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Abstract | We present an update of the Standard Model �t to eletroweak preision data. We inludenewest experimental results on the top quark mass, the W mass and width, and the Higgs boson massbounds from LEP, Tevatron and the LHC. We also inlude a new determination of the eletromagnetioupling strength at the Z pole. We �nd for the Higgs boson mass 91+30�23 GeV and 120+12�5 GeV when notinluding and inluding the diret Higgs searhes, respetively. From the latter �t we indiretly determinethe W mass to be (80:360+0:014�0:013) GeV. We exploit the data to determine experimental onstraints on theoblique vauum polarisation parameters, and onfront these with preditions from the Standard Model (SM)and seleted SM extensions. By �tting the oblique parameters to the eletroweak data we derive allowedregions in the BSM parameter spaes. We revisit and onsistently update these onstraints for a fourthfermion generation, two Higgs doublet, inert Higgs and littlest Higgs models, models with large, universalor warped extra dimensions and tehniolour. In most of the models studied a heavy Higgs boson an bemade ompatible with the eletroweak preision data.
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1 Introduction 1

1 IntroductionBy exploiting ontributions from radiative orretions, preision measurements, in line with au-rate theoretial preditions, an be used to probe physis at higher energy sales than the massesof the partiles diretly involved in the experimental reations. Theory and experimental dataare onfronted and unknown model parameters are onstrained by means of multi-parameter �ts.For ases where the parameter spae is overonstrained it is possible to derive p-values for theompatibility between data and theoretial model [1℄, and hene to diretly assess the validity ofthe model. Suh an approah has been used in the G�tter analysis of the Standard Model (SM) inlight of the eletroweak preision data [2℄, whih we revisit in this paper with updated experimen-tal onstraints. Global eletroweak SM �ts are also routinely performed by the LEP EletroweakWorking Group [3℄ and for the eletroweak review of the Partile Data Group [4℄.Assuming that the dominant virtual ontributions to the eletroweak observables arise throughvauum polarisation loops, and that other orretions, suh as vertex diagrams involving lightquarks, or box and bremsstrahlung diagrams, are sale suppressed, physis beyond the SM (BSM)an be parametrised through so-alled quantum oblique orretions, for whih several parametri-sations exist in the literature [5{13℄. A popular hoie are the S; T and U parameters [5, 6℄, whihhave been omputed for most of the prevailing BSM models. The S; T; U parameters are de�nedwith respet to a anonial SM referene so that, for SM parameters idential to the referenepoint values, the parameters vanish in the SM. In that ase, any signi�ant non-zero value in atleast one parameter would hint at BSM physis.In this paper we derive, for a hosen SM referene point, experimental onstraints on the S; T; Uparameters, and ompare them with preditions from the SM and various BSM models. We studya fourth fermion generation, two Higgs and inert Higgs doublet models, the littlest Higgs modeland models with large, universal and warped extra dimensions as well as tehniolour. We also usethe experimental onstraints to derive allowed regions in the relevant parameter spaes of thesemodels. Several similar analyses have been performed and published in the past. We refer tothese in the orresponding BSM setions. The urrent analysis revisits these works and providesa onsistent set of BSM onstraints derived from the most reent eletroweak data and usingthe statistis tools of the G�tter framework [2℄. Its modular design allows us to determine theseonstraints diretly in the �t, thus invoking known two-loop and beyond two-loop SM orretions.The paper is organised as follows. The updated SM �t to the eletroweak preision data is disussedin Setion 2. An introdution of the oblique parameter formalism is given in Setion 3, where wealso present the experimental results, and disuss the preditions from the SM. Additional formulasare provided in the Appendix. In Setion 4 and subsetions we disuss the oblique orretions forthe aforementioned BSM models and the orresponding onstraints in the relevant parameterspaes.



2 The Global Fit of the Electroweak Standard Model 2

2 The Global Fit of the Electroweak Standard ModelWe present an update of the SM �t to eletroweak preision data, the results of whih will be used asa referene throughout this paper. A detailed desription of the experimental data, the theoretialalulations, and the statistial methods used in the G�tter analysis is given in our referenepaper [2℄. Sine its publiation, the �t software has been ontinuously maintained and kept inline with the experimental and theoretial progress. Here, we shall reall only the most importantaspets of the �t, outline reent hanges, whih mainly onern updates of the experimental orphenomenologial input data, and present a full result table together with representative plots anda disussion of seleted results.
2.1 Fit inputs

Standard Model predictionsThe SM preditions for the eletroweak preision observables measured by the LEP, SLC, andTevatron experiments are fully implemented. State-of-the-art alulations are used, in partiularthe full two-loop and leading beyond-two-loop orretions for the predition of the W mass andthe e�etive weak mixing angle [14{16℄, whih exhibit the strongest onstraints on the Higgs mass.A modi�ation to Ref. [2℄ is the usage of aurate parametrisations [17{20℄ for the alulation ofthe vetor and axial-vetor ouplings, gfA and gfV , whih are omputed at one-loop level and partlyat two-loop level for O(��s).1 Small additional orretion fators, determined from a omparisonwith the Fortran ZFITTER pakage [22, 26℄, are used to aommodate heavy Higgs masses [34℄.These ouplings enter the alulations of the partial and total widths of the Z and the total widthof the W boson, whih, due to the insuÆient experimental preision, display a weak onstrainton the Higgs mass only. In the radiator funtions [26, 32℄ the fourth-order (3NLO) perturbativealulation of the massless QCD Adler funtion [35℄ is also inluded, allowing the �t to determinethe strong oupling onstant with very small theoretial unertainty.The SM parameters relevant for the predition of the eletroweak observables are the ouplingonstants of the eletromagneti (�), weak (GF ) and strong interations (�S), and the masses ofthe elementary bosons (MZ , MW , MH) and fermions (mf ), where neutrino masses are set to zero.Eletroweak uni�ation results in a massless photon and a relation between the eletroweak gaugeboson masses and ouplings, thus reduing the number of unknown SM parameters by two. TheSM gauge setor is left with four free parameters taken to be �, MZ , GF and �S. Simpli�ation ofthe �t is ahieved by �xing parameters with insigni�ant unertainties ompared to the sensitivityof the �t. The �nal list of oating �t parameters is: MZ , MH , mt, mb, m,2 ��(5)had(M2Z) and�S(M2Z), where only the latter parameter is kept fully unonstrained allowing an independentmeasurement.31Up to two-loop eletroweak orretions are available in Refs. [21{32℄. All known QCD orretions are given inRefs. [22, 26, 33℄.2In the analysis and throughout this paper we use the MS renormalised masses of the  and b quarks, m(m)and mb(mb), at their proper sales. In the following they are denoted with m and mb respetively, and their valuesare taken from [36℄.3Using an external preision measurement of �S(M2Z) in the �t has been studied in Ref. [2℄ and found to have anegligible impat on the MH result.



2.1 Fit inputs 3Theoretial unertainties due to unknown higher order terms a�eting the preditions of MW andsin2�è� [14, 16℄ are parametrised by ÆthMW ' 4MeV and Æth sin2�è� ' 4:7 �10�5. They are treatedaording to the R�t sheme [37, 38℄ as freely varying but bound parameters in the �t.
Experimental inputThe experimental results used in the �t inlude the eletroweak preision data measured at theZ pole [39℄ (Z resonane parameters, partial Z ross setions, neutral urrent ouplings4), theirexperimental orrelations [39℄, and the latest W mass world average MW = 80:399�0:023GeV [46℄and width �W = 2:098 � 0:048 GeV [47℄.Furthermore we use the newest average of the diret Tevatron top mass measurements mt =173:3 � 0:9 � 0:6 GeV [48℄, whih is interpreted in terms of a pole mass. It should be notedthat the theoretial unertainties arising from nonperturbative olour-reonnetion e�ets in thefragmentation proess [49, 50℄, and from ambiguities in the top-mass de�nition [51, 52℄, a�et the(kinemati) top mass measurement. Their quantitative estimate is diÆult and may reah roughly0.5 GeV eah, where the systemati error due to shower e�ets ould be larger [49℄. Espeiallythe olour-reonnetion and shower unertainties, estimated by means of a toy model, need to beveri�ed with experimental data and should be inluded in the top mass result and unertaintypublished by the experiments. None of these additional theoretial unertainties on mt is inludedin the �t.The top mass de�nition entering the SM pp! tt+X inlusive ross setion predition is unambigu-ous one a renormalisation proedure is de�ned and assuming no ontributions from new physisto the measured ross setion.5 The latest extration of the top mass from the tt ross setion wasperformed by the D0 Collaboration. Using a theoretial �tt(mt) predition based on approximateNNLO QCD that inludes all next-to-next-to-leading logarithms relevant in NNLO QCD [53℄, thetop pole mass, derived from the measured ross setion �tt(mt = 172:5 GeV) = 8:13 +1:02�0:90 pb [55℄,was found to be mt = 167:5 +5:0�4:5 GeV [56℄.6 A similar value for mt is obtained when using the4We do not inlude the CDF and D0 measurements of the forward-bakward harge asymmetry in pp! Z=? +X ! e+e� + X events, used to extrat the sin2�ee� values 0:2238 � 0:0040 � 0:0030 by CDF [40℄, and 0:2326 �0:0018�0:0006 by D0 [41℄, as their impat so far is negligible ompared to the preision of the ombined Z pole datain the �t, sin2�è� = 0:23143 � 0:00013. Also due to lak of preision, we do not inlude results from atomi parityviolation measurements, and from parity violation left-right asymmetry measurements using �xed target polarisedM�ller sattering at low Q2 (see [2℄ for referenes).The NuTeV Collaboration measured ratios of neutral and harged urrent ross setions in neutrino-nuleon sat-tering at an average Q2 ' 20GeV2 using both muon neutrino and muon anti-neutrino beams [42℄. The results derivedfor the e�etive weak ouplings are not inluded in this analysis beause of unlear theoretial unertainties fromQCD e�ets suh as next-to-leading order orretions and nulear e�ets of the bound nuleon parton distributionfuntions [43℄ (for reviews see, e.g., Refs. [44, 45℄).5In Ref. [53℄ the MS sheme is used to predit the QCD saling funtion versus sale ratios (inluding thedependene on the top mass) that, onvolved with the parton luminosity and multiplied by (�S=mt)2, determinesthe inlusive tt prodution ross setion. The experimental ross setion measurement thus allows one to infer mtand hene the pole mass (being the renormalised quark mass in the on-shell renormalisation sheme) from the ratioof the orresponding renormalisation fators known to three loops [54℄. The numerial analysis must aount for thedependene of the experimental ross setion value on the top mass used to determine the detetor aeptane andreonstrution eÆienies.6The quoted error on the extrated top mass does not inlude the ambiguity in the Monte Carlo top massinterpretation.



2.1 Fit inputs 4

 [GeV]HM

110 120 130 140 150 160 170 180 190 200

2 χ δ

0

2

4

6

8

10

12

14

16

18

Direct Searches at LEP

Direct Searches at Tevatron

Direct Searches at ATLAS

Direct Searches at CMS

LEP, Tevatron, LHC combined

Figure 1: Contribution to the �2 test statisti versus MH derived from the experimental information ondiret Higgs boson searhes made available by the LEP Higgs Boson and the Tevatron New Phenomena andHiggs Boson Working Groups [60{62℄ and the ATLAS [63℄ and CMS Collaborations [64℄. The solid (blak)and dashed (dark red) lines show the ontribution from LEP and Tevatron, while the dotted (light red)and dashed-dotted (blue) lines indiate the onstraints obtained from the 2010 data by ATLAS and CMS,respetively. Following the original �gures they have been interpolated by straight lines for the purpose ofpresentation and in the �t. The light green area gives the ombination of these measurements. Correlationsdue to ommon systemati errors have been negleted in this ombination. See text for a desription of themethod applied.ross setion predition of Ref. [57℄. While the nominal eletroweak �ts in this work use the diretTevatron top mass average, we will employ the ross setion based value for omparison.For the vauum polarisation ontribution from the �ve lightest quark avours to the eletromag-neti oupling strength at MZ we use the evaluation ��(5)had(M2Z) = (2757 � 10) � 10�5 [58℄.7 Itinludes new �+�� ross setion data from BABAR and KLOE, new multi-hadron data fromBABAR, a reestimation of missing low-energy ontributions using results on ross setions andproess dynamis from BABAR (f. referenes in [58℄), and a reevaluation of the ontinuum on-tribution from perturbative QCD at four loops . Mostly the reevaluation of the missing low-energyontributions has led to a smaller ��(5)had(M2Z) estimate ompared to that of Ref. [59℄ used in ourprevious �ts. Referene [58℄ quotes a funtional dependene of the entral value of ��had(M2Z) on�S(M2Z) of 0:37 � 10�4 � (�S(M2Z)� 0:1193)=0:0028 around the given entral value of ��had(M2Z).This dependene is inluded via the resaling mehanism [2℄ in the G�tter software.This setup de�nes the standard eletroweak �t.7A mistake has been found in the published result of ��(5)had(M2Z) [58℄. The orreted result used here is reportedin Version 2 of the arXiv submission [1010.4180℄.



