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1 IntrodutionThe observation of neutrino osillations has provided experimental proof for non-zero neu-trino masses [1℄. When right-handed neutrinos, not arrying any Standard Model gaugeharges, are inluded in the set of leptons and quarks, the symmetry group SO(10) isnaturally suggested as the grand uni�ation group [2℄. For theories formulated in a super-symmetri framework to build a stable bridge between the eletroweak sale and the Planksale, a salar R-neutrino super�eld is added to the spetrum of the minimal supersymmetristandard model.A natural explanation of the very light neutrino masses in relation to the eletroweak saleis o�ered by the seesaw mehanism [3℄. For right-handed Majorana neutrino massesM�Ri ina range lose to the grand uni�ation (GUT) sale, small neutrino masses an be generatedquite naturally by this mehanism: m�i � m2qi=M�Ri, with mqi denoting up-type quarkmasses. In parallel, the R-sneutrino masses are very heavy too.In the present analysis we will �rst fous on a simple model inorporating one-step symmetrybreaking from SO(10) down to the Standard Model SM,(I) SO(10)!�U SMwith �U � 2 � 1016 GeV denoting the usual GUT sale with apparent uni�ation of theSM gauge ouplings in supersymmetri theories. While it is not intended to aount for allaspets suh a model must �nally over, we will onentrate on the analysis of a few keypoints expeted to be harateristi for results on the omprehensive SO(10) theory frompreision analyses at high-energy olliders. The report expands on earlier work in Ref. [4℄by inluding a systemati analysis of neutrino mixing.In a subsequent setion we will add the analysis of a spei� two-step breaking hain, f.Ref. [5℄,(II) SO(10)!�O SU(5)!�U SM ;with �O > �U denoting the SO(10) breaking sale and �U �xed again by the uni�ationsale of the gauge ouplings. Though this extension will be formulated in a simple sheme, itonfronts us with problems in phenomenologial analyses of SO(10) senarios more stronglythan the one-step sheme. Nevertheless, this hypothetial hain may serve as an interesting2
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»Figure 1: Potential deompositions of SO(10) representations, Left: one-step breakingSO(10) ! SU(3) � SU(2) � U(1); Right: two-step breaking SO(10) ! SU(5) !SU(3)� SU(2)� U(1). The dots denote Higgs �elds for generating masses of matter �eldsand breaking the SO(10) gauge symmetry in addition to those whih are indiated expliitlyin standard notation.example for eluidating to what extent the high omplexity enountered in SO(10) senariosan be ontrolled eventually.(I) In the �rst, one-step senario the salar soft SUSY breaking setor, f. Fig. 1(left), isparametrized by the gravity indued mass parameters for the matter super�elds and for theHiggs super�elds at the uni�ation sale �U . Two Higgs �elds generate masses separatelyfor up- and down-type �elds at the eletroweak sale. In general they evolve into a super-position of iso-doublet omponents in an ensemble of Higgs �elds at the grand uni�ationsale [6,7℄. An extended ensemble of Higgs �elds in large representations is needed in renor-malizable theories to aount for the mass matries of all three generations, f. Refs. [6{9℄[Generally, though, this does not solve the �ne-tuning problem of the light Higgs �elds℄.This expansion however is not neessarily required for the approximate desription of thethird generation whih dominates our analysis as a result of the large Yukawa ouplings, andwe will assume the standard Higgs-10 �eld to be dominant. Alternatively the Higgs setormay be supplemented by Plank-sale suppressed operators to aount for mass spetraand mixing phenomena [10, 11℄. In the present ontext the mehanism for generating themasses of the right-handed Majorana neutrinos needs not be spei�ed in detail as long asthe sale is lose to the grand uni�ation sale. A popular hoie is a Higgs-126 �eld with3



small ouplings to the �R �elds [12℄.The salar mass parameters are assumed universal:m16 = m10 = ::: = M0 : (1)The GUT sale �U is de�ned tehnially by the minimum distane of the gauge ouplingswithin the triangle built by the running ouplings near the uni�ation point. At �U the softsalar mass parameters are shifted, non-universally, by D-terms assoiated with the SO(10)breaking to the lower-rank SM group [13, 14℄. Starting at �U , the mass parameters evolve,following the renormalization group (RG) [15℄, down to the eletroweak sale. They de�nethe Lagrangian parameters at the supersymmetry sale ~M , hosen at 1 TeV aording to theSPA onvention [16℄. The observed masses of sleptons and squarks, harginos/neutralinosand Higgs bosons an be expressed in terms of these Lagrangian parameters [17,18℄. Onethe masses are