d�3 � U(1)d�1 phase.At �, we demand the gauge ovariant derivative to be ontinuous:Di� ��� = Di+1� ��� : (4)From this we obtain a system of linear equations for the ouplings and the harges of the new gaugegroup as funtions of the orresponding parameters of the mother group:g01Q01 = �1;1 g1Q1 + : : : + �1;d gdQd;... ...g0d�1Q0d�1 = �d�1;1 g1Q1 + : : : + �d�1;d gdQd;g0dQ0d = �d;1 g1Q1 + : : : + �d;d gdQd: (5)Here, U(1)0i i = 1; : : : ; d � 1 are the remaining unbroken groups in G(3)N�d���d�3 � U(1)d�1, and U(1)0dorresponds to the broken Cartan generator of the non-Abelian gauge group, respetively. In Eq. (5)there are d2 + 2d free parameters fg0i; Q0i; �i;jg whih an be uniquely determined (up to signs) byapplying the following onstraints:1. The vauum expetation value breaking the symmetry at sale � is not harged under theunbroken U(1) groups: Q0i hH�i = 0 for i = 1; : : : ; d� 1;2. The broken and unbroken generators are normalized aording to the Dynkin index of someomplete GUT representation R, S(R) (no summation over i):X�2R Q0i(�)Q0i(�) = S(R) for i = 1; : : : ; d;3. Vanishing mixing at the one-loop level:0 = 13 XR� X�2R�Q0i(�)Q0j(�) + 23XR X�2R Q0i(�)Q0j(�)for i 6= j; i = 1; : : : ; d� 1; j = 1; : : : ; d� 1;where R� and R denote representations of salars and Weyl fermions, respetively.2



4. Corresponding transformations of the gauge �elds are orthogonal:(A0�1 ; : : : ; A0�d ) = (A�1 ; : : : ; A�d )�T ; with �ij �kj = Æik; (6)A suitable framework to onstrut the harge operators in (5) and (6) is the onept of projetionmatries in the weight spae of the gauge groups, as presented in [19℄. The representations to sum overin the onstraints 2. and 3. as well as the �eld with non-trivial vauum expetation value breakingthe symmetry in onstraint 1. an then be represented by their orresponding weights.Applying this proedure at the sale where the rank of the gauge group is redued for the �rst timein the hain of symmetry breakings ensures that there does not our any mixing among gauge-kinetiterms at the one-loop level. If there are subsequent symmetry breaking mehanisms leading again toseveral Abelian gauge groups, the proedure an be applied repeatedly. The advantage of this shemeis, that one an still apply the one-loop RGEs as given in [7,8,9,10℄ [13℄ for gauge and superpotentialouplings without any hanges.Although, by this proedure one an avoid a mixing in the gauge kineti term, a remnant showsup for softly broken supersymmetri models, unless the orresponding gaugino masses at the breakingsale are degenerate, asLMg = �~�iMii ~�i = �~�a �aiMij�bj| {z }�Mab ~�b ) Mab 6= diag, unlessMii �M 8i:At �rst glane, non-degenerate gaugino masses seem rather arti�ial (though the SUSY-breakingmehanism might not be ompletely U(1)-blind). Note however, that they naturally appear in themulti-sale models mentioned above, as U(1) gaugino masses an evolve di�erently between interme-diate sale above �, as well as in SUSY-breaking mehanisms sensitive to the beta funtion of thegauge group under onsideration like AMSB [20℄. Another example where non-degenerate gauginomass terms ould arise are mixed mediation mehanisms like e.g. mirage mediation [21℄.In the following, we will present the generalized RGEs in the DR sheme [22℄ at the one-loop levelfor soft SUSY breaking terms, aounting for this e�et. We use the onventions and nomenlatureof [13℄. In the absene of U(1) mixing the one-loop RGEs for the soft-breaking gaugino masses aregiven by [13℄ ddtMa = 216�2 �a g2aMa; (7)with �a = S(R) � 3C(G); (8)where S(R) is the Dynkin index summed over all hiral super�elds, and C(G) the quadrati asimir ofthe adjoint representation, respetively. The logarithm of the ratio of sales is denoted as t = log �=�0.In the presene of gaugino mass mixing terms, we have to extend Eq. (7) in order to desribe therunning of the full gaugino mass matrix:ddtMab = 116�2 ��a g2aMab + �b g2b Mab� : (9)3



