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Abstract | We present an update of the Standard Model �t to ele
troweak pre
ision data. We in
ludenewest 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 in
lude a new determination of the ele
tromagneti

oupling strength at the Z pole. We �nd for the Higgs boson mass 91+30�23 GeV and 120+12�5 GeV when notin
luding and in
luding the dire
t Higgs sear
hes, respe
tively. From the latter �t we indire
tly determinethe W mass to be (80:360+0:014�0:013) GeV. We exploit the data to determine experimental 
onstraints on theoblique va
uum polarisation parameters, and 
onfront these with predi
tions from the Standard Model (SM)and sele
ted SM extensions. By �tting the oblique parameters to the ele
troweak data we derive allowedregions in the BSM parameter spa
es. 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 te
hni
olour. In most of the models studied a heavy Higgs boson 
an bemade 
ompatible with the ele
troweak pre
ision data.
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1 Introduction 1

1 IntroductionBy exploiting 
ontributions from radiative 
orre
tions, pre
ision measurements, in line with a

u-rate theoreti
al predi
tions, 
an be used to probe physi
s at higher energy s
ales than the massesof the parti
les dire
tly involved in the experimental rea
tions. Theory and experimental dataare 
onfronted and unknown model parameters are 
onstrained by means of multi-parameter �ts.For 
ases where the parameter spa
e is over
onstrained it is possible to derive p-values for the
ompatibility between data and theoreti
al model [1℄, and hen
e to dire
tly assess the validity ofthe model. Su
h an approa
h has been used in the G�tter analysis of the Standard Model (SM) inlight of the ele
troweak pre
ision data [2℄, whi
h we revisit in this paper with updated experimen-tal 
onstraints. Global ele
troweak SM �ts are also routinely performed by the LEP Ele
troweakWorking Group [3℄ and for the ele
troweak review of the Parti
le Data Group [4℄.Assuming that the dominant virtual 
ontributions to the ele
troweak observables arise throughva
uum polarisation loops, and that other 
orre
tions, su
h as vertex diagrams involving lightquarks, or box and bremsstrahlung diagrams, are s
ale suppressed, physi
s beyond the SM (BSM)
an be parametrised through so-
alled quantum oblique 
orre
tions, for whi
h several parametri-sations exist in the literature [5{13℄. A popular 
hoi
e are the S; T and U parameters [5, 6℄, whi
hhave been 
omputed for most of the prevailing BSM models. The S; T; U parameters are de�nedwith respe
t to a 
anoni
al SM referen
e so that, for SM parameters identi
al to the referen
epoint values, the parameters vanish in the SM. In that 
ase, any signi�
ant non-zero value in atleast one parameter would hint at BSM physi
s.In this paper we derive, for a 
hosen SM referen
e point, experimental 
onstraints on the S; T; Uparameters, and 
ompare them with predi
tions 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 te
hni
olour. We also usethe experimental 
onstraints to derive allowed regions in the relevant parameter spa
es of thesemodels. Several similar analyses have been performed and published in the past. We refer tothese in the 
orresponding BSM se
tions. The 
urrent analysis revisits these works and providesa 
onsistent set of BSM 
onstraints derived from the most re
ent ele
troweak data and usingthe statisti
s tools of the G�tter framework [2℄. Its modular design allows us to determine these
onstraints dire
tly in the �t, thus invoking known two-loop and beyond two-loop SM 
orre
tions.The paper is organised as follows. The updated SM �t to the ele
troweak pre
ision data is dis
ussedin Se
tion 2. An introdu
tion of the oblique parameter formalism is given in Se
tion 3, where wealso present the experimental results, and dis
uss the predi
tions from the SM. Additional formulasare provided in the Appendix. In Se
tion 4 and subse
tions we dis
uss the oblique 
orre
tions forthe aforementioned BSM models and the 
orresponding 
onstraints in the relevant parameterspa
es.
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2 The Global Fit of the Electroweak Standard ModelWe present an update of the SM �t to ele
troweak pre
ision data, the results of whi
h will be used asa referen
e throughout this paper. A detailed des
ription of the experimental data, the theoreti
al
al
ulations, and the statisti
al methods used in the G�tter analysis is given in our referen
epaper [2℄. Sin
e its publi
ation, the �t software has been 
ontinuously maintained and kept inline with the experimental and theoreti
al progress. Here, we shall re
all only the most importantaspe
ts of the �t, outline re
ent 
hanges, whi
h mainly 
on
ern updates of the experimental orphenomenologi
al input data, and present a full result table together with representative plots anda dis
ussion of sele
ted results.
2.1 Fit inputs