2.2 Fit results 5The omplete eletroweak �t also inludes the information from the diret Higgs searhes atLEP [60℄, Tevatron [61, 62℄ and { for the �rst time { the LHC. We inlude results from the2010 LHC run published by ATLAS (ombining six di�erent �nal states) [63℄ and CMS (H !WW ! `�`�) [64℄, where orrelations due to ommon systemati errors between these results arenegleted. Beause in the eletroweak �t we are interested in the ompatibility of the SM (assumedto be true) with the data, we transform the one-sided on�dene level, CLs+b, reported by theexperiments,8 into a two-sided on�dene level, CL2�sideds+b . This transformation redues the statis-tial onstraint from the diret Higgs searhes ompared to that of the one-sided CLs+b, beausepositive utuations (or signals), beyond the signal plus bakground expetation, are penalised bythe test statistis as are negative utuations (or absene of signals). The ontribution to the �2test statisti minimised in the �t is obtained from Æ�2(MH) = 2 � [Erf�1(1 � CL2�sideds+b (MH))℄2,where we add up the terms from the LEP, Tevatron and LHC experiments ignoring the orrela-tions among these. As the LHC results are statistis dominated this assumption should not be tooinaurate. Nevertheless, an oÆial ombination of all the results by the experiments should beenouraged. A more detailed disussion of our ombination method is given in Ref. [2℄. The re-sulting Æ�2 versus MH is shown in Fig. 1 for LEP, Tevatron, ATLAS and CMS individually (lines)as well as their ombination (shaded/green area). Note that the minimum Æ�2 at MH � 125 GeVis not to be interpreted (in a Bayesian sense) as a \most probable Higgs mass", but as an areawhere the experimental sensitivity is not suÆient to either exlude nor on�rm a Higgs boson.The seond olumn in Table 1 gives an overview of all the input quantities used in the �t.
2.2 Fit resultsThe standard and omplete �ts onverge with global minimum values of the test statistis ofrespetively �2min = 16:6 and �2min = 17:8 for 13 and 14 degrees of freedom, giving the naivep-values Prob(�2min; 13) = 0:21 and Prob(�2min; 14) = 0:23, whih have been on�rmed by pseudoexperiments generated with Monte Carlo tehniques.9 The minor improvement in the p-value ofthe omplete �t with respet to our earlier result [2℄ arises from the inreased best-�t value of theHiggs mass in the standard �t (see below), owing to the redued eletromagneti oupling strengthat M2Z [58℄. The new result redues the tension with the diret Higgs boson searhes.The results for the parameters and observables of the two �ts are given in olumns three and fourof Table 1,10 together with their one standard deviation (�) intervals derived from the ��2 teststatistis.11 The orrelation oeÆients are given in Table 2 (for the standard �t).8In lak of published CLs+b values by ATLAS [63℄ we approximate a hi-squared behaviour of the ~q� test statistisused [65℄ and ompute CLs+b ' Prob(~q1; 1), where the published p0 values have been onverted into ~q0, and~q1 = ~q0 � 2LLR with the de�nition LLR = �2 ln(L(1; ^̂�)=L(0; �̂)). A nearly idential result is found with CLs+b 'Prob(�2LLR+o�set; 1), where the o�set of 1:1 has been added to ensure positive values over the Higgs mass range,and using the published LLR numbers only. These are the numbers used in the �t.9The CLs+b obtained from the diret Higgs searhes has been left unaltered during the Monte Carlo based p-valueevaluation of the omplete �t. This is justi�ed by the strong statistial signi�ane of the LEP onstraint, whihdrives the ontribution of the diret Higgs searhes to the �2min.10It is notiable that the values of the four theoretial unertainty parameters onverge at the limits of theirallowed intervals. This is explained by their uniform ontribution to the �2 funtion but the neessarily non-uniformvalues of the global �2 funtion that depends on these theory parameters. The �t thus onverges at the extrema ofthe allowed ranges.11We have veri�ed the hi-squared property of the test statistis by sampling pseudo MC experiments.
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Results from global EW �ts: Fits w/o exp. input in given line:Parameter Input value Standard �t Complete �t Complete �t MH � 120 GeVMZ [GeV℄ 91:1875� 0:0021 91:1874� 0:0021 91:1877� 0:0021 91:1959+0:0150�0:0148 91:1956+0:0141�0:0136�Z [GeV℄ 2:4952� 0:0023 2:4959� 0:0015 2:4955� 0:0014 2:4952� 0:0017 2:4952� 0:0017�0had [nb℄ 41:540� 0:037 41:478� 0:014 41:478� 0:014 41:469� 0:015 41:469� 0:015R0̀ 20:767� 0:025 20:743� 0:018 20:741� 0:018 20:719+0:025�0:028 20:717+0:027�0:026A0;`FB 0:0171� 0:0010 0:01640� 0:0002 0:01624+0:0002�0:0001 0:01620+0:0002�0:0001 0:01620+0:0002�0:0001A` (?) 0:1499� 0:0018 0:1479� 0:0010 0:1472+0:0009�0:0007 { {A 0:670� 0:027 0:6683+0:00044�0:00043 0:6680+0:00040�0:00028 0:6679+0:00038�0:00027 0:6680+0:00038�0:00026Ab 0:923� 0:020 0:93469+0:00009�0:00008 0:93463+0:00007�0:00005 0:93462+0:00008�0:00005 0:93462+0:00008�0:00003A0;FB 0:0707� 0:0035 0:0741+0:0006�0:0005 0:0737+0:0005�0:0004 0:0738+0:0005�0:0004 0:0738+0:0005�0:0004A0;bFB 0:0992� 0:0016 0:1037� 0:0007 0:1032+0:0006�0:0005 0:1037+0:0003�0:0005 0:1037+0:0003�0:0005R0 [10�4℄ 1721� 30 1722:9+0:7�0:6 1722:9� 0:6 1722:9� 0:6 1722:9� 0:6R0b [10�4℄ 2162:9� 6:6 2157:6+0:5�0:8 2157:5+0:5�0:8 2157:5+0:5�0:8 2157:5+0:5�0:8sin2�è�(QFB) 0:2324� 0:0012 0:23141+0:00012�0:00013 0:23150+0:00008�0:00010 0:23148+0:00010�0:00009 0:23149+0:00009�0:00010MH [GeV℄ (Æ) CLs+b 91+30[+74℄�23[�42℄ 120+12[+23℄�5[�6℄ 91+30[+74℄�23[�42℄ 120 (�xed)MW [GeV℄ 80:399� 0:023 80:383+0:014�0:015 80:370+0:007�0:009 80:360+0:014�0:013 80:359+0:015�0:008�W [GeV℄ 2:085� 0:042 2:093� 0:001 2:092� 0:001 2:092� 0:001 2:092� 0:001m [GeV℄ 1:27+0:07�0:11 1:27+0:07�0:11 1:27+0:07�0:11 { {mb [GeV℄ 4:20+0:17�0:07 4:20+0:16�0:07 4:20+0:16�0:07 { {mt [GeV℄ 173:3� 1:1 173:4� 1:1 173:7� 1:1 177:2� 3:4(5) 176:8+3:1�3:0��(5)had(M2Z) (y4) 2757� 10 2758� 11 2756� 11 2729+57�50 2730+57�46�s(M2Z) { 0:1193� 0:0028 0:1194� 0:0028 0:1194� 0:0028 0:1194� 0:0028ÆthMW [MeV℄ [�4; 4℄theo 4 4 { {Æth sin2�è� (y) [�4:7; 4:7℄theo 4:7 4:7 { {(?)Average of LEP (A` = 0:1465 � 0:0033) and SLD (A` = 0:1513 � 0:0021) measurements. The omplete �t w/othe LEP (SLD) measurement gives A` = 0:1473+0:0010�0:0006 (A` = 0:1469+0:0007�0:0005 ). (Æ)In brakets the 2�. (y)In units of10�5. (4)Resaled due to �s dependeny. (5)Ignoring a seond less signi�ant minimum, f. Fig. 7 and Eq. (4).
Table 1: Input values and �t results for the observables and parameters of the global eletroweak �t. The�rst and seond olumns list respetively the observables/parameters used in the �t, and their experimentalvalues or phenomenologial estimates (see text for referenes). The subsript \theo" labels theoretial errorranges. Boldfae letters indiate that a parameter is oating in the �t. The third (fourth) olumn quotesthe results of the standard (omplete) �t not inluding (inluding) the onstraints from the diret Higgssearhes at LEP, Tevatron and the LHC in the �t. In ase of oating parameters the �t results are diretlygiven, while for (non-oating) observables the entral values and errors are obtained by individual pro�lelikelihood sans. The last two olumns give the �t results for eah parameter without using the orrespondingexperimental or phenomenologial onstraint in the �t (indiret determination), for the omplete �t andwhen assuming the Higgs mass to be known and preisely measured at 120 GeV, respetively.
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Figure 2: Comparing �t results with diret measurements: pull values for the omplete �t (left), and resultsfor MH from the standard �t exluding the respetive measurements from the �t (right).
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Figure 4: Indiret determination of the Higgs boson mass: ��2 as a funtion of MH for the standard �t(top) and the omplete �t (bottom). The solid (dashed) lines give the results when inluding (ignoring)theoretial errors. Note that we have modi�ed the presentation of the theoretial unertainties here withrespet to our earlier results [2℄. Before, the minimum �2min of the �t inluding theoretial errors was usedfor both urves to obtain the o�set-orreted ��2. We now individually subtrat eah ase so that both ��2urves touh zero. In spite of the di�erent appearane, the theoretial errors used in the �t are unhangedand the numerial results, whih always inlude theoretial unertainties, are una�eted.



2.2 Fit results 9Parameter lnMH ��(5)had(M2Z) MZ �S(M2Z) mt m mblnMH 1 �0:18 0.13 0.02 0.32 �0:00 �0:01��(5)had(M2Z) 1 �0:01 0.35 0:00 0.00 0.01MZ 1 �0:01 �0:01 �0:00 �0:00�S(M2Z) 1 0.03 0.01 0.04mt 1 0.00 �0:00m 1 0.00
Table 2: Correlation oeÆients between the free �t parameters in the standard �t. The orrelations withand between the varying theoretial error parameters Æth are negligible in all ases.The left-hand plot of Fig. 2 gives for the omplete �t the pull values obtained from the di�erenebetween the �t result and the measurement in units of the total experimental error (not inludingthe error from the �t performed here). They reet the known tension between the left-rightasymmetry and A0;bFB, though it is notieable that no single pull value exeeds 3�.
Higgs mass constraintsThe top and bottom plots of Fig. 4 show the pro�le urves of the ��2 test statisti for thestandard and omplete �ts versus the MH parameter. In this, as in the following ��2 graphs, thetest statisti is minimized with respet to all other freely varying �t parameters for eah (�xed)value of the parameter being plotted. We �nd from this sanMH = � 91+30�23 GeV (standard �t) ;120 +12�5 GeV (omplete �t) ; (1)with the 95% (99%) upper bounds of 163 GeV (194 GeV) for the standard �t, and 143 GeV(149 GeV) for the omplete �t, respetively. The errors and limits inlude the various theoryunertainties that taken together amount to approximately 8 GeV on MH .12The standard �t value for MH has moved by +8 GeV as a onsequene of the new ��(5)had(M2Z)evaluation [58℄. Using instead the preliminary result ��(5)had(M2Z) = (2762:6 � 10:3) � 10�5 [66℄,obtained with the use of similar experimental data but less reliane on perturbative QCD, we �ndMH = 88+29�23 GeV.The results (1) are obtained using the experimental world average of the diret Tevatron topmass measurements [48℄ whose interpretation as pole mass in theory alulations is a�eted withadditional unertainties (f. disussion in Se. 2.1). Using, for omparison, the pole mass valuemt = 167:5 +5:0�4:5GeV [56℄, as determined from the pp! tt+X inlusive ross setion, the standard12Repeating the standard �t with all theory unertainties �xed to zero gives �2min = 17:2 andMH = 94+30�24GeV. Adiret omparison of this result with Eq. (1) is not straightforward as the �t uses the additional nuisane parameters,when let free to vary, to improve the test statistis (reall the value of �2min = 16:7 for the standard �t result). Theimpat on the parameter errors would beome notieable one the input observables exhibit better ompatibility (f.disussion in Ref. [2℄)
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Figure 5: P-value versus MH of the standard eletroweak �t as obtained from pseudo-MC simulation. Theerror band represents the statistial error from the MC sampling size.eletroweak �t returns for the Higgs boson mass 72 +38�25 GeV, whih is appreiably lower than theresult (1).The ontributions from the various measurements to the entral value and unertainty of MH inthe standard �t are given in the right hand plot of Fig. 2, where all input measurements exept forthe ones listed in a given line are used in the �t. It an be seen that, e.g., preise measurementsof mt and MW and a preise determination of ��(5)had(M2Z) are essential for an aurate onstraintof MH .Figure 3 displays omplementary information. Among the four observables providing the strongestonstraint on MH , namely A`(LEP), A`(SLD), A0;bFB and MW , only the one indiated in a givenrow of the plot is inluded in the �t.13 The ompatibility among these measurements is estimatedby performing a redued standard �t in whih the least ompatible of the measurements (hereA0;bFB) is removed, and by omparing the �2min test statisti obtained in that �t to the one of thestandard �t. The p-value of the �2min di�erene of 8.0 between these �ts is evaluated by means ofpseudo experiments, with observables utuating aording to their experimental errors around aonsistent set of SM preditions orresponding to the best-�t results for the SM parameters. Ineah of the pseudo experiments we follow the same proedure as for data, that is, we remove theleast ompatible of the measurements, re�t, and ompute the �2min di�erene with respet to thestandard �t orresponding to that pseudo experiment. We �nd that in (1:4 � 0:1)% (\2:5�") ofthe pseudo experiments the �2min di�erene exeeds that observed in data.Finally, Fig. 5 shows the p-value obtained from Monte Carlo samples of the standard �t as a13The unertainties in the free �t parameters that are orrelated to MH (mainly ��(5)had(M2Z) and mt) ontributeto the errors shown in Fig. 3, and generate orrelations between the four MH values found.