measured, the RG evolution from the Terasale upwards will allow us toreonstrut the physis senario at the GUT sale [4, 19, 20℄.For the mass parameters of matter �elds in the �rst two generations and the Higgs �eldHd the RG ow from the Terasale to the GUT sale is, e�etively, not interrupted byany intermediate thresholds. The �rst two generations and the Higgs Hd an therefore beexploited to extrat the salar GUT mass parameters m16 and m10, and the D-term. Byontrast, the running of the mass parameters in the third generation and of the seondHu Higgs mass parameter are a�eted by Yukawa interations at the intermediate seesawsale [4, 20, 21℄. The resolution of �R-higgsino and ~�R-Higgs loops gives rise to kinks in theevolution of the iso-doublet salar L-mass parameter and the Hu Higgs mass parameter.Linking the measured ~� and ~�� masses to the GUT parameter m16, assumed universal,determines the position of the kink and thus allows us to measure the R-neutrino mass, i.e.the seesaw sale of the third generation.(II) In the seond senario the GUT symmetry is broken down to the Standard Model intwo onseutive steps, f. Fig. 1(right). At the sale �O > �U the SO(10) symmetry breaksto SU(5). Apart from the D-terms, the salar mass parameter m16 splits at �O to threeseparate parametersm10, m�5 andm1 aording to the deomposition of the matter multiplet16 = 10+�5+1. At the sale �U the SU(5) gauge symmetry is broken to the SM symmetryby a f24g Higgs �eld, for example. At �U the salar SU(5) mass parameters �nally split tothe MSSM parameters evolving down to the Terasale. To simplify the analysis, we assumeall the Higgs mass parameters to be degenerate with m16 at �O. Suh an assumption an4



be motivated by string theories, in whih the sales �str and �O are identi�ed [22℄. Theevolution between �U and the Terasale is driven by a priori experimental information,modulo the e�et of the heavy R-neutrino mass parameter of the third generation. Byontrast, the evolution from �O ! �U depends on the �eld ontent of the high-sale SU(5)theory. To determine, a posteriori, suh elements of the physis senario at the high salesby means of renormalization group tehniques is the prime target of extrapolations fromthe experimentally aessible Terasale.The analyses assume, impliitly, that a number of fundamental problems [23℄ are solvedwithout interfering strongly with the present parametri analysis, i.e. mehanisms leadingto doublet-triplet splitting and suppressing proton deay. Solutions, partial in general, areapproahed by means of extended Higgs setors. Extended Higgs systems have also beenshown to aommodate the fermion mass patterns in renormalizable theories, f. Refs. [6{9℄. Alternatively the Higgs system is supplemented by higher-dimensional, Plank-salesuppressed operators, f. Refs. [10, 11℄. In addition, if the survival priniple is violated[24℄, potential ontributions of intermediate states have to be taken into aount. Whenthese mehanisms are spei�ed, also parametrially, it is straightforward to transribe theresults we will derive to any suh system provided the additional interations, giving riseto threshold e�ets on the observables, an be treated ad ho as a perturbation. If not,the evolution of the salar masses must be reformulated by inluding the new degrees offreedom from the beginning. One suh a system is de�ned properly, the analysis an beperformed stritly in parallel to the proedure elaborated in the present paper.Though only a limited set of elements in the high-sale senario an be foused on, thepotential of suh analyses in exploring the high-sale senario an nevertheless be eluidated.Re�nements and modi�ations an be inorporated if the theoretial frame for solving theproblems mentioned above, is spei�ed in toto. In this ontext, the results presented anserve as a ruial intermediate step for the analysis of a omprehensive SO(10) theory.Given the multitude of potential physis senarios near the Plank sale, these experimentalprojetions { supplemented by other observations in the neutrino setor, proton deay, lep-ton avor violating proesses, and osmologial observations { will be a valuable ingredientfor reonstruting the fundamental high-sale theory.
5