Standard Model predictionsThe SM predi
tions for the ele
troweak pre
ision observables measured by the LEP, SLC, andTevatron experiments are fully implemented. State-of-the-art 
al
ulations are used, in parti
ularthe full two-loop and leading beyond-two-loop 
orre
tions for the predi
tion of the W mass andthe e�e
tive weak mixing angle [14{16℄, whi
h exhibit the strongest 
onstraints on the Higgs mass.A modi�
ation to Ref. [2℄ is the usage of a

urate parametrisations [17{20℄ for the 
al
ulation ofthe ve
tor and axial-ve
tor 
ouplings, gfA and gfV , whi
h are 
omputed at one-loop level and partlyat two-loop level for O(��s).1 Small additional 
orre
tion fa
tors, determined from a 
omparisonwith the Fortran ZFITTER pa
kage [22, 26℄, are used to a

ommodate heavy Higgs masses [34℄.These 
ouplings enter the 
al
ulations of the partial and total widths of the Z and the total widthof the W boson, whi
h, due to the insuÆ
ient experimental pre
ision, display a weak 
onstrainton the Higgs mass only. In the radiator fun
tions [26, 32℄ the fourth-order (3NLO) perturbative
al
ulation of the massless QCD Adler fun
tion [35℄ is also in
luded, allowing the �t to determinethe strong 
oupling 
onstant with very small theoreti
al un
ertainty.The SM parameters relevant for the predi
tion of the ele
troweak observables are the 
oupling
onstants of the ele
tromagneti
 (�), weak (GF ) and strong intera
tions (�S), and the masses ofthe elementary bosons (MZ , MW , MH) and fermions (mf ), where neutrino masses are set to zero.Ele
troweak uni�
ation results in a massless photon and a relation between the ele
troweak gaugeboson masses and 
ouplings, thus redu
ing the number of unknown SM parameters by two. TheSM gauge se
tor is left with four free parameters taken to be �, MZ , GF and �S. Simpli�
ation ofthe �t is a
hieved by �xing parameters with insigni�
ant un
ertainties 
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 un
onstrained allowing an independentmeasurement.31Up to two-loop ele
troweak 
orre
tions are available in Refs. [21{32℄. All known QCD 
orre
tions 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 s
ales. In the following they are denoted with m
 and mb respe
tively, and their valuesare taken from [36℄.3Using an external pre
ision measurement of �S(M2Z) in the �t has been studied in Ref. [2℄ and found to have anegligible impa
t on the MH result.



2.1 Fit inputs 3Theoreti
al un
ertainties due to unknown higher order terms a�e
ting the predi
tions of MW andsin2�è� [14, 16℄ are parametrised by ÆthMW ' 4MeV and Æth sin2�è� ' 4:7 �10�5. They are treateda