2.2 Fit results 11funtion of the true Higgs mass.14 At the best-�t value of 91GeV the plot reprodues the goodnessof the standard �t. With inreasingMH the p-value drops reahing the 2� level at MH = 190GeVand the 3� level at MH = 275 GeV.
Constraints on other parametersThe two rightmost olumns of Table 1 give the results of, respetively, the omplete �t and whenassuming MH = 120GeV (�xed) in the �t for eah parameter or observable, obtained by sanningthe pro�le likelihood without using the orresponding experimental or phenomenologial onstraintin the �t (indiret determination { similar to the MH determinations in the right-hand plot ofFig. 2). Apart from the intrinsi interest of having an indiret determination of the observables,this proedure provides interesting insight into the requirements of the �t. If the diret knowledge(�rst olumn in Table 1) of an observable is muh more preise than the indiret one (last olumn),for exampleMZ , the variable ould have been �xed in the �t without impating the results, and thusthere is no need, for the purpose of the global eletroweak �t, for an improved diret determination.On the other hand, if the indiret onstraint of an observable strongly outperforms the diret one,as is the ase for �W or the diret measurement of sin2�è�(QFB), the observable is irrelevant forthe �t and an be removed. To improve the indiret onstraint on MH , the experimental e�ortsmust fous on observables with good sensitivity to MH , and with ompeting auray betweendiret and indiret onstraints, as is the ase for MW and the Z-pole asymmetries.From these sans we obtain the following results.� We indiretly determine the W mass from the omplete �t to beMW = 80:360 +0:014�0:013 GeV ; (2)whih is 1:6� below and exeeds in preision the experimental world average [46℄. Usingthe ross setion derived mt value (f. Se. 2.1, page 3) we �nd MW = 80:340 +0:029�0:021 GeVfrom the omplete �t. Figure 6 shows the ��2 pro�le versus MW for the standard �t (greenband) and the omplete �t (blue band). Also shown is the world average of the diret MWmeasurements (dot with error bar). For both �ts the theoretial unertainty in the MWpredition (ÆthMW ' 4MeV) and its treatment via the R�t sheme leads to a broadening ofthe �t minima. The inlusion of the diret Higgs searhes provides a onsiderably improvedindiret MW determination. The grey-shaded band shows the onstraint one would obtainfor a hypothetial Higgs disovery at 120 GeV with negligible error on MH . The preisionof the indiret MW determination would reah 11 MeV. The unertainty would inrease toapproximately 25 MeV when using the ross setion derived top mass value.� The indiret determination ��(5)had(M2Z) = (2729 +57�50) � 10�5 omes out slightly smaller butfully ompatible with the phenomenologial evaluation, while being a fator of almost �veless aurate. Knowing the Higgs boson mass would only marginally improve the preisionof the indiret determination (f. last olumn in Table 1).14Note that by �xing MH the number of degrees of freedom of the �t is inreased ompared to the standard �tresulting in a larger average �2min and thus in a larger p-value.
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Figure 6: Indiret determination of the W boson mass: pro�le of ��2 versus MW for the omplete �t(blue shaded urve) and the standard �t (green shaded urve). In both �ts the diret MW measurement,indiated by the dot with 1� error bar, is not inluded. The widths of the bands indiate the size of theumulative theoretial unertainty in the �t. The grey shaded urve shows the onstraint one would obtainfor a hypothetial Higgs disovery at 120 GeV (with negligible error on MH).� The strong oupling onstant at the Z pole to four loop perturbative order for the masslessfermion propagators is found to be�S(M2Z) = 0:1194 � 0:0028 ; (3)with negligible theoretial unertainty due to the good onvergene of the perturbative seriesat that sale (f. Ref. [2℄).� Two loal ��2 minima are found from the indiret onstraint of the top quark pole mass inthe omplete �t, giving the ��2 < 1 rangesmt = [173:8; 180:6℄ GeV and [185:1; 189:3℄ GeV : (4)The �rst region agrees within 1:1� with the experimental world average of the diret mtmeasurements [48℄. The separation between the two regions originates from the diret Teva-tron limit on MH . The lower (upper) region orresponds to Higgs masses around 130 GeV(190 GeV). Figure 7 shows the ��2 pro�le versus mt for the standard �t (green band) andthe omplete �t (blue band). Also shown is the world average of the diret mt measurementsas well as the pole top mass derived from the inlusive tt ross setion (dots with error bars).Similar to the indiret MW determination, the results from the diret Higgs searhes allowto signi�antly inrease the preision of the indiret onstraint. The grey-shaded band showsthe onstraint on mt one would obtain for a hypothetial Higgs disovery at 120 GeV withnegligible error on MH . The preision of the indiret determination would reah 3:0 GeV.
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Figure 7: Indiret determination of the top quark pole mass: pro�le of ��2 versus mt for the omplete�t (blue shaded urve) and the standard �t (green shaded urve). In both �ts the diret mt measurement,indiated by the dot with 1� error bar, is not inluded. The widths of the bands indiate the size of theumulative theoretial unertainty in the �t. Also shown is the pole mass result inferred by D0 from themeasurement of the pp! tt+X ross setion [56℄ (square dot, see text). The grey shaded urve shows theonstraint one would obtain for a hypothetial Higgs disovery at 120 GeV (with negligible error on MH).� For the indiret determination of the e�etive weak mixing angle sin2�è� we ignore all mea-surements of observables that are related to sin2�è� (e.g. the asymmetry parameters), andinstead only use experimental results for mt, MW , m, mb, ��(5)had(M2Z) and �S(M2Z) (we usethe result of Eq. (3) for the latter parameter) and the diret Higgs searhes in the �t. Fromthis we obtain the SM preditionsin2�è� = 0:23148 � 0:00011 ; (5)whih is ompatible with and more preise than the experimental average diretly derivedfrom the asymmetry measurements at LEP and SLD: sin2�è� = 0:23153 � 0:00016 [39℄.Figure 8 shows the ��2 pro�le versus sin2�è� for the standard �t (green band) and theomplete �t (blue band). Also shown is the LEP/SLD average from the diret determination.Similar to the indiretMW andmt determinations, the results from the diret Higgs searhesallow to signi�antly inrease the preision of the indiret onstraint. The grey shaded bandshows the onstraint on sin2�è� one would obtain for a hypothetial Higgs disovery at120 GeV with negligible error on MH .� Two-dimensional 68%, 95% and 99% CL allowed regions obtained from sans of �ts with�xed variable pairs MW vs. MH are shown in Fig. 9. The allowed region obtained withoutthe MW measurement and the diret Higgs searhes (largest/blue) agrees with the worldaverage of the diret MW measurements (horizontal/green band). Inlusion of the MWmeasurements (narrow/purple) redues signi�antly the allowed ranges in MH highlighting
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Figure 8: Indiret determination of the e�etive weak mixing angle: pro�le of ��2 versus sin2�è� for theomplete �t (blue shaded urve) and the standard �t (green shaded urve). In both �ts all measurementswith a diret relationship to sin2�è� (e.g. the asymmetry parameters) are not inluded, and only themeasured or determined values of mt, MW , m, mb, ��(5)had(M2Z) and �S(M2Z) are used. The widths ofthe bands indiate the size of the umulative theoretial unertainty in the �t. The LEP/SLD average forsin2�è� as derived diretly from the asymmetry measurements is indiated by the dot with 1� error bar.The light shaded urve shows the onstraint one would obtain for a hypothetial Higgs disovery at 120 GeV(with negligible error on MH).again the importane of the MW measurements for an aurate MH determination. Afterthe inlusion of the diret Higgs searhes two separate small regions (narrowest/green) inthe parameter spae remain as a result of the prominent maximum around MH = 160GeVin Fig. 4 (bottom).� Two-dimensional 68%, 95% and 99% CL allowed regions obtained from sans of �ts with �xedvariable pairs MW vs. mt are shown in Fig. 10. The indiret determination (largest/blue)without the MW and mt measurements and without the diret Higgs searhes shows agree-ment with the diret MW and mt measurements (horizontal and vertial green bands). Theinlusion of the results of the diret Higgs searhes redues signi�antly the allowed region(narrow/yellow), whih is still in agreement with the diret results. For illustration, isolinesfor various values ofMH representing the SM predition in an indiative way are also shown.As these isolines do not inlude the theoretial unertainties (e.g. on MW ), the allowedregion of the �t inluding the diret Higgs searhes (narrow/yellow region) as shown in thisplot extend slightly into regions of MH values smaller than the strit exlusion bound fromLEP (MH < 114:4GeV). For the same reason the 2-dimensional region allowed from the �tis not split into two separate region as naively expeted from the Higgs boson mass limitsaround MH = 160 GeV.More results and plots for the global SM �t are available on the G�tter web site [67℄.
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3 Oblique CorrectionsA ommon approah to onstrain physis beyond the SM using the global eletroweak �t is throughthe formalism of oblique parameters.
3.1 Concept of oblique parametersProvided that the new physis mass sale is high, beyond the sale of diret prodution, and that itontributes only through virtual loops to the eletroweak preision observables, the dominant BSMe�ets an be parametrised by three gauge boson self-energy parameters named oblique parameters.In this setion we reall only the relevant parameter de�nitions. A more general introdution ofthe oblique formalism is given in the appendix, page 49.The literature fouses on two di�erent, but equivalent oblique parameter sets: "1;2;3 [68, 69℄ andS; T; U [6℄. Both sets are reparametrisations of the variables ��, �� and �r, whih absorb theradiative orretions to the total Z oupling strength, the e�etive weak mixing angle, and the Wmass, respetively. It is assumed that the new physis ontributing to the radiative orretionsis avour universal, while for the Z ! bb vertex, reeiving large top-quark orretions, an extraoblique parameter is introdued. In this analysis we implement the additional orretions to theZ ! bb oupling as desribed in Ref. [70℄. More parameters (X;Y; V;W ) are required if the saleof new physis is not muh larger than the weak sale [71, 72℄. They an only be independentlydetermined when inluding data at higher entre-of-mass energies than the Z pole, whih is notarried out in the present analysis, so that these additional parameters are set to zero.The "1;2;3 parameters [68, 69℄ inlude SM ontributions dominated by top quark and Higgs bosonorretions. By onstrution they vanish at Born level if the running of � is aounted for. Theirtypial size is hene of order �. They are de�ned by"1 = �� ; (6)"2 = os2�W��+ sin2�Gos2�W � sin2�G�r � 2 sin2�G��0 ; (7)"3 = os2�W��+ (os2�W � sin2�G)��0 ; (8)with 2 sin2�G = 1�q1�p8��(M2Z)=(GFM2Z) and where ��0 relates sin2�fe� to sin2�G instead ofsin2�W . The quadrati top mass dependene present in all form fators has been removed expliitlyfrom the parameters "2 and "3.In the de�nition of the S; T; U parameters [6℄ the predited SM ontributions are subtrated fromthe measured " parameters, so that the S; T; U vanish in the SM. Due to the dominant virtualtop quark and Higgs boson orretions, the subtrated SM terms depend on MH and mt, whihtake �xed referene values. Thus, by onstrution, the S; T; U parameters depend on a (somewhatarbitrary) SM referene point, while the physially relevant di�erene between the experimentalS; T; U parameters and a model predition is independent of the referene. The S; T; U parameterare normalised so that the expeted BSM ontributions are of order O(1). The so subtrated and



3.1 Concept of oblique parameters 17normalised parameters are related to the " parameters byS = +"3 4 sin2�G�(M2Z) � dS ; (9)T = "1 1�(M2Z) � dT ; (10)U = �"2 4 sin2�G�(M2Z) � dU ; (11)where di are the SM preditions for the hosen MH and mt referene. Throughout this paper weuse the referene valuesMH;ref = 120 GeV and mt;ref = 173 GeV that are hosen to agree with theexperimental onstraints.Physis beyond the SM an also ontribute to the Z ! bb vertex, whih reeives signi�ant topquark orretions in the SM. Following Ref. [70℄ these additional vertex orretions are implementedvia two new parameters, ÆgbbL and ÆgbbR . These parameters are set to zero in the �ts determiningthe experimental values of the S; T; U parameters. The parameters are inluded for new physismodels that signi�antly ontribute to the Z ! bb vertex, whih, for the models studied in thispaper, is only the ase for the Littlest Higgs model (f. Setion 4.4).The advantage of the S; T; U parametrisation lies in the onveniene with whih it permits toompare model preditions with the eletroweak data. It is therefore adopted in most parts of thispaper. For a given model, the predition of any eletroweak observable O is given byO = OSM;ref(MH;ref ;mt;ref) + SS + TT + UU ; (12)where OSM;ref(MH;ref ;mt;ref) is the SM predition of the observable in the referene SM, inludingall known two-loop and beyond two-loop eletroweak orretions. The linear terms (SS, TT ,UU) parametrise the additional ontribution from the BSM model. The oeÆients S ; T ; U areavailable in the literature for the full set of eletroweak preision observables. This report usesthe values from Ref. [73℄. The preise measurements of the eletroweak observables thus allow toonstrain S; T; U , and hene parameters of spei� BSM physis models whose ontributions tothe oblique parameters have been alulated.The BSM e�ets on the S; T; U parameters an be summarised as follows.� The T parameter measures the di�erene between the new physis ontributions of neutraland harged urrent proesses at low energies, i.e. it is sensitive to weak isospin violation. T("1) is proportional to ��.� The S (S + U) parameter desribes new physis ontributions to neutral (harged) urrentproesses at di�erent energy sales. The S parameter ("3) takes the remaining part of ��,whih is then free from quadrati top quark ontributions due to weak-isospin breaking.� The third parameter, U , is only onstrained by theW boson mass and width. U ("2) desribesthe remaining orretions to �r and is predited to be small in most new physis models.Updated experimental results for the oblique parameters as obtained from the global eletroweak�t are given in the following setion. Similar studies have been performed by the LEP EletroweakWorking Group [3℄ and for the eletroweak review of the Partile Data Group [4℄.
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3.2 Experimental constraints on the oblique parametersThe S; T; U parameters are determined from the �t by omparing the measured eletroweakpreision observables with the respetive theory preditions of Eq. (12). Exept for the �xedMH;ref and mt;ref all other SM �t parameters, inluding S, T and U , are free to vary in the �t (f.bold quantities in Table 1). After �t onvergene we �ndS = 0:03 � 0:10 ; T = 0:05� 0:12 ; U = 0:07 � 0:11 ; (13)and linear orrelation oeÆients of +0:89 between S and T , and �0:49 (�0:72) between S and U(T and U). Some BSM models predit a vanishing or negligible ontribution to U , whih allowsto stronger onstrain the remaining parameters. Fixing U = 0 we obtainSjU=0 = 0:06 � 0:09; T jU=0 = 0:10 � 0:08; (14)with a orrelation oeÆient of +0:89. The improved preision on S and T stems from the infor-mation of MW and �W , whih otherwise is absorbed to determine the U parameter.As all the experimental S; T; U values are ompatible with zero, the data are in agreement withour hosen SM referene. Figures 11 and 12 show by the orange ellipses the 68%, 95% and 99%on�dene level (CL) allowed regions in the (S; T ), (S;U) and (U; T ) planes. Figure 11 also givesthe tighter onstraints found when �xing U = 0 (blue ellipses). The upper panel displays for U = 0the individual onstraints from the asymmetry measurements, Z partial and total widths, and Wmass and width. Leaving U free would leave the former two onstraints approximately unhanged,while the W mass and width would then onstrain U rather than S or T . Also shown on all plotsis the SM predition for varying MH and mt values (ranges given on plots). By onstrution, theSM predition reprodues S = T = U = 0 at the SMref benh mark. While the variations ofS; T; U within the urrent mt unertainty is small, MH values larger than the eletroweak salelead to larger (smaller) values of S (T ). The U parameter exhibits only a small dependene onMH , justifying the hoie U = 0 for the SM interpretation. All experimentally allowed ellipsesshow ompatibility with the SM preditions for a light Higgs boson, reeting the satisfatorygoodness-of-�t obtained in the SM �t (f. Setion 2.2).15Many BSM models feature a similar agreement with the data as observed for the SM. The predi-tions of these models an over large regions in the (S; T; U) spae due to additional undeterminedmodel parameters, whih in turn an be onstrained via the oblique parameter formalism fromthe data. Most (though not all) models deouple at high sales from the SM so that the obliqueorretions reprodue the SM values. We will see in the following that models providing additionalweak isospin violation an readily aommodate large Higgs boson masses, whose negative T valuesare ompensated by the model-indued positive ontributions.
4 Constraints on New Physics ModelsWe proeed the analysis with onfronting the S; T; U parameters determined in the previous se-tion with preditions from SM extensions. For a given new physis model, the S; T; U preditions15Had we determined MH by onfronting experimental and predited oblique parameters, we would reprodueFig. 4 up to deviations due to the higher order and non-oblique orretions present in the standard eletroweak �t.
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Figure 11: Experimental onstraints on the S, T parameters with respet to the SM referene represented byMH;ref = 120 GeV,mt;ref = 173 GeV and the orresponding best �t values for the remaining SM parameters.Shown are the 68%, 95% and 99% CL allowed regions with the U parameter �xed to zero (blue ellipses ontop and bottom panels) or let free to vary in the �t (orange ellipses on bottom panel). The top plot alsoshows for U = 0 the individual onstraints from the asymmetry measurements (yellow), the Z partial andtotal widths (green), and the W mass and width (orange). The narrow dark grey bands illustrate the SMpredition for varying MH and mt values (see �gures for the ranges used).