2 One-Step SO(10) ! SM BreakingIn the SO(10) model whih we will analyze, the matter super�elds of the three generationsbelong to 16-dimensional representations of SO(10) and the standard Higgs super�eld ou-pling to the up-type matter �elds of the third generation is embedded in a Higgs-10 �eldat the uni�ation sale. No referene is needed to the Yukawa ouplings of the �rst twogenerations. The mass of the heavy R-neutrino super�elds may be generated by a 126-dimensional Higgs �eld though the detailed mehanism atually needs not be spei�ed aslong as the harateristi sale of the mehanism is onnatural to the uni�ation sale.In this set-up the Yukawa ouplings in the neutrino setor oinide with the Yukawa ou-plings in the up-type quark matrix. Assuming the normal hierarhy for the light neutrinomasses and approximate tri-bimaximal mixing, as suggested experimentally, the texture ofthe heavy Majorana mass matrix is predited within the seesaw mehanism. In this frame-work the evolution of the soft salar slepton mass parameters an be predited from theuni�ation sale down to the eletroweak sale. Sine the right-handed neutrino �elds areneutral under the SM gauge group, they merely a�et the evolution by Yukawa interationswhih are suÆiently large only in the L-setor of the third generation as well as the HuHiggs setor.The salar mass parameters m16 and the Higgs parameters m10 and m100 at the uni�ationsale will be assumed universal, f. Eq. (1). However, the breaking of the rank-5 SO(10)symmetry group to the lower rank-4 SM group generates GUT D-terms DU suh that theboundary onditions at the GUT sale �nally read [5, 25℄ for the matter �elds,m2L = M20 � 3DUm2E = M20 +DUm2R = M20 + 5DU ; (2)and for the Higgs �elds, m2Hd = M20 + 2DUm2Hu = M20 � 2DU : (3)The L-isodoublet, the harged R-isosinglet, the neutral R-isosinglet and the two Higgssalar mass parameters, are denoted by mL; mE; mR; mHd;u, respetively. It an be shownon general grounds that the D-term is of the order of the soft SUSY breaking masses of the6



�elds responsible for the spontaneous breaking times the gauge oupling squared [14℄,DU � g2SO(10)O(M20 ) ; (4)while the detailed form depends on the spei� SO(10) breaking mehanism. Not speifyingthe struture of this omponent of the Higgs setor, we will treat DU as a free parameter.While the oeÆients of the D-terms for the matter parameters are �xed uniquely, they arein general model-dependent for the Higgs �elds [9℄, whih however play a minor role in ouranalysis. The evolution of the salar masses m2L;E from the uni�ation sale down to theTerasale sale is determined by lepton-gaugino and slepton-gauge loops, omplemented byR-neutrino-higgsino loops et. in the third generation.a) The neutrino setor:Negleting minor higher-order e�ets in the alulation of the Majorana neutrino massmatrix, it follows from the Higgs-10 SO(10) relationY� = Yu (5)between the neutrino and up-type quark Yukawa matries thatY� � diag(mu; m; mt)=vu (6)holds approximately for the neutrino Yukawa matrix; vu = v sin �, with v and tan � beingthe familiar vauum and mixing parameters in the Higgs setor. The quark masses arede�ned at the sale �U . The identity Eq. (5) is assumed for the third generation whilethe more omplex mass pattern in the �rst two generations is essentially ine�etive inthe numerial analysis. Quark mixing and RG running e�ets in the neutrino setor arenegleted in the analytial approah but properly taken into aount in the numerialanalysis.The e�etive mass matrix of the light neutrinos is onstrained by the results of the neutrinoosillation experiments: m� = U�MNS � diag(m�1; m�2 ; m�3) � U yMNS: (7)We will assume the normal hierarhy for the light neutrino masses m�i, and for the MNSmixing matrix the tri-bimaximal formUMNS = 0BB� p2=3 p1=3 0�p1=6 p1=3 p1=2�p1=6 p1=3 �p1=21CCA : (8)7
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Figure 2: Masses of right-handed neutrinos M�Ri as funtions of the lightest neutrino massm�1. The dashed (blue) lines assume perfet Yukawa uni�ation, Eq. (5). The solid (blak)lines indiate the shifts of the �R masses in the �rst and and seond generation if the Yukawaidentity Eq. (5) is modi�ed ad-ho by a term �=v with � = 100 MeV.From the seesaw relation M�R = Y�m�1� Y T� � v2u; (9)the heavy Majorana R-neutrino mass matrix M�R an �nally be derived asM�R � diag(mu; m; mt)m�1� diag(mu; m; mt): (10)Solving Eq. (10) for the eigenvalues M�Ri (i = 1; 2; 3), the heavy Majorana masses aredetermined by the up-quark masses mu;;t at the GUT sale and the light neutrino massesm�1; m�2 ; m�3. For normal hierarhy, m�3 and m�2 are given by m�3 = qm2�1 +�m213and m�2 � qm2�1 +�m212, with the mass squared di�erenes �m213 � 2 � 10�3 eV2 and�m212 � 8 � 10�5 eV2, measured in neutrino osillation experiments. The M�Ri spetrumis then predited as a funtion of the masses of the light neutrinos. Quite generally, thesolution for the eigenvalues an be approximated to a high level of auray by the relations[see also Ref. [26℄℄: M�R1 � m�1 + 2m�2 + 3m�33m�1m�2 + 2m�1m�3 +m�2m�3 m2uM�R2 � 4m�1 + 2m�2 + 0m�33m�1m�2 + 2m�1m�3 +m�2m�3 m2 (11)M�R3 � 3m�1m�2 + 2m�1m�3 +m�2m�36m�1m�2m�3 m2t :8