ording to the R�t s
heme [37, 38℄ as freely varying but bound parameters in the �t.
Experimental inputThe experimental results used in the �t in
lude the ele
troweak pre
ision data measured at theZ pole [39℄ (Z resonan
e parameters, partial Z 
ross se
tions, 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 dire
t Tevatron top mass measurements mt =173:3 � 0:9 � 0:6 GeV [48℄, whi
h is interpreted in terms of a pole mass. It should be notedthat the theoreti
al un
ertainties arising from nonperturbative 
olour-re
onne
tion e�e
ts in thefragmentation pro
ess [49, 50℄, and from ambiguities in the top-mass de�nition [51, 52℄, a�e
t the(kinemati
) top mass measurement. Their quantitative estimate is diÆ
ult and may rea
h roughly0.5 GeV ea
h, where the systemati
 error due to shower e�e
ts 
ould be larger [49℄. Espe
iallythe 
olour-re
onne
tion and shower un
ertainties, estimated by means of a toy model, need to beveri�ed with experimental data and should be in
luded in the top mass result and un
ertaintypublished by the experiments. None of these additional theoreti
al un
ertainties on mt is in
ludedin the �t.The top mass de�nition entering the SM pp! tt+X in
lusive 
ross se
tion predi
tion is unambigu-ous on
e a renormalisation pro
edure is de�ned and assuming no 
ontributions from new physi
sto the measured 
ross se
tion.5 The latest extra
tion of the top mass from the tt 
ross se
tion wasperformed by the D0 Collaboration. Using a theoreti
al �tt(mt) predi
tion based on approximateNNLO QCD that in
ludes all next-to-next-to-leading logarithms relevant in NNLO QCD [53℄, thetop pole mass, derived from the measured 
ross se
tion �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 in
lude the CDF and D0 measurements of the forward-ba
kward 
harge asymmetry in pp! Z=
? +X ! e+e� + X events, used to extra
t 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 impa
t so far is negligible 
ompared to the pre
ision of the 
ombined Z pole datain the �t, sin2�è� = 0:23143 � 0:00013. Also due to la
k of pre
ision, we do not in
lude results from atomi
 parityviolation measurements, and from parity violation left-right asymmetry measurements using �xed target polarisedM�ller s
attering at low Q2 (see [2℄ for referen
es).The NuTeV Collaboration measured ratios of neutral and 
harged 
urrent 
ross se
tions in neutrino-nu
leon s
at-tering at an average Q2 ' 20GeV2 using both muon neutrino and muon anti-neutrino beams [42℄. The results derivedfor the e�e
tive weak 
ouplings are not in
luded in this analysis be
ause of un
lear theoreti
al un
ertainties fromQCD e�e
ts su
h as next-to-leading order 
orre
tions and nu
lear e�e
ts of the bound nu
leon parton distributionfun
tions [43℄ (for reviews see, e.g., Refs. [44, 45℄).5In Ref. [53℄ the MS s
heme is used to predi
t the QCD s
aling fun
tion versus s
ale ratios (in
luding thedependen
e on the top mass) that, 
onvolved with the parton luminosity and multiplied by (�S=mt)2, determinesthe in
lusive tt produ
tion 
ross se
tion. The experimental 
ross se
tion measurement thus allows one to infer mtand hen
e the pole mass (being the renormalised quark mass in the on-shell renormalisation s
heme) from the ratioof the 
orresponding renormalisation fa
tors known to three loops [54℄. The numeri
al analysis must a

ount for thedependen
e of the experimental 
ross se
tion value on the top mass used to determine the dete
tor a

eptan
e andre
onstru
tion eÆ
ien
ies.6The quoted error on the extra
ted top mass does not in
lude the ambiguity in the Monte Carlo top massinterpretation.
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Figure 1: Contribution to the �2 test statisti
 versus MH derived from the experimental information ondire
t Higgs boson sear
hes 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 (bla
k)and dashed (dark red) lines show the 
ontribution from LEP and Tevatron, while the dotted (light red)and dashed-dotted (blue) lines indi
ate the 
onstraints obtained from the 2010 data by ATLAS and CMS,respe
tively. 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 negle
ted in this 
ombination. See text for a des
ription of themethod applied.
ross se
tion predi
tion of Ref. [57℄. While the nominal ele
troweak �ts in this work use the dire
tTevatron top mass average, we will employ the 
ross se
tion based value for 
omparison.For the va
uum polarisation 
ontribution from the �ve lightest quark 
avours to the ele
tromag-neti
 
oupling strength at MZ we use the evaluation ��(5)had(M2Z) = (2757 � 10) � 10�5 [58℄.7 Itin
ludes new �+�� 
ross se
tion data from BABAR and KLOE, new multi-hadron data fromBABAR, a reestimation of missing low-energy 
ontributions using results on 
ross se
tions andpro
ess dynami
s from BABAR (
f. referen
es in [58℄), and a reevaluation of the 
ontinuum 
on-tribution from perturbative QCD at four loops . Mostly the reevaluation of the missing low-energy
ontributions has led to a smaller ��(5)had(M2Z) estimate 
ompared to that of Ref. [59℄ used in ourprevious �ts. Referen
e [58℄ quotes a fun
tional dependen
e 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 dependen
e is in
luded via the res
aling me
hanism [2℄ in the G�tter software.This setup de�nes the standard ele
troweak �t.7A mistake has been found in the published result of ��(5)had(M2Z) [58℄. The 
orre
ted result used here is reportedin Version 2 of the arXiv submission [1010.4180℄.