4 Constraints on New Physics Models 20

S

-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

U

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

68%, 95%, 99% CL fit contours
=173 GeV, T free)

t
=120 GeV, m

H
(M

 GeV[173, 1000 ]
[114, 158 ] ∈ HM

 1.1 GeV± = 173.3tm

HM

U

-0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

T

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

68%, 95%, 99% CL fit contours
=173 GeV, S free)

t
=120 GeV, m

H
(M

 GeV[173, 1000 ]
[114, 158 ] ∈ HM

 1.1 GeV± = 173.3tm

HM

Figure 12: Experimental onstraints on the S, U (left) and U , T parameters (right) with respet to theSM referene represented by MH;ref = 120 GeV, mt;ref = 173 GeV and the orresponding best �t valuesfor the remaining SM parameters. Shown are the 68%, 95% and 99% CL allowed regions, where the thirdparameter is left unonstrained. The narrow dark grey bands illustrate the SM predition for varying MHand mt values (see �gures for the ranges used).onsist of the sum of the BSM ontributions and the non-vanishing SM remainders when the MHand mt values di�er from those used for the SM referene. Numerous oblique parameter analyseshave been performed in the past, usually following two separate steps: (i) the determination ofthe S; T; U parameters by groups performing the eletroweak �t, and (ii) BSM studies using theseS; T; U values in independent analyses. When �tting the BSM model parameters together withthe top quark and Higgs boson masses, the dependene of S; T; U on the latter two parameters isthen usually approximated by the one-loop terms [6℄S � 112� ln M2HM2H;ref + 16� ln m2tm2t;ref ; (15)T � � 316� os2�W ln M2HM2H;ref + 316� sin2�W os2�W lnm2t �m2t;refm2Z ; (16)U � 12� ln m2tm2t;ref : (17)The mt dependene is often negleted. The G�tter software allows us to study the dependeneof the oblique orretions on the BSM model parameters and the SM parameters (MH and mt)taking into aount the full two-loop and beyond-two-loop orretions of the SM.In this setion we revisit published S; T; U preditions for several prominent BSM models andprovide BSM onstraints derived with onsistent eletroweak data (as used in Set. 2 for thestandard �t), SM referene point and statistial proedure. At the beginning of eah subsetionwe provide a brief outline of the main model features and reall the available experimental searhresults. None of the diret searhes is used to onstrain the S; T; U preditions or new physisparameter �ts.



4.1 Models with a sequential fourth fermion generation 21

4.1 Models with a sequential fourth fermion generationThe fermion setor of the SM is omposed of three generations of leptons and quarks. Several SMextensions suggest extra families of matter partiles, whih { with the dawn of the LHC { havereeived inreased attention in the theoretial literature. As the new fermions would obtain theirmasses via Yukawa ouplings to the Higgs ondensate they must be of order the eletroweak saleand hene should be experimentally aessible. The phenomenologial onsequenes of a fourthgeneration on the avour setor of neutrinos, harged leptons and quarks have been extensivelyexplored (f., e.g., Refs. [74{85℄ and the review [86℄). The impat on eletroweak preision data atthe Z-pole and on Higgs physis has been studied in Refs. [80, 87{93℄. For the present analysis,we use the oblique orretions omputed in Ref. [89℄.In a generi model with only one extra generation, two new fermions ( 1;  2), with one left-handedweak isospin doublet  L = ( 1;  2)L and two right-handed weak isospin singlet states  1;R,  2;R,and with harges equal to the three SM generations, are added to eah of the quark and leptonsetors. The new unonstrained model parameters are the masses mu4 , md4 , m�4 , me4 of the fourthgeneration quarks and leptons, and CP -onserving and CP -violating neutrino and quark mixingparameters. The fourth generation neutrino must have a mass of at least MZ=2 to not ontributeto the invisible width of the Z.The most stringent experimental lower limits on sequential heavy fourth generation quarks (SM4)stem from CMS [94℄, exluding d4 masses between 255 and 361 GeV, and from the Tevatronexperiments where the newest analyses from CDF exlude u4 quarks below 358 GeV and d4 quarksbelow 372 GeV [95, 96℄. The u4 searhes assume predominant deays intoW boson and SM quarks,requiring a small u4{d4 mass splitting to inhibit the deay u4 ! Wd4. The CMS and Tevatrond4 searhes assume a d4 ! Wt branhing fration of one on the basis of the observed unitarityof the three-generation CKM quark mixing matrix suggesting small avour-hanging urrents tolight quarks. This also neglets the possibility of an inverted fourth generation mass hierarhy.The CDF limits have been reanalysed in Refs. [97, 98℄ under more general SM4 and CKM4 quarkmixing senarios, leading to a weaker limit of 290 GeV for both quark avours. Fourth generationleptons have been best onstrained at LEP with a lower limit of about 101 GeV for sequentialheavy leptons deaying to W� and Z`, or to W` and Z�, depending on their eletromagnetiharge [99℄.Assuming negligible mixing of the extra fermions with the SM fermions,16 the one-loop fermioni16A detailed numerial SM4 analysis [80℄ taking into aount low-energy FCNC proesses in the quark setor,eletroweak oblique orretions, and lepton deays (but not lepton mixing) onludes that small mixing between thequarks of the �rst three and those of the fourth family is favoured. The value of jVtbj is found in this analysis toexeed 0.93. The no-mixing assumption allows us to use the measured value of GF , extrated from the muon lifetimeunder the SM3 hypothesis, to its full preision [84℄.



4.1 Models with a sequential fourth fermion generation 22ontributions of a sequential fourth generation to the oblique orretions are given by [89℄S = NC6� �(8Y + 6)x1 � (8Y � 6)x2 � 2Y ln x1x2+ ��32 + 2Y �x1 + Y �G(x1) + ��32 � 2Y �x2 � Y �G(x2)� ; (18)T = NC8�s2W 2W F (x1; x2) ; (19)U = �NC2� �12(x1 + x2)� 13(x1 � x2)2 + �16(x1 � x2)3 � 12 x21 + x22x1 � x2 � ln x1x2+ 16(x1 � 1)f(x1; x1) + 16(x2 � 1)f(x2; x2)+ �13 � 16(x1 + x2)� 16(x1 � x2)2� f(x1; x2)� ; (20)where Y = 1=6 (�1=2) is the weak hyperharge for quarks (leptons), NC = 3 (1) for quarks (lep-tons), xi = (mi4=MZ)2 with i = 1; 2 for the up-type and down-type fourth generation fermions,respetively.17In the limit of large and degenerate up and down-type fermion masses, the S parameter in Eq. (18)redues to 2=(3�) ' 0:21, exhibiting the non-deoupling property of fourth generation models.Small fourth generation quark and lepton masses lead to larger positive S values that, with in-reasing up>down mass splitting derease (inrease) for quarks (leptons). Negative ontributionsto S are possible for a heavier up-type than down-type quark, or for a heavier harged lepton thanneutrino (e.g., for m�4 = 400 GeV and me4 = 660 GeV one has �S` ' �0).The T parameter (19), sensitive to weak isospin violation, is always positive or zero, owing toF (x1; x2) � 0, 8x1; x2 > 0. In ase of approximate mass degeneray, T is proportional to thedi�erene between up and down-type mass-squared relative to M2Z .The U parameter (20) is positively de�ned and vanishes for degenerate fourth generation up-typeand down-type fermion masses. For freely varying masses within the range [100; 1000℄ GeV, themaximum value, obtained at maximum mass splitting, reads: U ' 0:49q + 0:16` ' 0:66.Figure 13 shows the experimental �t result in the (S; T ) plane for free U together with the preditionfrom a fourth fermion generation with vanishing mixing. The markers indiate speial modelsettings orresponding to the �xed masses m�4 = 120 GeV, me4 = 200 GeV, md4 = 400 GeV,and various hoies for mu4 and MH .18 The T parameter grows with the amount of the up and17 The funtions in Eqs. (18{20) are de�ned as follows. F (x1; x2) = (x1 + x2)=2 � x1x2=(x1 � x2) � ln(x1=x2),G(x) = �4y artan(1=y), y = p4x� 1, and f(x1; x2) = �2p�[artan((x1�x2+1)=p�)�artan((x1�x2�1)=p�)℄for � > 0, f(x1; x2) = 0 for � = 0, and f(x1; x2) = p�� � ln((X +p��)=(X �p��)) with X = x1 + x2 � 1 for� < 0, and where � = 2(x1 + x2)� (x1 � x2)2 � 1.18Ignoring avour mixing between the fourth and the SM generations, it was found in Ref. [100℄ that absolutevauum stability of the running Higgs self oupling approximately requires the mass hierarhy MH & mu4 . Thisstrong lower bound on the Higgs boson mass may possibly be weakened by looser stability requirements. For example,in SM3 the absolute stability lower bound on MH is signi�antly redued by allowing the minimum potential to bemetastable with �nite probability not to have tunnelled into another, deeper minimum during the lifetime of theuniverse [101, 102℄. In the following disussion we will ignore the stability bound on MH .
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4.2 Two-Higgs Doublet Model 24

 [GeV]
4

d - m
4um

-100 -50 0 50 100

 [G
eV

]
4l

 -
 m

4ν
m

-200

-150

-100

-50

0

50

100

150

200
Sequential Fourth Fermion Generation

68%, 95%, 99% CL fit contours (allowed)

=120 GeVHM

 [GeV]
4

d - m
4um

-100 -50 0 50 100

 [G
eV

]
4l

 -
 m

4ν
m

-200

-150

-100

-50

0

50

100

150

200
Sequential Fourth Fermion Generation

68%, 95%, 99% CL fit contours (allowed)

=350 GeVHM

 [GeV]
4

d - m
4um

-100 -50 0 50 100

 [G
eV

]
4l

 -
 m

4ν
m

-200

-150

-100

-50

0

50

100

150

200
Sequential Fourth Fermion Generation

68%, 95%, 99% CL fit contours (allowed)

=600 GeVHM

 [GeV]
4

d - m
4um

-100 -50 0 50 100

 [G
eV

]
4l

 -
 m

4ν
m

-200

-150

-100

-50

0

50

100

150

200
Sequential Fourth Fermion Generation

68%, 95%, 99% CL fit contours (allowed)

=900 GeVHM

Figure 14: Constraints in a model with a fourth fermion generation. Shown are the 68%, 95% and99% CL allowed �t ountours in the (mu4 � md4 ;ml4 � m�4) plane as derived from the �t for MH =120; 350; 600; 900 GeV (top left to bottom right).hosen to esape the exluded MH region.
4.2 Two-Higgs Doublet ModelTwo-Higgs doublet models (2HDM) [104℄ are simple extensions to the SM Higgs setor, whihintrodue one additional SU(2)L � U(1)Y Higgs doublet with hyperharge Y = 1. Two Higgsdoublets lead to �ve physial Higgs boson states of whih three, h0, H0, A0, are eletriallyneutral and the two remaining ones, H�, are eletrially harged. Of the neutral states, h0 andH0 are salars and A0 is pseudosalar. The free parameters of the 2HDM are the Higgs bosonmasses Mh0 , MH0 , MA0 and MH� , the ratio of the vauum expetation values of the two Higgsdoublets, tan� = v2=v1, ourring in the mixing of harged and neutral Higgs �elds, and the angle� governing the mixing of the neutral CP -even Higgs �elds. In the most general 2HDM tan� and,hene, the orresponding Higgs ouplings and mass matrix elements depend on the hoie of basisfor the Higgs �elds [105, 106℄.Models with two Higgs doublets intrinsially ful�l the empirial equality M2W � M2Z os2 �W .They also inrease the maximum allowed mass of the lightest neutral Higgs boson for eletroweakbaryogenesis senarios to values not yet exluded by LEP (see e.g., Ref. [107℄) and they allow for