Thus the mass spetrum of the R-neutrinos is strongly ordered in SO(10) with minimalHiggs ontent, M�R3 : M�R2 : M�R1 � m2t : m2 : m2u.The numerial evaluation, inluding re�nements like RG running e�ets, is displayed inFig. 2 for a wide range of m�1 values. The analytial approximation, Eq. (11), is veryaurate aross the entire range, from small m�1 with strong ordering of the hierarhiallight neutrino masses, m�1 � m�2 � m�3 , up to nearly degenerate light neutrino masses,m�i ! m�1 . The heavy R-neutrino masses readM�Ri = 8<: (3m2u=m�2 ; 2m2=m�3; 16m2t =m�1); m�1 �p�m212( m2u=m�1 ; m2=m�1; m2t =m�1); m�1 �p�m213 (12)in these two limits.It should be noted that the predition for the third-generation R-neutrino massM�R3 is quiterobust, ontrary to the seond and the �rst generation in partiular. Modifying the relationbetween the neutrino and up-type quark Yukawa ouplings, Eqs. (5), ad-ho by a smalladditional term, Y� = Yu + �=v, with � � a few hundred MeV assoiated potentially witha more omplex Higgs senario, Plank-sale suppressed ontributions or non-perturbativee�ets at small mass sales, the �rst generation R-neutrino mass is lifted to � 109 GeV.This just illustrates that a small modi�ation of the �-up quark Yukawa identity is suÆientto reonile the mass estimate with limits suggested within leptogenesis senarios for thematter-antimatter asymmetry in the Universe [27℄.The small mixing of the right-handed neutrinos,UR � 0BB� 1 a O(mumt )�a 1 bO(mumt ) �b 1 1CCA a = �2(m�1 �m�2)m�33m�1m�2 + 2m�1m�3 +m�2m�3 mum = O�mum�b = 3m�1m�2 � 2m�1m�3 � 2m�2m�3(3m�1 +m�3)m�2 mmt = O�mmt� ;(13)hardly a�ets the analysis, sine it enters only indiretly into the RG evolution of the sleptonmass parameters when the right-handed neutrinos are deoupled at their own mass sale.The Yukawa mass matrix squared, whih determines the onnetion of the slepton massesin the third generation at low and high sales, is dominated by the 33 element,�Y y� Y��33 � m2t (�U)=v2u � 0:3 ; (14)while the other elements are suppressed to a level of 10�2 down to 10�5.9



b) Salar mass parameters:The slepton systems of the �rst two generations depend, to leading order, on four pa-rameters: the two fundamental salar and gaugino mass parameters, the D-term and theuni�ation sale. They an be uniquely determined from the uni�ation sale of the gaugeouplings, the L- and R-slepton masses and the masses of the harginos and neutralinos.The omplementary analysis of squarks provides an independent ross-hek of the under-lying piture.Analyti relations, for the sake of larity, are presented only to leading logarithmi orderwhile the subsequent numerial analyses inlude the non-logarithmi higher order ontri-butions. To leading order, the solutions of the RG equations, the masses of the salarseletrons and the L-type e-sneutrino, an be expressed in terms of the high sale parame-ter m16 = M0, the universal gaugino mass parameter M1=2 and the GUT and eletroweakD-terms, DU and DEW =M2Z=2 os 2�, respetively:m2~eR = M20 +DU + �RM21=2 � 65S 0 � 2s2WDEWm2~eL = M20 � 3DU + �LM21=2 + 35S 0 � 2WDEWm2~�eL = M20 � 3DU + �LM21=2 + 35S 0 +DEW ; (15)[as usual, s2W = sin2 �W et.℄. This set of relations is valid under the assumption of smallthreshold orretions at the grand uni�ation sale. Though the observables are di�erent,the assumption is baked qualitatively nevertheless by the strongly suggested uni�ationof the gauge ouplings [20℄ whih does not require sizeable ontributions from thresholdsor intermediate-sale degrees of freedom. It has been expliitly shown that the thresholde�ets due to the large SO(10) representations are small and do not destroy gauge ouplinguni�ation [28℄.The oeÆients �L and �R are given by the gaugino/gauge boson loops in the RG evolutionfrom the global supersymmetry sale ~M [16℄ to the uni�ation sale �U ,�L = 310f1 + 32f2�R = 65f1 (16)fi = 1bi  1� �1 + �U4� bi log �2U~M2��2! with (b1; b2) = (335 ; 1) ;and the numerial evaluation �nally yields �R � 0:15 and �L � 0:5 for ~M = 1 TeV. The10



universal gaugino mass parameter M1=2 an be pre-determined in the hargino/neutralinosetor. The non-universal initial onditions in the evolution due to the D-terms generatethe small generation-independent orretionsS 0 = �4DU �1( ~M)�1(�U) ; (17)f. Ref. [25℄.The Higgs parameter m10 =M0 an be alulated analogously,m2Hd =M20 + 2DU + �LM21=2 + 35S 0 ��� � 3�b : (18)�� and �b desribe ontributions involving � and b loops, respetively, with orrespondinglylarge Yukawa ouplings, see Eqs. (21) and (23) below.The salar masses of the third generation reeive additional ontributions from �R� -higgsinoloops et., oupled by Yukawa interations with the L and R �elds. The masses of the thirdgeneration are shifted relative to the masses of the �rst two generations by two terms [4,20℄:m2~�R �m2~eR = m2� � 2��m2~�L �m2~eL = m2� ��� ����m2~��L �m2~�eL = ��� ���� : (19)[It should be emphasized that suh di�erenes, whih are ruial for ontrolling the R-neutrino mass of the third generation, are generally more immune to orretions than theindividual observables.℄The Higgs parameter m2Hu is given analogously, in the universality lass mHu = M0, bym2Hu = M20 � 2DU � 35S 0 + �LM21=2 ���� � 3�t : (20)The shifts �� and ��� , generated by loops [29℄ involving harged lepton and neutrinosuper�elds, respetively, are predited by the renormalization group in the SO(10) senario,�� � m2� (�U)8�2v2d �3M20 + A20� log �2U~M2 (21)��� � m2t (�U)8�2v2u �3M20 + A20� log �2UM2�R3 ; (22)inluding the [universal℄ trilinear oupling A0, while�b � m2b(�U)8�2v2d �3M20 + A20� log �2U~M2 (23)�t � m2t (�U)8�2v2u �3M20 + A20� log �2U~M2 (24)11