These ontributions arise from the following diagrams
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.Note, that the running of the diagonal entries in the gaugino mass matrix are not altered in thepresene of mixed mass terms, as diagrams like
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are by onstrution aneled out after rotating to the new U(1) basis.Besides this e�et on the running of the full gaugino mass matrix, there is also a modi�ation ofthe RGEs for the trilinear soft breaking parameters by non-diagonal gaugino mass terms. The newdiagrams ontributing to the running of the trilinear terms are of the form:
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The orresponding renormalization group equations for the soft trilinear terms now readdhijkdt = 116�2 h 12hijlYlpqYpqk + YijlYlpqhpqk + 2�Æabhijk � 2MabYijk� gagbCab(k)i+ (k $ i) + (k $ j); (10)with Cab(k) = h Ca(k) if a = bQakQbk if a 6= b :The �rst line has to be applied for non-Abelian groups, while the seond line aounts for U(1) fators.Finally, for the salar mass squared terms, the generalization of the RGE result alulated in [13℄,adjusted to take U(1) mixing into aount, reads:ddt(m2)ij = 116�2 h 12YjpqYpqn(m2)in + 12YipqYpqn(m2)nj + 2YjpqYipn(m2)qn + hjpqhipq� 8Æij jMabj2gagbCab(j) + 2g2�ÆijQ�j �ÆlkQ�k(m2)kl �i; (11)4



where in the last term the index � runs over all U(1) fators.Conlusions:In this letter, we studied a lass of (supersymmetri) GUT models, where U(1) mixing forbiddenat tree-level an our at the (one-)loop level and de�ned a generi mathing sheme for the ouplingsat intermediate thresholds by onstruting a suitable hoie of basis. Suh a basis avoids { at the one-loop level { the mixing of the gauge ouplings and ompletely diagonalizes the U(1) vetor (super-)�elds (in the absene of gaugino mass non-degeneray). In that ase, using this spei� basis allowsto use the setup in [8,13℄ without any hanges. In phenomenologially interesting SUSY GUT models,however, gaugino masses at some high or intermediate sale ould be non-degenerate, mostly by meansof running or through some expliit onstrution. For suh a ase, gaugino masses an not longer besimultaneously diagonalized. Consequently, we gave the modi�ations for the renormalization groupequations for the gaugino masses, the trilinear soft breaking terms and the sfermion soft mass squaredterms at the one-loop order.AknowledgementsWe thank L. Basso, S. Dittmaier, C. Horst, F. J�order, A. Knohel, F. Staub, and J.J. van der Bijfor stimulating remarks and disussions. This work has been supported by the German ResearhCounil (DFG) under Grant No. RE/2850/1-1 as well as by the Ministery for Researh and Culture(MWK) of the German state Baden-W�urttemberg, and has also been partially supported by the DFGGraduiertenkolleg GRK 1102 \Physis at Hadron Colliders".Note added: As this paper has been �nished there has been a similar work alulating the 1- and2-loop RGEs for two mixing U(1)s in a non-diagonal basis, [16℄.Referenes[1℄ H. Georgi, S. L. Glashow, Phys. Rev. Lett. 32, 438-441 (1974).[2℄ J. C. Pati, A. Salam, Phys. Rev. D10, 275-289 (1974).[3℄ H. Fritzsh, P. Minkowski, Annals Phys. 93, 193-266 (1975).[4℄ Y. Ahiman, B. Steh, Phys. Lett. B77, 389 (1978).[5℄ J. Wess, J. Bagger, \Supersymmetry and supergravity," Prineton, USA: Univ. Pr. (1992) 259 p.[6℄ J. Terning, \Modern supersymmetry: Dynamis and duality," Oxford, UK: Clarendon (2006) 324p.[7℄ D. R. T. Jones, Nul. Phys. B75, 531 (1974).5
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