4.2 Two-Higgs Doublet Model 25CP violation in the Higgs setor. Flavour hanging neutral urrents an be suppressed with anappropriate hoie of the Higgs-to-fermion ouplings (see e.g., Ref. [95, 108℄). For example, in theType-I 2HDM this is ahieved by letting only one Higgs doublet ouple to the fermion setor. Inthe Type-II 2HDM [109℄ one Higgs doublet ouples to the up-type quarks and leptons only, whilethe other one ouples to the down-type fermions. The Type-II 2HDM resembles the Higgs setor ofthe Minimal Supersymmetri Standard Model. It �xes the basis of the Higgs �elds and promotestan� to a physial parameter.Our previous analysis of the Type-II 2HDM extension [2℄ was restrited to the CP onserving2HDM salar potential, and only inluded observables sensitive to orretions from the exhangeof a harged Higgs boson. The most onstraining of these observables involve rare radiative orleptoni deays of B and K mesons, where the harged urrent mediated by the W is replaedby a harged Higgs. The ombination of the onstraints obtained exludes the high-tan�, low-MH� region spared by the B ! �� onstraint, and leads to a 95% CL harged-Higgs exlusionbelow 240 GeV, irrespetive of the value of tan�. This limit inreases towards larger tan�, e.g.,MH� < 780 GeV are exluded for tan� = 70 at 95% CL. A similar analysis, whih also inludesneutral B0 meson mixing, has been reported in Ref. [110℄. There, a tan� independent 95% CLlower limit of 316 GeV was ahieved.Diret searhes for the harged Higgs within the Type-II 2HDM have been performed by the LEPollaborations. The main limitations were bakground from diboson prodution and the kinematilimitation on the prodution ross setion [111{114℄. The ombined limit determined by the LEPHiggs Working Group is MH� > 78:6 GeV [115℄.For the study of the 2HDM oblique orretions the type distintion between the models is irrelevantas they are de�ned aording to the Yukawa ouplings, whih do not enter the oblique orretionsat one-loop order. For the predition of the S; T; U parameters we use the formulas of Refs. [116{118℄19.S = 1�M2Z� sin2(� � �)B22(M2Z ;M2H0 ;M2A0)�B22(M2Z ;M2H� ;M2H�)+ os2(� � �)�B22(M2Z ;M2h0 ;M2A0) + B22(M2Z ;M2Z ;M2H0)� B22(M2Z ;M2Z ;M2h0)�M2ZB0(M2Z ;M2Z ;M2H0) +M2ZB0(M2Z ;M2Z ;M2h0)�� ; (21)T = 116�M2W sin2 �W �F (M2H� ;M2A0) + sin2(� � �)�F (M2H� ;M2H0)� F (M2A0 ;M2H0)�+ os2(� � �)�F (M2H� ;M2h0)� F (M2A0 ;M2h0) + F (M2W ;M2H0)� F (M2W ;M2h0) (22)�F (M2Z ;M2H0) + F (M2Z ;M2h0) + 4M2ZB0(M2Z ;M2H0 ;M2h0)� 4M2WB0(M2W ;M2H0 ;M2h0)�� ;19The funtions de�ned in Eqs. (21{23) are de�ned as follows. B22(q2;m21;m22) = q2=24f2 ln q2 + ln(x1x2) +[(x1 � x2)3 � 3(x21 � x22) + 3(x1 � x2)℄ ln(x1=x2) � �2(x1 � x2)2 � 8(x1 + x2) + 10=3� � [(x1 � x2)2 � 2(x1 + x2) +1℄f(x1; x2) � 6F (x1; x2)g m1=m2) q2=24 �2 ln q2 + 2 lnx1 + (16x1 � 10=3) + (4x1 � 1)G(x1)�, where xi � m2i =q2,B0(q2; m21;m22) = 1+1=2 [(x1 + x2)=(x1 � x2)� (x1 � x2)℄ ln(x1=x2)+1=2f(x1; x2) m1=m2) 2� 2y artan(1=y); y =p4x1 � 1, B0(m21;m22;m23) = (m21 lnm21 �m23 lnm23)=(m21 �m23) � (m21 lnm21 �m22 lnm22)=(m21 �m22) [89℄, see alsoFootnote 17 on page 22.
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Figure 16: Constraints in the 2HDM. Top panels: 68%, 95%, and 99% CL allowed �t ontours in the(Mh0 ;MH�) plane as derived from the �t for MH0 = 300; 450; 600GeV and MA0 = 300; 600; 900GeV and� � � = �2 (left), and for MH0 = 800 GeV, MA0 = 800 GeV, and � � � = �2 ; 2�3 ; 3�4 , respetively (right).Bottom panels: 68%, 95%, and 99% CL allowed �t ontours in the (MH0 ;MA0) plane for ��� = �2 as derivedfrom the �t for Mh0 = 120GeV andMH0 = 250; 500; 750GeV (left), and for Mh0 = 120; 250; 500GeV andMH� = 590; 570; 550GeV, respetively (right).Further 2HDM parameter on�gurations that are allowed by the eletroweak data are shown inFig. 16. For �xedMH0 , MA0 , and ���, only two small bands ofMH� are allowed, namely massesvery similar to either MH0 or MA0 , whereas Mh0 annot be onstrained (see Fig 16 (top left))other than being the lightest Higgs boson. Towards loser MH0 and MA0 degeneray the allowedbands for MH� beome broader. The widths of the bands also depend on the error of mt andother relevant eletroweak parameters. Varying ��� (see Fig 16 (top right)) alters the prefereneof the harged Higgs to adopt similar values as MH0 and MA0 slightly, preserving small bands ofallowed masses for MH� but yielding an overall wider range of masses.Figure 16 (bottom left) shows the (MH0 ;MA0)-plane for �xedMh0 = 120 GeV and �xed ��� = �=2and varyingMH� . Here, too, one noties that, for eitherMH0 or MA0 , similar values ompared toMH� are preferred, while the other mass is hardly onstrained. This almost independent behaviourof MH0 and MA0 hanges slightly for heavier Mh0 values, as illustrated in Fig. 16 (bottom right).The larger Mh0 , the less freedom have MH0 and MA0 to adopt any value, whilst the other massis �xed to a similar value of MH� . In these plots, the same values for Mh0 and MH� have



4.3 Inert-Higgs Doublet Model 28been hosen as in Fig. 15. The allowed �t ontours learly overlap for the above seleted values ofMH0 = 600GeV andMA0 = 900GeV, indiating the ompatibility of all three model on�gurationswith the eletroweak preision data.Although the oblique parameter �ts do not allow to determine any of the free 2HDM parametersindependently of the values of the other parameters, the eletroweak preision onstraints willbeome relevant in ase of a disovery or the setting of signi�ant 2HDM Higgs boson exlusionlimits at the LHC.
4.3 Inert-Higgs Doublet ModelThe inert-Higgs doublet model (IHDM) has reently been re-introdued [119℄ (see the originalpaper [120℄) with the aim to aommodate a heavy Higgs boson of mass between 400 and 600GeVthat would lift the divergene of the Higgs radiative orretions beyond the TeV sale, where newphysis is supposed to render the theory natural and the Higgs quarti oupling perturbative. Torespet the onstraints from the eletroweak preision data, a seond inert Higgs doublet, H2, isintrodued. Although H2 has weak and quarti interations just as in the ordinary 2HDM, it doesnot aquire a vauum expetation value (its minimum is at (0,0)), nor has it any other ouplings tomatter. The IHDM therefore belongs to the lass of Type-I 2HDMs. The H2 doublet transformsodd under a novel unbroken parity symmetry, Z2, while all the SM �elds have even Z2 parity. Asa onsequene, the lightest inert salar (LIP) is stable and a suitable dark matter andidate. Toesape detetion it should be eletrially neutral. The literature distinguishes three di�erent LIPmass regions [119, 121{128℄, low mass (few GeV), intermediate mass (40{160 GeV), and high mass(above 500 GeV), a onvention that we follow in the present analysis.Besides the SM-like Higgs, h0, the remaining degree of freedom of the mass giving doublet H1, theinert doublet H2 enrihes the salar setor by two harged Higgs states of equal mass, H�, and twoneutral ones, H0, A0, where the lightest neutral state, whih ould be either H0 or A0, is typiallyassumed to be the LIP. The parameters of the extended setor are the three Higgs masses, MH� ,MH0 , MA0 , and two quarti ouplings. One of the quarti ouplings only a�ets the inert partileswhile the other one, involving both Higgs doublets, a�ets measurable observables [119℄.The oblique orretions indued by the IHDM have been omputed in Ref. [119℄. They readS = 12� �16 ln M2H0M2H� � 536 + M2H0M2A03(M2A0 �M2H0)2 + M4A0(M2A0 � 3M2H0)6(M2A0 �M2H0)3 ln M2A0M2H0� (24)T = 132�2�v2�F (MH� ;MH0) + F (MH� ;MA0)� F (MA0 ;MH0)� ; (25)where F (m1;m2) = (m21 +m22)=2 � m21m22=(m21 � m22) � ln(m21=m22). The funtion F is positive,symmetri with respet to an interhange of its arguments, and it vanishes for m1 = m2. For ap-proximate H0, A0 mass degeneray one �nds T / (MH��MH0)(MH��MA0) [119℄. Contributionsto the U oblique parameter are negleted.The IHDM preditions for S and T are shown in Fig. 17. The solid irle, square and trian-gle indiate oblique orretions for three representative H2 mass parameter settings. The lightshaded (green) area depits the allowed region found for freely varying masses within the bounds:
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4.4 Littlest Higgs model with T-parity conservationAn approah to realising a naturally light Higgs boson and takle the SM hierarhy problem aremodels in whih the Higgs boson is a bound state of more fundamental onstituents interating via anew strong fore [129{132℄. Analogous to the pions in QCD, the Higgs is a pseudo-Goldstone bosonin these models, generated by the spontaneous breaking of a global symmetry of the new stronginteration. However, in these models the little hierarhy between the symmetry breaking sale fand the eletroweak sale annot be realised without �ne tuning. The new mehanism to stabilisethe little hierarhy is olletive symmetry breaking [133℄ of several global symmetries. Under eahsymmetry alone the Higgs is a Goldstone boson. However, the symmetries are only approximate;
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Figure 18: Constraints in the inert-Higgs doublet model. Shown are the 68%, 95%, and 99% CL allowed�t ontours in the (MA0 �MH0 ; MH0) (left) and (MH0 ; Mh0) (right) planes for the ranges of the otherparameters given on the plots.they are broken expliitly by gauge, Yukawa and salar ouplings. Quadratially divergent Higgsmass orretions an only our if the symmetries are broken at multi-loop level, featuring a lightpseudo-Goldstone boson, denoted little Higgs [134℄. A ommon feature of little Higgs theories is anew global symmetry broken at a sale f � 1 TeV where new gauge bosons, fermions and salarsexist that anel the one-loop quadrati divergenes of MH in the SM. Evidene for the existeneof these states an be searhed for diretly at high-energy olliders and indiretly by exploitingtheir orretions to preisely measured observables suh as the eletroweak data.The littlest Higgs (LH) model [135℄ is among the simplest little Higgs realisations with a minimalpartile ontent. It is based on a non-linear 1� model desribing SU(5)=SO(5) symmetry breakingat a sale f of order TeV. The partile spetrum below this sale onsists of the SM states and alight Higgs boson, while at the TeV sale a few new states are introdued. At an energy ut-o�� = 4�f � 10 TeV the non-linear 1� model beomes strongly oupled and the LH model needsto be replaed by a more fundamental theory. The originally proposed littlest Higgs models werefound to provide large orretions to the preision eletroweak observables, mainly due to theallowed tree-level exhange of the new heavy gauge bosons [72, 136{140℄. These problems weresolved with the introdution of a onserved disrete symmetry, alled T-parity [141, 142℄, featuringT -odd partners for all (T -even) SM partiles, and a lightest T -odd partile that is stable.20 As aresult tree-level ontributions of the heavy gauge bosons to the eletroweak preision observablesare suppressed and orretions arise only at loop level.The study presented here follows the analysis of Ref. [144℄, where the dominant oblique orretionsin the LH model with T -parity [142℄ were alulated together with the Zbb vertex orretion fromthe top setor. The largest oblique orretions result from one-loop diagrams of a new T -even topstate T+ whih mixes with the SM top quark. In the limit mt � mT+ these orretions are given20It has been shown [143℄ that the T -odd partner of the hyperharge gauge boson (the heavy photon) an give riseto the observed reli density of the universe.