aount similarly for the running from the Tera- to the GUT sale indued by b; t loops.The parametermt(�U) = mt(v)(�U=v) is the running top quark mass with, approximately, = (6y2t � 16=3g2s)=(16�2), the top-quark Yukawa oupling yt and the QCD oupling gsevaluated at the eletroweak sale v; vd(u) = v os � (v sin�).While the slepton masses, spei�ally the summ2~�L+m2~�R = m2~�1+m2~�2 of the third generation,are experimentally aessible diretly, the Higgs mass parameters,m2Hd(u) =M2A sin2 � os2 � � j�j2 � 12M2Z os 2� (25)an be determined from the pseudo-salar Higgs-boson mass MA and the higgsino mass pa-rameter �. The e�et of the Higgs setor on the GUT parameters is small so that potentialmodi�ations of D-terms in Eqs. (3,18) do not have a signi�ant impat.) Numerial results:Antiipating high-preision measurements at future olliders, suh an SO(10) senario anbe investigated in entral faets. As a onrete example, we study the following LR-extendedsenario with MSSM parameters lose to SPS1a/a0 [16, 30℄:M0 = 90 GeV tan� = 10M1=2 = 250 GeV sgn(�) = +A0 = �640 GeV (26)and DU = �0:9 � 103 GeV2M�R3 = 7:2 � 1014 GeV : (27)The low-energy and osmologial data of this senario are ompatible with observations:QCD oupling �s(MZ) = 0:119, eletroweak mixing parameter sin2 �lepteff = 0:23140, radiativeb deay BR(b! s) = 3:32 �10�4, deviation of the muon anomalous magneti moment fromSM value �a� = �(g� � 2)=2 = 15:3 � 10�10, and old-dark-matter density 
h20 = 0:110.[Introduing just one Higgs-10 �eld, giving rise to the uni�ation of the t � b � � Yukawaouplings, would require a larger value of tan �. Extended Higgs setors at the GUT saleavoiding this onstraint an be designed without modifying the present analysis.℄The estimated experimental preision for the measurements of slepton, sneutrino and gaug-ino masses at LHC and ILC an be extrapolated from the results of Refs. [4,16,31{35℄, whihare based on detailed simulations. The masses of the harged sleptons an be measured12



Parameter Value Error Parameter Value Errorm~eR 140.9 GeV 0.05 GeV � 481.1 GeV 4.5 GeVm~eL 190.4 GeV 0.4 GeV tan� 10.0 1.0m~�e 173.4 GeV 1.3 GeV M1=2 250.0 GeV 0.4 GeVm~�1 104.2 GeV 0.3 GeV A0 �640.0 GeV 13 GeVm~�2 187.8 GeV 1.1 GeVm~�� 154.7 GeV 1.6 GeVTable 1: Expeted experimental errors for the determination of sfermion masses and otherunderlying parameters in the sample one-step SO(10) senario. [The errors quoted orre-spond to 1�.℄with high preision in slepton pair prodution at ILC [31℄, while the sneutrino masses anbe determined aurately from the deays of harginos [4℄. The Higgs masses in Eq. (25)are expressed in terms of the parameters � and tan �, whih an be derived aurately fromthe analysis of hargino and neutralino observables [32, 33℄. The pseudosalar Higgs massMA, on the other hand, an be measured in assoiated Higgs pair prodution [36℄. Thediret determination of the A parameters is diÆult, f. Refs. [37{39℄. However, takinginto aount stop/sbottom mass measurements but leaving out the sleptons of the thirdgeneration and the Higgs bosons to bypass the (yet to be determined) parameters of theright-handed neutrinos, a global analysis inluding loop e�ets1 leads to an aurate de-termination of A0 at the level of 2% [16, 35℄. The relevant parameters are summarized inTab. 1, inluding the estimated experimental errors.The measurement of the slepton and sneutrino masses of the �rst two generations allowsus to extrat the ommon sfermion parameter m16 = M0 as well as the D-term DU . Therelations are given in Eq. (15) in leading logarithmi approximation for the RG running.Inluding the omplete one-loop and the leading two-loop orretions, the evolution of thesalar mass parameters, (m2L1 ; m2E1), is displayed in Fig. 3(left) for the �rst two generations.The urves desribe the evolution of the universal L and R mass parameters with, merelyfor illustration, the D-term set to zero.With the estimated errors in Tab. 1, the high-sale parameters an be alulated, by om-1Based on this redued set of observables, errors on A0 of about 6 GeV have been predited for SPS1aand SPS1a0 with A0 values of �100 and �300 GeV, respetively. Fixing the error on A0 to 2%, i.e. 12 GeV,for the present benhmark point with large A0 = �640 GeV an therefore be onsidered as a onservativeestimate. Thanks go to P. Behtle and D. Zerwas for running Fittino and S�tter, respetively, for estimatingthe inrease of the error on A0 in SPS1a and SPS1a0 for the redued set of experimental observables.13