2.2 Fit results 5The 
omplete ele
troweak �t also in
ludes the information from the dire
t Higgs sear
hes atLEP [60℄, Tevatron [61, 62℄ and { for the �rst time { the LHC. We in
lude 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 arenegle
ted. Be
ause in the ele
troweak �t we are interested in the 
ompatibility of the SM (assumedto be true) with the data, we transform the one-sided 
on�den
e level, CLs+b, reported by theexperiments,8 into a two-sided 
on�den
e level, CL2�sideds+b . This transformation redu
es the statis-ti
al 
onstraint from the dire
t Higgs sear
hes 
ompared to that of the one-sided CLs+b, be
ausepositive 
u
tuations (or signals), beyond the signal plus ba
kground expe
tation, are penalised bythe test statisti
s as are negative 
u
tuations (or absen
e 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 statisti
s dominated this assumption should not be tooina

urate. Nevertheless, an oÆ
ial 
ombination of all the results by the experiments should been
ouraged. A more detailed dis
ussion 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 suÆ
ient to either ex
lude nor 
on�rm a Higgs boson.The se
ond 
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 statisti
s ofrespe
tively �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, whi
h have been 
on�rmed by pseudoexperiments generated with Monte Carlo te
hniques.9 The minor improvement in the p-value ofthe 
omplete �t with respe
t to our earlier result [2℄ arises from the in
reased best-�t value of theHiggs mass in the standard �t (see below), owing to the redu
ed ele
tromagneti
 
oupling strengthat M2Z [58℄. The new result redu
es the tension with the dire
t Higgs boson sear
hes.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 teststatisti
s.11 The 
orrelation 
oeÆ
ients are given in Table 2 (for the standard �t).8In la
k of published CLs+b values by ATLAS [63℄ we approximate a 
hi-squared behaviour of the ~q� test statisti
sused [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 identi
al 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 dire
t Higgs sear
hes has been left unaltered during the Monte Carlo based p-valueevaluation of the 
omplete �t. This is justi�ed by the strong statisti
al signi�
an
e of the LEP 
onstraint, whi
hdrives the 
ontribution of the dire
t Higgs sear
hes to the �2min.10It is noti
able that the values of the four theoreti
al un
ertainty parameters 
onverge at the limits of theirallowed intervals. This is explained by their uniform 
ontribution to the �2 fun
tion but the ne
essarily non-uniformvalues of the global �2 fun
tion 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 statisti
s 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 bra
kets the 2�. (y)In units of10�5. (4)Res
aled due to �s dependen
y. (5)Ignoring a se
ond 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 ele
troweak �t. The�rst and se
ond 
olumns list respe
tively the observables/parameters used in the �t, and their experimentalvalues or phenomenologi
al estimates (see text for referen
es). The subs
ript \theo" labels theoreti
al errorranges. Boldfa
e letters indi
ate that a parameter is 
oating in the �t. The third (fourth) 
olumn quotesthe results of the standard (
omplete) �t not in
luding (in
luding) the 
onstraints from the dire
t Higgssear
hes at LEP, Tevatron and the LHC in the �t. In 
ase of 
oating parameters the �t results are dire
tlygiven, while for (non-
oating) observables the 
entral values and errors are obtained by individual pro�lelikelihood s
ans. The last two 
olumns give the �t results for ea
h parameter without using the 
orrespondingexperimental or phenomenologi
al 
onstraint in the �t (indire
t determination), for the 
omplete �t andwhen assuming the Higgs mass to be known and pre
isely measured at 120 GeV, respe
tively.
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Figure 2: Comparing �t results with dire
t measurements: pull values for the 
omplete �t (left), and resultsfor MH from the standard �t ex
luding the respe
tive measurements from the �t (right).