4.4 Littlest Higgs model with T-parity conservation 31by [144℄ ST+ = 13� � 1s2� � 1� m2tm2T+  �52 + lnm2T+m2t ! ; (26)TT+ = 38� 1sin2�W os2�W � 1s2� � 1� m4tm2T+M2Z  lnm2T+m2t � 32 + 12s2�! ; (27)UT+ = 56� � 1s2� � 1� m2tm2T+ ; (28)and mT+ = mts 1s2� �1� s2�� � fv ; (29)where v is the Higgs vauum expetation value and f the symmetry breaking sale. The parameters� is approximately the mass ratio of the new T -odd and T -even top states, s� � mT�=mT+ ,21whih is restrited by the model to be smaller than one. The T parameter dominates over S and Uby a fator of � m2t =(sin2�W os2�WM2Z) � 20. Similar to the other new physis models disussedin this paper, the ontribution to the T parameter from T+ loops in the LH model is positive andan thus anel a negative SM orretion due to a large MH .The oblique orretions (26{28) vanish when t{T+ mixing is suppressed (i.e. for small values of1=s2� � 1). In this ase additional ontributions to the T parameter arising from the gauge setorare non-negligible. They are given by [144℄22Tgauge = � 14� sin2�W v2f2 �Æ + 94 ln 2�vMW � ; (30)where v is the SM vauum expetation value at the eletroweak sale, f is the O(TeV) symmetrybreaking sale, and Æ is a oeÆient of order one whose exat value depends on the details of theunknown UV physis [144℄.23The ontribution to the T oblique parameter from the T -odd partners of the light SM fermionswas found to inrease with the masses of the partners [144℄. From LEP onstraints on four-fermion ontat interation (the ddee hannel providing the most stringent lower bound on theontat interation sale �), an upper bound on these masses an be derived leading to a maximumontribution to the T parameter of [144℄TT -odd fermions < 0:05 ; (31)for eah T -odd fermion partner of the twelve SM fermion doublets.21The parameter s� is de�ned by s� = �2=p�21 + �22, where �1 and �2 are the Yukawa ouplings of the new topstates.22A di�erent result for the gauge setor ontribution has been published in Ref. [145℄, where the logarithmi termis found to anel. We thank Masaki Asano for pointing that out to us. The numerial e�et of this orretion isontained within the theoretial unertainty of �5 assigned to the Æ oeÆient.23The Æ parameter is treated as theory unertainty varying in the range [�5; 5℄ in the �t.
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Figure 20: Constraints in the littlest Higgs model with T -parity onservation. Shown are the 68%, 95%,and 99% CL allowed �t ontours in the (s�; f) plane. The largest/green allowed regions are the results ofa �t negleting ontributions from the T -odd partners of the light fermions to the T oblique parameter.In the narrowest/blue allowed regions the T -odd fermion ontribution is onsidered to have the maximalsize onsistent with the bound from four-fermion ontat interation (31). In both ases MH = 120 GeV isassumed.are shown. In that ase, the allowed values for the breaking sale f are largely redued.
4.5 Models with large extra dimensionsModels with large at extra spatial dimensions (ADD) [146, 147℄ of ompat size up to mironsprovide a possible solution to the hierarhy problem by reduing the size of the non-fundamentalPlank sale, MD, lose to that of the (fundamental) eletroweak sale. In these models onlygravity propagates into the extra dimensions (the bulk), while the SM �elds are on�ned in thefour-dimensional spae-time where the gravitational ux is diluted. The larger the number of extradimensions, Æ, the larger the amount of the dilution. Reduing the 4+Æ dimensional Plank sale toTeV size requires at least Æ = 2, where the size of the extra dimension would be of order 100�m. ForÆ > 2 the required size would be 10�7 m or less. A diret searh for a violation of the Newtonianinverse-square law sets a 95% CL upper bound of R � 44�m on the size of the largest extradimension [148℄, where R is the radius of an extra dimension that is ompati�ed on a torus. ForÆ = 2 the above result on R is slightly tighter giving the lower bound MD > 3:6TeV [149℄. Underertain model assumptions there exist strong astrophysial onstraints on large extra dimensions,exluding Plank sales of up to MD > 1700 (60)TeV for Æ = 2 (3) [150℄.Gravitons propagating in the ompat extra dimensions exhibit towers of Kaluza-Klein (KK)exitations with masses that are multiples of �R�1. Due to the smallness of R�1, the massspetrum is quasi-ontinuous and annot be resolved in an aelerator experiment. In spite of
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Figure 21: Constraints in the littlest Higgs model with T -parity onservation. Shown are the 68%, 95%,and 99% CL allowed �t ontours in the (MH ; f) plane for �xed s� values of 0.45, 0.55, 0.65 and 0.75 (topleft to bottom right) when negleting the e�ets from the T -odd fermions (green), and when using thebound (31) (blue, only shown for s� =0.45 and 0.55).the small gravitational oupling of eah individual KK graviton to the SM partiles, detetablesattering ross setions are ahieved by summing over the large number of KK graviton states ina tower. However, this sum is ultraviolet divergent requiring a ut-o� and the modelling of theultraviolet ompletion. The ut-o� sale � is related, but not neessarily equal toMD [151{154℄. Itshould, however, not be hosen muh larger thanMD due to the unknown ultraviolet physis. Naivedimensional analysis, for example, sets upper limits at whih gravity beomes strongly interatingof �=MD ' 5:4 (2:7) for Æ = 1 (2), and further dereasing limits for rising Æ [154, 155℄.Diret aelerator-based searhes for large extra dimensions have been arried out at LEP, theTevatron and LHC (see e.g. the review [156℄). The LEP experiments have searhed for diretgraviton prodution and for virtual e�ets in fermion pair and diboson prodution, leading to MDexlusion limits between 1.6 TeV for Æ = 2 and 0.66 TeV for Æ = 6. See Ref. [157℄ for a review ofthe LEP results. The Tevatron experiments have searhed for large extra dimensions in dieletron,diphoton, monojet and monophoton hannels (see [156℄ and referenes therein). These searheslead to MD exlusion limits exeeding the LEP bounds for Æ � 4 [156℄. By searhing for deviationsin the diphoton invariant mass spetrum, CMS sets limits exluding MD values lower than 1:6{2:3TeV at 95% CL, depending on the number of extra dimensions and on the ultraviolet ut-o�



4.6 Models with universal extra dimensions 35presription used [158℄. In a reent analysis of the monojet hannel ATLAS exludes MD valuessmaller than 2:3TeV, 2:0TeV and 1:8TeV for Æ = 2, Æ = 3 and Æ = 4, respetively [159℄.For the implementation of the eletroweak preision onstraints on large extra dimensions wefollow Ref. [155℄. The graviton orretions to the eletroweak preision observables sale likeM2Z�Æ=M2+ÆD and thus derease with Æ in the better ontrolled region � < MD, while inreasingwith Æ for � > MD. Graviton loop e�ets have been omputed in Ref. [155℄ for a simplifyingombination of " oblique parameters in whih only the vauum polarisation orretion di�erenebetween W and Z loops appears " = "1 � "2 � "3 � tan2�W : (33)Using Eqs. (78) (appendix) this ombination an be readily transformed into S; T; U parametersgiving " = �(M2Z)(T+U=(4 sin2�W )�S=(4 os2�W )). For the experimental value atMH = 120GeV(MH = 600GeV) we �nd " = (8:8 � 6:1) � 10�4 (" = (25:4 � 6:1) � 10�4). In the limit of heavygraviton states and by hoosing the renormalisation sale equal to � and utting o� the KK towerat n < R � �, the graviton loop gives [155℄Æ" ' sin2�W M2ZM2D � �MD�Æ 5(8 + 5Æ)48 �(2 + Æ=2)�2�Æ=2 : (34)By inverting this equation, one an use the measurement of " to onstrain �=MD versus MD as afuntion of Æ.The onstraints obtained for various Æ in terms of 68%, 95% and 99% CL allowed regions in the(MD;�=MD) plane are drawn in Fig. 22 for hypothetial Higgs masses of 120GeV (left panel) and600GeV (right panel). They show the expeted behaviour of a weaker experimental onstraintfor rising Æ where �=MD < 1, and the opposite e�et for �=MD > 1. Owing to the signi�antdeviation of " from zero for MH = 600GeV, ontributions from large extra dimensions, whihe�etively ounterweight the large negative T term in the SM, are required. These heavy-Higgssenarios are already exluded by the diret searhes for �=MD < 1 (see referenes above).It is possible to enhane the eletroweak onstraint by also inluding the di�erene between themeasured [160℄ and predited anomalous magneti moment of the muon (a�). We use a reentevaluation of this di�erene, (28:7 � 8:0) � 10�1 [58℄, whih exhibits a 3:6� deviation from zero(the orresponding � -data based deviation amounts to 2:6�). The ontribution of the large extradimensions model to a� is also given in Ref. [155℄Æa� = m2�M2D � �MD�Æ 34 + 11Æ96�(2 + Æ=2)�2�Æ=2 : (35)Figure 23 shows the onstraints obtained for various Æ from the ombined usage of the eletroweakpreision data for MH = 120GeV and a�. The deviation of the latter quantity from the SMvalue an only be aommodated by a low Plank sale, already exluded by diret experimentalsearhes, or by a very large ultraviolet ut-o� sale.
4.6 Models with universal extra dimensionsModels with at, ompati�ed extra dimensions where all of the SM �elds are allowed to propagateinto the bulk [161℄ are referred to as universal extra dimensions (UED) [162℄ (see also the review on
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Figure 22: Constraints from the eletroweak preision data on the ADD model parameters. Shown arethe 68%, 95% and 99% CL allowed �t ontours in the (MD;�=MD) plane for various numbers of extradimensions Æ and for Higgs masses of 120GeV (left) and 600GeV (right).
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Figure 23: Constraints on the ADD model parameters obtained by ombining the eletroweak preisiondata with the muon anomalous magneti moment. Shown are the 68%, 95% and 99% CL allowed �t ontoursin the (MD;�=MD) plane for various numbers of extra dimensions Æ and for a Higgs mass of 120GeV.UED phenomenology in [163℄ and referenes therein). In its minimal version one extra dimensionis ompati�ed on an S1=Z2 orbifold with two �xed points at y = 0 and � to obtain the SM hiralfermions from the orresponding extra dimensional fermion �elds. The SM �elds appear as towersof Kaluza-Klein (KK) states with tree-level massesm2n = m20 + n2R2 ; (36)where mn is the mass of the nth KK exitation of the SM �eld, m0 is the ordinary mass of theSM partile and R � TeV�1 is the size of the extra dimension with the ompati�ation saleMKK = R�1. Bulk loops and brane-loalised kineti terms an lead to orretions of the KKmasses of up to 20% for the KK quark and KK gluon states and of a few perent or less for theother states.In UED models, momentum onservation in the higher dimensional spae leads to a onserved



4.6 Models with universal extra dimensions 37KK-parity P = (�1)n. As a onsequene, the lightest KK state is stable and ould be a andidatepartile for the old dark matter in the universe. Indeed it has been shown [164{166℄ that the �rstexitation of the hyperharge gauge boson B(1) an aount for the reli dark matter abundaneof the universe if its mass is approximately 600 GeV.24 The odd-level KK states an only be pairprodued at olliders and their ouplings to even number KK modes are loop suppressed. TheLHC experiments should be able to detet the new KK states up to R�1 � 1:5 TeV [170℄.The SM partiles that are allowed to propagate into the bulk ontribute with quantum orretionsto the lower energy observables. In partiular, extra dimension models where only the gauge bosonsare allowed to propagate into the bulk, while all other partiles are on�ned to the SM brane, arestrongly onstrained by the LEP data foring the masses of the lowest KK exitations to severalTeV [171, 172℄, beyond the reah of possible diret detetion at the LHC. KK-parity onservationin UED models forbids a diret oupling of a single KK exitation to the SM fermions and thusweakens the impat of the eletroweak data. The heavy KK states an only ontribute to the selfenergies of the gauge bosons parametrised in terms of the S; T; U parameters.The omplete one-loop orretions of a given KK level n of the SM �elds to the gauge-boson selfenergies have been alulated in Ref. [173, 174℄. The orretions are proportional to m2t =M2KK ,M2H=M2KK and M2W =M2KK for the top quark, Higgs, and gauge boson exitations, respetively.The ontributions from top (Higgs) exitations dominate for small (large) Higgs masses. Thetotal UED ontribution orresponds to an in�nite sum over n, whih is onvergent for one extradimension. For the leading order terms of the oblique orretions for one extra dimension we followRefs. [173, 174℄ where results very similar to the present study were presented. The terms readS = 4 sin2�W� � 3g24(4�)2 �29 m2tM2KK� �(2) + g24(4�)2 �16 M2HM2KK� �(2)� ; (37)T = 1� � 3g22(4�)2 m2tM2W �23 m2tM2KK� �(2) + g2 sin2�W(4�)2 os2�W �� 512 M2HM2KK� �(2)� ; (38)U = �4 sin2�W� �g2 sin2�W(4�)2 M2WM2KK �16�(2)� 115 M2HM2KK �(4)�� ; (39)where the �-funtions arise from the summation over the KK tower states. Beause M2W �m2t �M2KK , the oblique parameter T will dominate the eletroweak preision onstraints for smallvalues of MH , and U is negligible ompared to T and S. Top quark and Higgs loops ontributewith opposite signs to the T parameter. Canellation between these ontributions is ahieved forMH = p12=5 � ot�W �m2t =MW � 1:1 TeV. For smaller (larger) MH , T takes positive (negative)values. The positive ontribution to T from the top loops also weakens the Higgs mass onstraintfrom the global eletroweak �t.25 On the other hand, the top quark and Higgs loop ontributionsto S have the same sign. One noties the deoupling from the SM in Eqs. (37)-(39) for small extradimensions.24If the UED is embedded into large extra dimensions of size eV�1 aessible to gravity only, the lightest KKstate ould deay via KK-number violating gravitational interation into a photon and an eV-spaed graviton towerof mass equivalent between zero and R�1 [167℄. Suh a model provides a lear ollider signature with two isolatedphotons and missing transverse energy in the �nal state, whih has been searhed for at ATLAS [168℄ and D0 [169℄.25This e�et is similar to the anellation of the negative SM Higgs ontribution to T with the positive ontributionfrom the top setor in the littlest Higgs model (f. Setion 4.4).