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Figure 3: Left: Evolution of the L,R slepton mass parameters of the �rst generation forone-step breaking with the D-term, merely for illustration, set to zero. Right: Evolution ofthe �rst and third generation L,R slepton and Higgs mass parameters [DU = 0℄ for one-stepbreaking; the kink in m2L3 is generated by the right-handed neutrino with mass M�R3 loseto 1015GeV.bining the slepton and Higgs setors, as shown in Tab. 2. The RG evolution equations areevaluated to 2-loop order by means of the SPheno program [40℄. The table indiates thatthe high-sale parameters M0 and DU , driven by the slepton analysis, an be reonstrutedat per-mill to per-ent auray.The right-handed neutrino a�ets the evolution of the L mass parameter m2L3 in the thirdgeneration and the Higgs parameter m2Hu. [Note that m2Hu + �2 turns negative only at thesmall sale Q ' 350 GeV.℄ The harateristi di�erene in the evolution between m2L3 andm2L1 is exempli�ed in Fig. 3(right) for a right-handed neutrino mass M�R3 of 7:2 � 1014 GeV.From the universality point �U , where mL3 and mL1 are equal, down to the kink atM�R3 theevolution of mL3 is a�eted by the right-handed neutrino, mL1 however is not. Below thekink the di�erene between mL3 and mL1 is redued to the standard loop orretion �� andthe small � mass. The position of the kink atM�R3 an be derived from the measured sleptonand sneutrino masses if the salar mass parameters are universal at the uni�ation sale.Negleting the small term m2� , the right-handed neutrino mass is �xed by the intersetionof the parameter ��� as a funtion of M�R3 with the measured value extrated from the14



Parameters in SO(10) ! SM Ideal Erroruni�ation sale �U 2:16 � 1016 GeV 0:02 � 1016 GeVmatter salar mass M0 90 GeV 0.25 GeVGUT D-term p�DU 30 GeV 0.9 GeVheaviest R-neutrino mass M�R3 7:2 � 1014 GeV [4:8; 11℄ � 1014 GeVlightest neutrino mass m�1 3:5 � 10�3 eV [1:6; 6:7℄ � 10�3 eVTable 2: Reonstrution of high-sale SO(10) parameters in one-step SO(10) ! SM break-ing, and masses of the heavy 3-generation R-neutrino and the lightest neutrino [The errorsquoted orrespond to 1�℄.slepton masses: ��� = 12[m2~eL +m2~eR � 3m2~�eL ℄� 12[m2~�1 +m2~�2 � 3m2~��L℄= m2t (�U)8�2v2u �3M20 + A20� log �2UM2�R3 : (28)In pratie the separate evaluation of the harged slepton and sneutrino mass di�erenes,��� = m2~�eL �m2~��L ���= m2~eL +m2~eR �m2~�L �m2~�R � 3�� (29)proves useful to obtain a more preise value, �exp�� = (4:7 � 0:5) � 103 GeV2. As a result,for the parameters of the LR extended point SPS1a0 introdued earlier, the right-handedneutrino mass of the third generation is estimated in the marginM�R3 = 1014:86�0:19 GeV = 7:2+4:0�2:5 � 1014 GeV (30)as evident from Fig. 4. Thus, the e�et of the heavy �R3 mass an indeed be traed bakfrom measured slepton masses in universal supersymmetri theories.Based on this estimate of M�R3 , the seesaw mehanism determines the value of the lightestneutrino mass (f. Fig. 2) tom�1 = 10�2:51�0:32 eV = 3:1+3:5�1:5 � 10�3 eV: (31)The seond lightest neutrino mass m�2 ' (1:0 � 0:1) � 10�2 eV is about three times largerwhile the third neutrino mass m�3 ' 5 � 10�2 eV oinides with the mass di�erene �m13measured in the neutrino osillation experiments.15
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�U and the SO(10) sale �O depends on the high-sale physis senario, omprising newmatter, gauge and Higgs �elds, and potentially e�etive elements of gravity interations.In the present approah we restrit these degrees of freedom to the f24g Higgs �eld whihbreaks the SU(5) gauge symmetry. In the same spirit as in the previous setion, other de-grees of freedom and/or additional mehanisms generating the doublet-triplet splitting andprolonging the proton lifetime, for example, are assumed to be weakly oupled to the salarmass parameters below �O. The numerial results in this two-step analysis are less robustthan in the previous one-step analysis sine they depend expliitly on the physis senarioat the high sales beyond > �U . Nevertheless this study an serve as an illustration for thepotential of parametri analyses if the fundamental struture of a more omplex senario istheoretially pre-determined.a) Evolution Terasale ! �UBased on the standard SU(5) deomposition, the salar masses evolve from the eletroweaksale to the SU(5) sale �U