 [GeV]HM
6 10 20 210 210×2 310

Standard fit  

  WM

  0,b
FBA

(SLD)  lA

(LEP)  lA

 -23
 +30 91

 -22
 +60 43

 -169
 +585387

 -33
 +40 50

 -66
 +248109

Figure 3: Determination of MH ex
luding all the sensitive observables from the standard �t ex
ept the onegiven. Note that the results shown are not independent. The information in this �gure is 
omplementaryto that of the right hand plot of Fig. 2.
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Figure 4: Indire
t determination of the Higgs boson mass: ��2 as a fun
tion of MH for the standard �t(top) and the 
omplete �t (bottom). The solid (dashed) lines give the results when in
luding (ignoring)theoreti
al errors. Note that we have modi�ed the presentation of the theoreti
al un
ertainties here withrespe
t to our earlier results [2℄. Before, the minimum �2min of the �t in
luding theoreti
al errors was usedfor both 
urves to obtain the o�set-
orre
ted ��2. We now individually subtra
t ea
h 
ase so that both ��2
urves tou
h zero. In spite of the di�erent appearan
e, the theoreti
al errors used in the �t are un
hangedand the numeri
al results, whi
h always in
lude theoreti
al un
ertainties, are una�e
ted.



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 
oeÆ
ients between the free �t parameters in the standard �t. The 
orrelations withand between the varying theoreti
al 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�eren
ebetween the �t result and the measurement in units of the total experimental error (not in
ludingthe error from the �t performed here). They re
e
t the known tension between the left-rightasymmetry and A0;bFB, though it is noti
eable that no single pull value ex
eeds 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 respe
t to all other freely varying �t parameters for ea
h (�xed)value of the parameter being plotted. We �nd from this s
anMH = � 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, respe
tively. The errors and limits in
lude the various theoryun
ertainties that taken together amount to approximately 8 GeV on MH .12The standard �t value for MH has moved by +8 GeV as a 
onsequen
e 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 relian
e on perturbative QCD, we �ndMH = 88+29�23 GeV.The results (1) are obtained using the experimental world average of the dire
t Tevatron topmass measurements [48℄ whose interpretation as pole mass in theory 
al
ulations is a�e
ted withadditional un
ertainties (
f. dis
ussion 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 in
lusive 
ross se
tion, the standard12Repeating the standard �t with all theory un
ertainties �xed to zero gives �2min = 17:2 andMH = 94+30�24GeV. Adire
t 
omparison of this result with Eq. (1) is not straightforward as the �t uses the additional nuisan
e parameters,when let free to vary, to improve the test statisti
s (re
all the value of �2min = 16:7 for the standard �t result). Theimpa
t on the parameter errors would be
ome noti
eable on
e the input observables exhibit better 
ompatibility (
f.dis
ussion in Ref. [2℄)
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Figure 5: P-value versus MH of the standard ele
troweak �t as obtained from pseudo-MC simulation. Theerror band represents the statisti
al error from the MC sampling size.ele
troweak �t returns for the Higgs boson mass 72 +38�25 GeV, whi
h is appre
iably lower than theresult (1).The 
ontributions from the various measurements to the 
entral value and un
ertainty of MH inthe standard �t are given in the right hand plot of Fig. 2, where all input measurements ex
ept forthe ones listed in a given line are used in the �t. It 
an be seen that, e.g., pre
ise measurementsof mt and MW and a pre
ise determination of ��(5)had(M2Z) are essential for an a

urate 
onstraintof MH .Figure 3 displays 
omplementary information. Among the four observables providing the strongest
onstraint on MH , namely A`(LEP), A`(SLD), A0;bFB and MW , only the one indi
ated in a givenrow of the plot is in
luded in the �t.13 The 
ompatibility among these measurements is estimatedby performing a redu
ed standard �t in whi
h 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�eren
e of 8.0 between these �ts is evaluated by means ofpseudo experiments, with observables 
u
tuating a