4.7 Models with warped extra dimensions 38Figure 24 shows the UED predition in the (S; T ) plane for various R�1 and MH hypotheses.Constant values of R�1 are depited by the solid ontour lines. The plot reprodues the UEDdeoupling from the SM at large ompati�ation sales, while for small sales T and S anbeome large. The steepness of the predition for onstant MH in the (S; T ) plan redues withinreasing values of MH reeting the negative (positive) sign of the Higgs ontribution to T (S)in Eq. (38) (Eq. (37)). For the T = 0 anellation value ofMH = 1:1TeV a horizontal predition isobtained as expeted (not drawn in the plot). By omparison with the eletroweak data (ellipses)one noties that for large UED sales MH must be small and vie versa.This behaviour is emphasised in Fig. 25, whih shows the 68%, 95% and 99% CL allowed regionsin the (MH ; R�1) plane. For large R�1 the onstraint on MH approahes that of the SM, whilefor small ompati�ation sales signi�antly larger Higgs masses are allowed. The region R�1 <300 GeV and MH > 750 GeV an be exluded at 95% CL. These �ndings are in agreement withthe results of previous publiations [173{175℄.It has been shown [174℄ that onstraints derived from �ts inluding the subleading ontributionfrom the additional oblique parameters X;Y; V;W are very similar to the results of the S; T anal-ysis. Tighter onstraints an be obtained [174℄ when inluding e+e� data from entre-of-massenergies beyond the Z pole [72℄.
4.7 Models with warped extra dimensionsTo solve the hierarhy problem, Randall and Sundrum (RS) have proposed a single, small and non-fatorisable extra spae dimension aessible to gravity only [176℄. The geometry of this model isdetermined by the extra dimension on�ned by two three-branes. The model assumes only onefundamental mass sale, whih is the ultraviolet (UV) Plank sale. The generation of the weaksale on the infrared (IR) brane from the UV brane is ahieved by introduing a warp fatoraltering the four-dimensional Minkowski metri. The warp fator is an exponential funtion ofthe ompati�ation radius of the extra dimension, whih is small and thus preludes the extradimension to be observed at low-sale gravity experiments. The warp fator is onsidered to bethe soure of the observed large hierarhy between Plank and weak sales in four spae-timedimensions. The e�etive four-dimensional Plank sale is determined by a higher dimensionalPlank sale and the geometry of the extra dimension.The RS model features fundamental spin-2 KK graviton exitations, whih strongly ouple tothe SM partiles and would thus manifest themselves in form of TeV sale resonanes of pairsof jets, leptons, photons, and gauge bosons in ollider experiments. The sale an be redued ifeither a heavy Higgs is allowed or an ultraviolet ut-o� below the Plank sale is introdued. Thesimplest RS models ontain only the SM partiles and their KK exitations. These models areharaterised by only two new parameters, of whih one is the order-one logarithm of the warpfator, L = kr�, where k and r are the dimensional urvature of the �ve-dimensional spae-timeand the ompati�ation radius, respetively. The inverse warp fator sets the sale of the otherfree parameter, MKK = ke�L.In the minimal RS model, all SM �elds are on�ned to one brane. Sine in this model theuni�ation of the gauge ouplings annot be desribed by an e�etive �eld theory [177℄ and theavour hierarhy is not addressed alternatives have been developed. In a �rst extension, the SM
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4.7 Models with warped extra dimensions 40gauge bosons are allowed to propagate into the bulk. However, S and T then adopt very largeand negative values [178℄. In following variations also the SM fermions are let to propagate intothe bulk, whih redues the amount of the oblique orretions and shifting them to small, positivevalues. MKK then determines the lowest KK exitations of the SM �elds in the bulk. The massesof the �rst KK gluon and photon exitations are approximately 2:5 �MKK .The leading ontributions to the S and T parameters for a model with a brane-loalised Higgssetor and bulk gauge and matter �elds are found to be [179{181℄S = 2�v2M2KK �1� 1L� ; (40)T = �v22 os2 �WM2KK �L� 12L� ; (41)whereas there are no ontributions to U . In the analysis presented here we follow the studies ofRef. [180℄ where similar results have been obtained.The predited S and T regions for 0:5 �MKK � 10 TeV and 5 � L � 37 are shown by the shaded(green) region on the top panel of Fig. 26. There is a large overlap with the eletroweak data(ellipses). The �gure also illustrates the deoupling of the RS model for large MKK .Spei� onstraints from the eletroweak �t on the RS model parameters in orrelation with theHiggs mass are shown in the top and middle panels of Fig. 27. Large Higgs masses an beaommodated for omparatively low MKK values ounterating on the strong onstraint fromT . A large Higgs mass is in agreement with the Higgs �eld being loalised on the TeV brane.Assuming new physis to stabilise the hierarhy problem at a UV sale of approximately 103 TeV(orresponding to L � 9) would relax theMKK lower bound, f. Fig. 27. Vie versa, one �nds thatsmall MKK values lead to an inreased onstraint on L. Addressing the full hierarhy problem(L � 39) requires the lightest KK modes to be heavy, albeit this onstraint would be alleviated ifthe Higgs boson is heavy.In a di�erent approah to lowering the onstraint on MKK from the T parameter, one introduesa so-alled ustodial isospin gauge symmetry [182℄. The eletroweak gauge symmetry is therebyenhaned to SU(2)L�SU(2)R�U(1)B�L yielding a SU(3)C�SU(2)L�SU(2)R�U(1)B�L gaugesymmetry in the bulk of the extra dimension. SU(2)R is then broken to U(1)R on the Plank braneresulting in a spontaneous breaking of U(1)R �U(1)BL to U(1)Y . Consequently, the right-handedfermioni �elds are promoted to doublets of this symmetry. Adding ustodial isospin symmetryto the RS model leaves the S parameter unhanged with respet to Eq. (40), while T beomeswarp-fator suppressed [180, 182℄ T = � �v24 os2 �WM2KK 1L : (42)The bottom plot of Fig. 26 shows the orresponding allowed region for the same parameter rangesas in the top plot. The negative T oblique orretion inherent in the ustodial model adds to thatof the SM so that only small values of MH are allowed.The bottom panel of Fig. 27 shows the dependene of the two model parameters on the Higgsmass. Even though a light Higgs annot ounterat on the new physis ontributions the model
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4.8 Technicolour 43parameters are less onstrained leading to a redued lower bound on MKK . However, very smallMKK lead to exluded Higgs masses. In addition, the strong orrelation between MKK and L isremoved so that the Higgs mass and MKK are pratially independent of L. Therefore, there is noneed to introdue a ut-o� at a spei� sale.As an alternative to ustodial symmetry, it was proposed to redue the ontribution to the Tparameter by also allowing the Higgs to propagate into the bulk. This leads to a preferably heavyHiggs, whih an lower the bound on MKK by several TeV and therefore shift the lightest KKmodes in the aessible range of the LHC [183℄.In a bulk version of the Rattazzi-Za�aroni model [184℄, it is assumed that the SM Yukawa hierarhyis set by UV physis and that the fundamental 5D Yukawa ouplings are shined through the bulkby salar avor �elds in agreement with avor and CP violation onstraints. Thus, a bound onthe KK-sale as low as 2 TeV is allowed for spei� parameter on�gurations [185℄. However, thisalternative desription of avor auses the new physis ontributions to the EW parameters to benot oblique and a desription by the usual S; T; U formalism would be inomplete. Nonetheless,the Higgs mass may adopt values up to 200 GeV [186℄. Reent hints for new physis from theTevatron, e.g. the top quark forward-bakward-asymmetry an be easily aomodated in thisFlavor Triviality model.There have been various experimental searhes for high-mass graviton resonanes deaying to,e.g., photon or eletron pairs within the original RS model at the LHC and Tevatron [187{190℄.In these analyses, the invariant mass of the two-partile �nal states is used to set limits on theRS-graviton prodution ross setion and lowest-level graviton mass sale. The latter one is foundto beMG > 1058GeV andMG > 560GeV at 95% CL for p8�k=MPl = 0:1 and p8�k=MPl = 0:01,respetively [190℄.
4.8 TechnicolourElementary Higgs models provide no dynamial explanation for eletroweak symmetry breakingand require a high degree of �netuning. One of the �rst attempts to address these shortomingsof the Standard Model were so-alled tehniolour (TC) models whih were developed in the late1970s [191, 192℄. These models introdue a new QCD-like gauge interation that is asymptotiallyfree at high energies but on�ning at the eletroweak sale. It is assumed that the tehniolourgauge interation is to be based on a SU(NTC) gauge group GTC, where NTC is the number oftehniolours, and ouples to one or more doublets of massless Dira tehnifermions. In analogyto QCD, the running gauge oupling �TC triggers a spontaneous hiral symmetry breaking, whihleads to a dynamial mass generation of the tehnifermions and, in addition, to a large numberof massless Goldstone bosons. It is further postulated that the tehnifermions transform hirallyunder the eletroweak gauge group SU(2) � U(1) so that three linear ombinations of the Gold-stone bosons ouple to three eletroweak gauge urrents. It was shown in Ref. [191℄ that theseGoldstone bosons (the so-alled tehnipions �T ) an give mass to the eletroweak gauge bosonsby the usual Higgs mehanism. The properties of any remaining tehnipions (their orrespondingquantum numbers and masses) are model dependent. Similar to the vetor mesons in QCD, fur-ther tehniolour resonanes with masses in the TeV range are expeted [36℄. Diret searhes forsuh resonanes were performed at several ollider experiments studying dilepton and dijet reso-



4.8 Technicolour 44nanes [36, 193℄. Model dependent 95% CL exlusion bounds on tehnipion and tehnirho massesof 80 GeV < m�T < 115 GeV and 170 GeV < m�T < 215 GeV were obtained.Suh simple versions of tehniolour models do not explain the expliit breaking of hiral symme-tries of quarks and leptons. Extended tehniolour models (ETC) have been developed to addressthis issue by assuming that ordinary SU(3) olour, SU(NTC) tehniolour, and avour symmetriesare uni�ed into one gauge group GETC, whih allows the tehnifermions to ouple to quarks andleptons via gauge bosons of the enlarged group. In GETC tehnifermions, quarks, and leptonsbelong to the same representations. Hene avour, olour and tehniolour an be interpreted as asubset of the ETC quantum numbers. It is assumed that the ETC gauge symmetry breaking intoSU(3)�SU(NTC) ours at sales well above the TC sale of 0:1{1TeV. The broken gauge intera-tions give mass to the quarks and leptons by onneting them to tehnifermions. An introdutionto tehniolour models an be found, for instane, in Ref. [194℄.Beause tehniolour is a strongly interating theory, the oblique orretions of tehniolour modelsannot be alulated by ordinary perturbation theory. Two approahes are followed to addressthese diÆulties [195℄. The �rst approah assumes that S and T an be expressed as a spetralintegral, whih is evaluated with the use of QCD data and then extrapolated to tehniolourenergies [6℄. The seond approah is based on the relations of S, T , and U to the oeÆientsof four-derivative operators in the hiral Lagrangian [10, 196℄. Both approahes give onsistentresults for QCD-like tehniolour models.The magnitude of the radiative orretions in tehniolour models inreases with the number oftehniolours (NTC) and the number of tehniavours (NTF). It is therefore justi�ed (onservative)to hoose a minimal ETC model [197℄, whih has one tehniolour generation with NTC = 2; 3, tostudy the ompatibility of ETC models with the eletroweak data. The model hosen here ontainsa olour triplet of tehniquarks (U;D) with degenerate mass, and a doublet of tehnileptons (N;E)with mN � mE to allow for isospin splitting. The tehnineutrino N an be of either Dira orMajorana type. Following Refs. [6, 11, 197, 198℄, the oblique orretions for Dira tehnineutrinosare given bySD = 0:1 � (NC + 1) �NTC � NTC6� � Y � ln r ; (43)TD = NTC16�s2020 m2EM2Z �1 + r � 2 rr � 1 ln r� =lim r!1 NTC12�s2020 �m2MZ ; (44)UD = NTC6� ��5r2 � 22r + 53(r � 1)2 + r3 � 3r2 � 3r + 1(r � 1)3 ln r� =lim r!1 2NTC15� �m2m2E ; (45)



4.8 Technicolour 45and for Majorana tehnineutrinos bySM = (0:04 + 0:1NC) �NTC + NTC6� �� r(1 + r)2 � �83 + 3r � 4r2 + 3r3(1� r2)2 (46)+ 2r6 � 3r4 + 6r3 � 3r2 + 1(1� r2)3 ln r�+ 1� r1 + r ln r + 32� ;TM = NTC16�s2020 m2EM2Z �2� 4rr2 � 1 ln r + 4r(r + 1)2 �1� r2 + 14r � r2 � r + 1r2 � 1 ln r�� (47)= � NTC12�s2020 �m2M2Z ����lim r!1 ;UM = NTC6� � r(r + 1)2 �83 + 3r3 � 4r2 + 3r(r2 � 1)2 � 2r6 � 3r4 + 6r3 � 3r2 + 1(r2 � 1)3 ln r� (48)+ r3 � 3r2 � 3r + 1(r � 1)3 ln r � 136 + 4r(r � 1)2�= �2NTC15� �m2m2E ����lim r!1 ;where Y = �1 denotes the weak hyperharge of the tehnilepton doublet, NC = 3 de�nes thenumber of QCD olours, and r = m2N=m2E . Several aspets should be noted: in the limit of�m = mE �mN � mE, the ontributions to the T and U parameters depend linearly on �m2and are up to a sign-ip equivalent for the Dira and Majorana ases. Similar formulas for T andU an be derived for the tehniquark setor, but sine mU = mD is postulated their ontributionsvanish. The situation is di�erent for the S parameter where a term proportional to NC arises fromthe tehniquark setor due to nonperturbative ontributions [198℄. The orresponding obliqueorretions from the tehniquark doublet (U;D) are obtained by Eqs. (43{45) with an extra fatorNC and the appropriate value of Y .Figure 28 shows the predited S and T values for the Dira (top) and Majorana (bottom) teh-nineutrino ases together with the SM predition and the eletroweak data (ellipses). The shaded(green) areas orrespond to the allowed parameter regions when varying the tehnilepton massesin the ranges26 100 GeV < mE < 1 TeV and 50 GeV < mN < mE. For both tehnineutrino hy-potheses, the S parameter is disfavoured by the eletroweak preision data as was �rst disussedin Refs. [6, 197℄. The main di�erene in both �gures for either model is the allowed region ofr = m2N=m2E , whih governs the amount of isospin violation in the tehnilepton doublet. Thesharp vertial edges for the di�erent NTC regions orrespond to the smallest allowed value of r.Small values of r, orresponding to large isospin violation in the tehnilepton setor, lower S butinrease T . Even though the T parameter predition di�ers in sign between the Dira and Majo-rana tehnineutrino ases, both hypotheses remain ompatible with the urrent data. Compatibleresults are also found for the U parameter for whih, assuming 100 GeV < mE < 500 GeV and26The lower mass limits are determined by where the alulation of the oblique parameters an be trusted.
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Figure 28: Oblique parameters for extended tehniolour models. Shown are the S, T �t results (withoutU onstraint) ompared with preditions from the SM (grey) and the ETC model for 2 (dark green) and 3(light green) tehniolours, and assuming Dira (top) and Majorana (bottom) tehnineutrinos, respetively.The green ETC areas orrespond to the predited parameter regions when varying the tehnilepton massesin the ranges indiated on the plots. The tehniquark doublet is assumed to have degenerate mass.