aording to the rulesm2~eR = m210;1 + �RM2U ;1=2 � 65S 0 � 2s2WDEWm2~eL = m2�5;1 + �LM2U ;1=2 + 35S 0 � 2WDEWm2~�eL = m2�5;1 + �LM2U ;1=2 + 35S 0 +DEW (32)for the matter �elds of the �rst two generations while the masses of the third generation,m2~�R = m210;3 + �RM2U ;1=2 � 65S 0 � 2s2WDEW +m2� � 2��m2~�L = m2�5;3 + �LM2U ;1=2 + 35S 0 � 2WDEW +m2� ��� ����m2~��L = m2�5;3 + �LM2U ;1=2 + 35S 0 +DEW ��� ���� ; (33)are a�eted in addition by the Yukawa interations in the same way as Eqs. (21,22). Theindies 1; 3 next to the SU(5) multiplet harateristis denote the generation numbers. Theevolution of the Higgs mass parameters read orrespondinglym2Hd = m2�51 + �LM2U ;1=2 + 35S 0 ��� � 3�b (34)m2Hu = m252 + �LM2U ;1=2 � 35S 0 ���� � 3�t : (35)Sine SU(5) and SU(3)�SU(2)�U(1) are both rank-4 symmetry groups, no GUT D-termis indued in this symmetry breaking step. 17



The �'s are given by the loop orretions,�� = m2� (�U)8�2v2d �m210;3 +m2�5;3 +m2�51 + A25;3� log �2U~M2 (36)��� = m2t (�U)8�2v2u �m21;3 +m2�5;3 +m252 + A21;3� log �2UM2�R3 (37)and �b = m2b(�U)8�2v2d �m210;3 +m2�5;3 +m2�51 + A25;3� log �2U~M2 (38)�t = m2t (�U)8�2v2u �2m210;3 +m252 + A210;3� log �2U~M2 ; (39)while the ontributions to the S 0 parameter trae bak to the non-universal Higgs massparameters at the sale �U , S 0 = �1( ~M)�1(�U) �m252 �m2�51� : (40)MU ;1=2 is the universal gaugino mass parameter at the SU(5) sale �U .b) Evolution �U ! �O:The subsequent evolution from the SU(5) breaking sale �U to the SO(10) breaking sale�O uni�es the mass parameters m10, m�5 and m1 to m16,m210;1 = M20 +DO + �0RM21=2m2�5;1 = M20 � 3DO + �0LM21=2 (41)and m210;3 = M20 +DO + �0RM21=2 � 3�0t � 2�0bm2�5;3 = M20 � 3DO + �0LM21=2 ��0�� � 4�0bm21;3 = M20 + 5DO � 5�0�� : (42)The Higgs parameters transform aording tom2�51 = M20 + 2DO + �0LM21=2 � 4�0b � 245 �0� ;m252 = M20 � 2DO + �0LM21=2 ��0�� � 3�0t � 245 �0� : (43)18



The D-term assoiated with the breaking of the rank-5 SO(10) to the rank-4 SU(5) sym-metry is given again by a relation analogous to Eq. (4) for a Higgs-16 �eld, for example,responsible for the symmetry breaking of SO(10) ! SU(5). The universal gaugino massparameter M1=2 at �O is related to the universal parameter MU ;1=2 at �U byM1=2 = �O�U MU ;1=2 : (44)The oeÆients �0L;R are given by�0L = 32�0R = 365b5 0�1� "1 + g2SO(10)16�2 b5 log �2O�2U #�21A ; (45)with b5 = �3 in the minimal SU(5) model inluding the Higgs f24g representation, f.Fig. 1(right): b5 = b5(matter) + b5(gauge) + b5(Higgs)b5(matter) = 6 ; b5(gauge) = �15 ;b5(Higgs f24g) = 5 ; b5(Higgs f5g+ f�5g) = 1: (46)The �0 oeÆients, �0t � �0�� � m2t (�O)8�2v2u �3m216 + A20� log �2O�2U (47)�0b � m2b(�O)8�2v2d �3m216 + A20� log �2O�2U ; (48)are (s)quark and (s)lepton loop ontributions to the transport from �U to �O. The shift�0�, aounting for ontributions involving the heavy f24g Higgs �eld whih ouples to thef5g and f�5g Higgs �elds, is small in general; moreover, it an be negleted sine the Higgssetor, in e�et, plays a minor role in the analysis.The evolution of the gauge oupling from �U to �O,�(�O) = �(�U)1� �(�U )2� b5 log �2O�2U ; (49)is a�eted by the Higgs-24 �eld whih breaks SU(5) ! SM.Finally, the shift of the A parameters between �U and �O is small:A5;3 ' 0:97A0 � 0:15M1=2 (50)A10;3 ' 0:91A0 � 0:16M1=2 (51)A1;3 ' 0:89A0 � 0:10M1=2 (52)19



Parameter Value Error Parameter Value Errorm~eR 192.2 GeV 0.07 GeV � 429.5 GeV 5.0 GeVm~eL 217.8 GeV 0.5 GeV tan� 20.0 5.0m~�e 202.7 GeV 0.7 GeV M1=2 230.0 GeV 0.4 GeVm~�1 101.9 GeV 0.3 GeV A0 �425.0 GeV 8.5 GeVm~�2 219.4 GeV 1.2 GeVm~�� 178.0 GeV 1.0 GeVTable 3: Expeted experimental errors for the determination of sfermion masses and otherunderlying parameters in the two-step SO(10)! SU(5)! SM senario. [The errors quotedorrespond to 1�.℄for the referene point de�ned below.This 2-step breaking system has been analyzed quantitatively for a parameter set loselyrelated to the previous example:M0 = 100 GeV tan � = 20M1=2 = 230 GeV sgn(�) = +A0 = �425 GeV (53)and �O = 5 � 1017 GeVDO = 0:9 � 103 GeV2M�R3 = 6:3 � 1014 GeV : (54)The senario2 is ompatible with values of the low-energy and osmologial data spei�edearlier: �s(MZ) = 0:119, sin2 �lepteff = 0:23140, BR(b! s) = 3:11 � 10�4, �a� = 25:5 � 10�10,and 
h20 = 0:094.The analysis is performed in the same way as before, with the measurement errors extrap-olated from existing studies to this senario as listed in Tab. 3. The error on A0 an beestimated again to be 2% aording to the guideline followed in the one-step analysis, as theevolution from �U to �O has little impat on the A parameters. Though unertainties dueto the shift of the universality sale are expeted to be small, the analysis has been repeatedfor an error inreased to 5%, nevertheless. The �nal results are a�eted only slightly.2Note that this high-sale point is outside the parameter range investigated in Ref. [41℄; we thank Y.Mambrini for a larifying omparison. 20