ording to their experimental errors around a
onsistent set of SM predi
tions 
orresponding to the best-�t results for the SM parameters. Inea
h of the pseudo experiments we follow the same pro
edure as for data, that is, we remove theleast 
ompatible of the measurements, re�t, and 
ompute the �2min di�eren
e with respe
t to thestandard �t 
orresponding to that pseudo experiment. We �nd that in (1:4 � 0:1)% (\2:5�") ofthe pseudo experiments the �2min di�eren
e ex
eeds that observed in data.Finally, Fig. 5 shows the p-value obtained from Monte Carlo samples of the standard �t as a13The un
ertainties 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.
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tion of the true Higgs mass.14 At the best-�t value of 91GeV the plot reprodu
es the goodnessof the standard �t. With in
reasingMH the p-value drops rea
hing 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, respe
tively, the 
omplete �t and whenassuming MH = 120GeV (�xed) in the �t for ea
h parameter or observable, obtained by s
anningthe pro�le likelihood without using the 
orresponding experimental or phenomenologi
al 
onstraintin the �t (indire
t determination { similar to the MH determinations in the right-hand plot ofFig. 2). Apart from the intrinsi
 interest of having an indire
t determination of the observables,this pro
edure provides interesting insight into the requirements of the �t. If the dire
t knowledge(�rst 
olumn in Table 1) of an observable is mu
h more pre
ise than the indire
t one (last 
olumn),for exampleMZ , the variable 
ould have been �xed in the �t without impa
ting the results, and thusthere is no need, for the purpose of the global ele
troweak �t, for an improved dire
t determination.On the other hand, if the indire
t 
onstraint of an observable strongly outperforms the dire
t one,as is the 
ase for �W or the dire
t measurement of sin2�è�(QFB), the observable is irrelevant forthe �t and 
an be removed. To improve the indire
t 
onstraint on MH , the experimental e�ortsmust fo
us on observables with good sensitivity to MH , and with 
ompeting a

ura
y betweendire
t and indire
t 
onstraints, as is the 
ase for MW and the Z-pole asymmetries.From these s
ans we obtain the following results.� We indire
tly determine the W mass from the 
omplete �t to beMW = 80:360 +0:014�0:013 GeV ; (2)whi
h is 1:6� below and ex
eeds in pre
ision the experimental world average [46℄. Usingthe 
ross se
tion 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 dire
t MWmeasurements (dot with error bar). For both �ts the theoreti
al un
ertainty in the MWpredi
tion (ÆthMW ' 4MeV) and its treatment via the R�t s
heme leads to a broadening ofthe �t minima. The in
lusion of the dire
t Higgs sear
hes provides a 
onsiderably improvedindire
t MW determination. The grey-shaded band shows the 
onstraint one would obtainfor a hypotheti
al Higgs dis
overy at 120 GeV with negligible error on MH . The pre
isionof the indire
t MW determination would rea
h 11 MeV. The un
ertainty would in
rease toapproximately 25 MeV when using the 
ross se
tion derived top mass value.� The indire
t determination ��(5)had(M2Z) = (2729 +57�50) � 10�5 
omes out slightly smaller butfully 
ompatible with the phenomenologi
al evaluation, while being a fa
tor of almost �veless a