5 Conclusions and Perspectives 4750 GeV < mN < mE, we �nd the predited rangesU = 8>>>><>>>>: [0:04; 0:31℄ Dira tehnineutrinos, NTC = 2[0:06; 0:47℄ Dira tehnineutrinos, NTC = 3[�0:01; 0:25℄ Majorana tehnineutrinos, NTC = 2[�0:01; 0:38℄ Majorana tehnineutrinos, NTC = 3 (49)where the large upper bounds in all ases arise from small values of r, that is, large isospin violation.It should be noted that the same mehanism that generates the u; d and ; s quark masses andtheir splitting is also responsible for the tehnifermion mass splitting. The splitting is thereforeexpeted to be signi�antly smaller than the dynamially generated masses of the tehnifermionsso that large isospin violation is disfavoured in extended tehniolour models.The S inompatibility problem is present in all tehniolour models that are built upon saling upordinary QCD. It should be noted, that allowing isospin violation in the tehniquark setor leadsto a further inrease of the S parameter and therefore an even larger inompatibility. The problemmay be remedied by introduing non-QCD like tehniolour gauge dynamis with a slowly evolving(or walking) gauge oupling �TC(�) over the large energy range from the TC to the ETC symmetrybreaking sales. A predition of the oblique parameters for these so-alled walking tehniolourmodels turns however out to be diÆult as the QCD renormalisation group equations annot beapplied anymore. In reent years, preditions for so-alled holographi walking tehniolour modelshave been made, whih indiate a possible onsisteny with the eletroweak data [199{202℄.
5 Conclusions and PerspectivesWe have updated in this paper the results of the Standard Model �ts to eletroweak preision datawith the G�tter pakage, and revisited the eletroweak onstraints on several Standard Modelextensions. The �t uses newest experimental results on the top quark and W boson masses, and anew evaluation of the hadroni ontribution to the eletromagneti �ne-struture onstant at MZ .The update of the latter parameter redues the tension between the eletroweak �t and the LEPlimit on the Higgs boson mass. The LEP and Tevatron data on the diret Higgs searhes havebeen extended by results from the 2010 Higgs searhes at the LHC, using data orresponding toapproximately 35 pb�1 of integrated luminosity.From the omplete �t, inluding the results from diret Higgs searhes, we �nd for the mass of theHiggs boson an upper limit of 143 GeV at 95% on�dene level. This bound is alleviated to 163 GeVwhen not inluding the diret Higgs searhes (standard �t). Theoretial errors parametrising theunertainties in the perturbative preditions of MW , sin2�fe� , and the eletroweak form fators,ontribute with approximately 8 GeV to the total �t error found for MH in the standard �t. In a�t exluding the measurement of the top quark mass (but inluding the diret Higgs searhes) weobtain the indiret determination mt = (177:2� 3:4)GeV, in fair agreement with the experimentalworld average. This error being muh larger than that of the diret measurement, a redution inthe experimental error will not signi�antly impat the eletroweak �t if the entral value doesnot move by an unexpeted amount. The experimental and theoretial e�ort should thereforeonentrate on larifying the relation between the measured top mass and the top pole mass



5 Conclusions and Perspectives 48used in the eletroweak formalism, and the unertainty inherent in identifying the latter masswith the former one. From the indiret determination of the mass of the W boson from theomplete �t we �nd (80:360+0:014�0:013) GeV, whih is more preise and 1:6� below the experimentalworld average. The indiret determination of the e�etive weak mixing angle from the omplete�t gives sin2�è� = 0:23148 � 0:00011, whih is ompatible with and more preise than the diretexperimental average from the asymmetry measurements at LEP and SLD. The strong ouplingonstant to 3NLO order at the Z-mass sale is found to be �S(M2Z) = 0:1194 � 0:0028, withnegligible theoretial unertainty due to the good onvergene of the perturbative series at thatsale.Using the oblique parameter approah enoded in the S; T; U formalism, together with a �xedStandard Model referene of MH;ref = 120 GeV and mt;ref = 173 GeV, we derive the experimentalonstraints S = 0:03� 0:10, T = 0:05� 0:12 and U = 0:07� 0:11, with large orrelations betweenthe parameters. These results are used to revisit the oblique parameter onstraints of the StandardModel and seleted extensions, suh as a fourth family, two Higgs doublet and inert Higgs models,littlest Higgs, models with large, universal or warped extra dimensions and tehniolour. Theonstraints from the data are used to derive allowed regions in the parameter spaes of thesemodels, where we on�rm results from earlier studies. In most of these models a heavy Higgsboson an be made ompatible with the eletroweak preision data by adjusting the requiredamount of weak isospin breaking.Given the strong performane of the LHC and its experiments, with already over 1 fb�1 inte-grated luminosity aumulated at the date of this paper, the present analysis might be amongthe last global eletroweak �ts working with Higgs limits only. In ase of a Higgs disovery, theeletroweak �t does not ease to be important. For example, as a test of the Standard Modelthe indiret predition of the W mass will ahieve an auray of 11 MeV that an be onfrontedwith experiment. The preision of the MW world average measurement will further improve withforthoming Tevatron analyses and, eventually, by a measurement at the LHC with (expetantly)ompetitive error with the indiret determination or better. A disovery of the Higgs would alsostrongly impat the allowed parameter spae of many new physis models via mainly the reduedexibility of the S oblique parameter and the then known amount of weak isospin violation in theeletroweak Standard Model.
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A Oblique Parameter Formalism 49

A Oblique Parameter Formalism

Absorption of radiative correctionsOblique orretions an generally be absorbed into the fundamental onstants ourring at thetree-level of the SM. Kennedy and Lynn [203℄ have shown that this statement is general to allvauum polarisation orders. In this appendix we illustrate the absorption proess with someexpliit examples.The e�ets of oblique orretions on fermion sattering an be determined by examining how thegauge boson vauum polarisation funtions���ab (q) = �ab(q2)g�� + (q�q� terms) ; (50)with a; b = ;W;Z, appear in the eletroweak observables of interest.27 The funtions (50) havean SM and an unknown new physis omponent: ���ab (q2) = �SMab (q2) + Æ�NPab (q2).For the W and Z bosons one �nds the following mass orretions to the tree-level quantities28M2W � M2W (M2W ) = M (0) 2W +�WW (M2W ) ;M2Z � M2Z(M2Z) = M (0) 2Z +�ZZ(M2Z) ; (51)where the vauum polarisation funtions are evaluated at the poles of the propagators.For the massless photon one has �(0) = �Z(0) = 0 : (52)The impat on the eletromagneti onstant � is obtained by taking the leading-order photonpropagator plus the �rst-order orretion. Together these yield�ie2q2 �1 + i�(q2) � �iq2 � : (53)The observed value of the eletri harge is then found by taking the limit q2 ! 0 of this expression4���(0) � e2�(0) = g2g02g2 + g02 �1 + �0(0)� ; (54)where �0(0) = d�dq2 ����q2=0 : (55)The weak mixing angle sW appears in the interations of Z bosons to fermions, and is shifted bythe vauum polarisation amplitude �Z . The orretions hange a Z into a photon that deays totwo fermions, with oupling strength Qe, leading to the ontributioni�Z(q2)�iq2 � (ieQ) : (56)27Owing to U(1)Q gauge symmetry, for the photon propagator the term q�q� has no physial e�et. For the(massive) W and Z propagators the terms are also negligible, sine, in the interation with light fermions, they aresuppressed by the fermion mass sale ompared with the g�� parts. From now on we shall ignore the q�q� terms.28Throughout this appendix the supersript (0) is used to label tree-level quantities.



A Oblique Parameter Formalism 50Inluding this orretion, the Z-fermion interation takes the formipg2 + g02�T 3 � s2�Q� ; (57)with s2�(M2Z) = s(0) 2W � epg2 + g02 �Z(M2Z)M2Z ; (58)as evaluated at q2 =M2Z .The Fermi onstant, obtained from muon deays, as mediated by W propagator, reeives the�rst-order orretion from the W vauum polarisation funtion�ig2q2 �M2W �1 + i�WW (q2) �iq2 �M2W � : (59)At q2 = 0, the observed Fermi onstant proess shifts toGF�p2 = 12v2�1� �WW (0)M2W � : (60)These examples illustrate that oblique orretions an be absorbed into the fundamental onstantsourring of the SM. This onlusion is applied in the following Setion.
Introduction of the S, T, U parametersIn the SM with a single Higgs doublet the relationship between the neutral and harged weakouplings is �xed by the ratio of W and Z boson masses� = M2WM2Z os2�W ; (61)where �0 = 1 at tree level. Generally one writes� = 1 +�� ; (62)where �� aptures the radiative orretions to the gauge boson propagators and verties. Insertingthe �rst-order mass-orretions of Eqs. (51) into Eq. (61) gives�� = �WW (0)M2W � �ZZ(0)M2Z : (63)The tree-level vetor and axial-vetor ouplings ourring in the Z boson to fermion-antifermionvertex if�(g(0)V ;f + g(0)V ;f5)fZ� are given byg(0)V ;f = If3 � 2Qf sin2�W ; (64)g(0)A;f = If3 ; (65)



A Oblique Parameter Formalism 51where Qf and If3 are respetively the harge and the third omponent of the weak isospin. In the(minimal) SM, ontaining only one Higgs doublet, the weak mixing angle is de�ned bysin2�W = 1� M2WM2Z : (66)Eletroweak radiative orretions modify these relations, leading to the e�etive weak mixing angleand e�etive ouplings sin2�fe� = �fZ sin2�W ; (67)gV ;f = q�fZ �If3 � 2Qf sin2�fe�� ; (68)gA;f = q�fZIf3 ; (69)where the radiative orretions are absorbed in the form fators �fZ = 1+��fZ and �fZ = 1+��fZ .Eletroweak uni�ation leads to a relation between weak and eletromagneti ouplings, whih attree level reads GF = ��p2�M (0)W �2�1� (M(0)W )2M2Z � : (70)The radiative orretions are parametrised by multiplying the r.h.s. of Eq. (70) with the formfator (1��r)�1. Using Eq. (66) and resolving for MW givesM2W = M2Z2 0�1 +s1� p8 ��(1 + �r)GFM2Z 1A : (71)An extra orretion is required for the Z ! bb deay vertex. The bottom quark is the only fermionthat reeives unsuppressed vertex orretions from the top quark. These orretions turn out tobe signi�ant { at the level of GFm2t { and must be aounted for. The vetor and axial ouplingsreeive an extra ontribution "bgV ;b = �12q�bZ �1� 43 sin2�e� + "b� and gA;b = �12q�bZ (1 + "b) ; (72)where "b ontains all top-quark indued vertex orretions.The entire dependene of the eletroweak theory on mt and MH , arising from one-loop diagramsand higher, only enters through the four parameters ��, ��, �r, and "b. The quantities ��,��, and �rW are mostly sensitive to the absolute mass splittings between di�erent weak-isospinpartners. In pratise this means the mass di�erenes between the top and bottom quarks, and theZ and W bosons. For example, the dominant ontributions to �� are [203℄��t = 3GF8p2�2 �m2t +m2b � 2m2tm2bm2t �m2b ln�m2tm2b�� � 3GF8p2�2 (mt �mb)2�! 3GFm2t8p2�2 ; as m2t � m2b ;��H = 3GF8p2�2 �M2W ln�M2HM2W ��M2Z ln�M2HM2Z �� ; (73)



A Oblique Parameter Formalism 52exhibiting a quadrati dependene on the top mass, and a logarithmi dependene on the Higgsmass. Sine MH > MZ > MW , �H is negative.Ignoring terms proportional to lnmt=MZ and vertex orretions, whih do not ontain sizableterms ontaining MH and mt, the parameters on one-loop level an an be written as [204℄:�� = 3GFM2W8p2�2 � m2tM2W � sin2�Wos2�W �ln M2HM2W � 56�+ :::��� = 3GFM2W8p2�2 � m2tM2W os2�Wsin2�W � 109 �ln M2HM2W � 56�+ :::� (74)�rW = 3GFM2W8p2�2 �� m2tM2W os2�Wsin2�W + 113 �ln M2HM2W � 56�+ :::�"b = �GFm2t4p2�2 + : : : :All quantities are dominated by terms of GFm2t . Considering this term only, �k, ��, �rW arerelated as follows �rW = 2 � s2s2 �k = � 2s2�� : (75)Restoring the lnmtmz terms, the "1;2;3 parameters de�ned in Eqs. (6{8) on page 16 are given by"1 = 3GFM2W8p2�2 � m2tM2W � sin2�Wos2�W �ln M2HM2W � 56�+ :::�"2 = 3GFM2W2p2�2 ln mtMZ + ::: (76)"3 = 3GFM2W8p2�2 �29 �ln M2HM2W � 56�� 49 ln mtMZ + :::� :The SM subtration results in the parameter set "̂. In terms of propagator funtions one has [36℄"̂1 = �NPWW (0)M2W � �NPZZ (0)M2Z ;"̂32 = �NPZZ (M2Z)��NPZZ (0)M2Z ��0NP (0) � �2 � s2s ��NPZ (M2Z)M2Z ;"̂3�"̂2 = �NPWW (M2W )��NPWW (0)M2W ��0NP (0) � � s��NPZ (M2Z)M2Z : (77)Equivalently, ontributions to "̂b are the NP vertex orretion to Z ! bb. The S; T; U parametersexpressed in terms of the "̂ parameters readS = 4s2"̂3�(M2Z) ; T = "̂1�(M2Z) ; U = �4s2"̂2�(M2Z) : (78)
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