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ILC, the estimate of the R-sneutrino mass narrows down to 1:8�1014 GeV < M�R3 < 2:4�1015GeV, i.e. almost by an order of magnitude. These estimates point learly to a value in thearea just below the SU(5) uni�ation sale.Parameter Mass/Sale Error for 500 fb�1 Error for 1000 fb�1SU(5) uni�ation sale �U 2.35�1016 GeV 0.02�1016 GeV 0.02�1016 GeVmatter salar mass m10;1 163.3 GeV 0.14 GeV 0.10 GeVmatter salar mass m�5;1 133.5 GeV 0.6 GeV 0.45 GeVmatter salar mass m10;3 142.2 GeV 1.2 GeV 0.85 GeVmatter salar mass m�5;3 124.2 GeV 0.45 GeV 0.4 GeVHiggs salar mass m�51 127.8 GeV 0.5 GeV 0.35 GeVHiggs salar mass m52 113.7 GeV 0.75 GeV 0.65 GeVSO(10) uni�ation sale �O 5:0 � 1017 GeV 0:55 � 1017 GeV 0:35 � 1017 GeVD-Term pDO 30.0 GeV �xed �xedmatter salar mass M0 100 GeV 2.2 GeV 1.4 GeVheaviest R-neutrino mass M�R3 6:30 � 1014 GeV [0:86; 50℄ � 1014 GeV [1:8; 24℄ � 1014 GeVlightest neutrino mass m�1 3:5 � 10�3 eV [0:26; 82℄ � 10�3 eV [0:58; 31℄ � 10�3 eVTable 4: High-sale SO(10) and SU(5) parameters in 2-step SO(10)! SU(5) ! SM break-ing, and masses of the heavy 3-generation R-neutrino and of the lightest neutrino, as reon-struted from measurements at LHC and ILC assuming a �xed value for the D-term [Theerrors quoted orrespond to 1�℄.In this way the omplete set of ouplings and mass parameters ould be analyzed. Theresults, with errors extrapolated from Tab. 3, are shown in Tab. 4. For illustration, Tab. 5demonstrates how well the parameters an be determined when the SO(10) uni�ation sale�O is identi�ed with the string sale while the SO(10) D-term is kept as a free variable.The di�erenes between the two sets of results are small.The omplex struture of the two-step breaking senario, with strong orrelations betweensome parameters, makes it impossible to derive all aspets of a general SO(10) senariofrom measurements without making any assumption on the SO(10) breaking mehanism.Nevertheless, introduing assumptions about the SO(10) breaking as exempli�ed in thissetion, the Terasale data allow us to determine the two sales �U , �O, the universal salarmass M0, and the right-handed neutrino mass M�R3 of the third generation independently.In partiular, the two-step breaking senario an be learly distinguished from the one-stepsenario analyzed in the previous setion. 23



4 ConlusionsIf the roots of physis are loated near the Plank sale, experimental methods must bedevised to explore the high-sale physis senario inluding the grand uni�ation of theStandard Model (SM) interations up to, �nally, gravity.In this report we have studied two examples in whih high-sale parameters in supersym-metri SO(10) models have been onneted with experimental observations that ould beexpeted in future high-preision Terasale experiments at LHC and e+e� linear olliders.For the sake of larity, setors that must be onstruted for a omprehensive SO(10) theoryof all states but that are not essential for the key points of our analysis, have not been spe-i�ed expliitly. The renormalization group provides the tool for bridging the gap betweenthe Terasale experiments and the underlying high-sale grand uni�ation theory. Eventhough it depends on the detailed values of the parameters with whih resolution the high-sale piture an be reonstruted, an aurate piture ould be established in the examplefor one-step breaking SO(10)! SM, inluding the heavy mass of the right-handed neutrino�R3 expeted in the seesaw mehanism. As naturally antiipated, the analysis of two-stepbreaking SO(10) ! SU(5) ! SM turns out to be signi�antly more diÆult, demanding alarger set of additional assumptions before the parametri analysis an be performed.The two examples have demonstrated nevertheless that renormalization-group extrapola-Parameter Mass/Sale Error for 500 fb�1 Error for 1000 fb�1SU(5) uni�ation sale �U 2.35�1016 GeV 0.02�1016 GeV 0.02�1016 GeVmatter salar mass m10;1 163.3 GeV 0.14 GeV 0.10 GeVmatter salar mass m�5;1 133.5 GeV 0.55 GeV 0.4 GeVmatter salar mass m10;3 142.2 GeV 0.85 GeV 0.75 GeVmatter salar mass m�5;3 124.2 GeV 0.65 GeV 0.5 GeVHiggs salar mass m�51 127.8 GeV 0.22 GeV 0.15 GeVHiggs salar mass m52 113.7 GeV 0.85 GeV 0.7 GeVSO(10) uni�ation sale �O 5:0 � 1017 GeV �xed �xedD-Term pDO 30.0 GeV 0.65 GeV 0.5 GeVmatter salar mass M0 100 GeV 0.5 GeV 0.4 GeVheaviest R-neutrino mass M�R3 6:30 � 1014 GeV [0:76; 51℄ � 1014 GeV [1:4; 27℄ � 1014 GeVlightest neutrino mass m�1 3:5 � 10�3 eV [0:25; 90℄ � 10�3 eV [0:51; 44℄ � 10�3 eVTable 5: Same as Tab. 4, but for �xed SO(10) uni�ation sale.24
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