urate. Knowing the Higgs boson mass would only marginally improve the pre
isionof the indire
t determination (
f. last 
olumn in Table 1).14Note that by �xing MH the number of degrees of freedom of the �t is in
reased 
ompared to the standard �tresulting in a larger average �2min and thus in a larger p-value.
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Figure 6: Indire
t 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 dire
t MW measurement,indi
ated by the dot with 1� error bar, is not in
luded. The widths of the bands indi
ate the size of the
umulative theoreti
al un
ertainty in the �t. The grey shaded 
urve shows the 
onstraint one would obtainfor a hypotheti
al Higgs dis
overy 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 theoreti
al un
ertainty due to the good 
onvergen
e of the perturbative seriesat that s
ale (
f. Ref. [2℄).� Two lo
al ��2 minima are found from the indire
t 
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 dire
t mtmeasurements [48℄. The separation between the two regions originates from the dire
t 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 dire
t mt measurementsas well as the pole top mass derived from the in
lusive tt 
ross se
tion (dots with error bars).Similar to the indire
t MW determination, the results from the dire
t Higgs sear
hes allowto signi�
antly in
rease the pre
ision of the indire
t 
onstraint. The grey-shaded band showsthe 
onstraint on mt one would obtain for a hypotheti
al Higgs dis
overy at 120 GeV withnegligible error on MH . The pre
ision of the indire
t determination would rea
h 3:0 GeV.
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Figure 7: Indire
t 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 dire
t mt measurement,indi
ated by the dot with 1� error bar, is not in
luded. The widths of the bands indi
ate the size of the
umulative theoreti
al un
ertainty in the �t. Also shown is the pole mass result inferred by D0 from themeasurement of the pp! tt+X 
ross se
tion [56℄ (square dot, see text). The grey shaded 
urve shows the
onstraint one would obtain for a hypotheti
al Higgs dis
overy at 120 GeV (with negligible error on MH).� For the indire
t determination of the e�e
tive 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 dire
t Higgs sear
hes in the �t. Fromthis we obtain the SM predi
tionsin2�è� = 0:23148 � 0:00011 ; (5)whi
h is 
ompatible with and more pre
ise than the experimental average dire
tly 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 the
omplete �t (blue band). Also shown is the LEP/SLD average from the dire
t determination.Similar to the indire
tMW andmt determinations, the results from the dire
t Higgs sear
hesallow to signi�
antly in
rease the pre
ision of the indire
t 
onstraint. The grey shaded bandshows the 
onstraint on sin2�è� one would obtain for a hypotheti
al Higgs dis
overy at120 GeV with negligible error on MH .� Two-dimensional 68%, 95% and 99% CL allowed regions obtained from s
ans of �ts with�xed variable pairs MW vs. MH are shown in Fig. 9. The allowed region obtained withoutthe MW measurement and the dire
t Higgs sear
hes (largest/blue) agrees with the worldaverage of the dire
t MW measurements (horizontal/green band). In
lusion of the MWmeasurements (narrow/purple) redu
es signi�
antly the allowed ranges in MH highlighting
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Figure 8: Indire
t determination of the e�e
tive weak mixing angle: pro�le of ��2 versus sin2�è� for the
omplete �t (blue shaded 
urve) and the standard �t (green shaded 
urve). In both �ts all measurementswith a dire
t relationship to sin2�è� (e.g. the asymmetry parameters) are not in
luded, and only themeasured or determined values of mt, MW , m
, mb, ��(5)had(M2Z) and �S(M2Z) are used. The widths ofthe bands indi
ate the size of the 
umulative theoreti
al un
ertainty in the �t. The LEP/SLD average forsin2�è� as derived dire
tly from the asymmetry measurements is indi
ated by the dot with 1� error bar.The light shaded 
urve shows the 
onstraint one would obtain for a hypotheti
al Higgs dis
overy at 120 GeV(with negligible error on MH).again the importan
e of the MW measurements for an a

urate MH determination. Afterthe in
lusion of the dire
t Higgs sear
hes two separate small regions (narrowest/green) inthe parameter spa
e 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 s
ans of �ts with �xedvariable pairs MW vs. mt are shown in Fig. 10. The indire
t determination (largest/blue)without the MW and mt measurements and without the dire
t Higgs sear
hes shows agree-ment with the dire
t MW and mt measurements (horizontal and verti
al green bands). Thein
lusion of the results of the dire
t Higgs sear
hes redu
es signi�
antly the allowed region(narrow/yellow), whi
h is still in agreement with the dire
t results. For illustration, isolinesfor various values ofMH representing the SM predi
tion in an indi
ative way are also shown.As these isolines do not in
lude the theoreti
al un
ertainties (e.g. on MW ), the allowedregion of the �t in
luding the dire
t Higgs sear
hes (narrow/yellow region) as shown in thisplot extend slightly into regions of MH values smaller than the stri
t ex
lusion 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 expe
ted 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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tion in an indi
ative way as the theory un
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3 Oblique CorrectionsA 
ommon approa
h to 
onstrain physi
s beyond the SM using the global ele
troweak �t is throughthe formalism of oblique parameters.
3.1 Concept of oblique parametersProvided that the new physi
s mass s
ale is high, beyond the s
ale of dire
t produ
tion, and that it
ontributes only through virtual loops to the ele
troweak pre
ision observables, the dominant BSMe�e
ts 
an be parametrised by three gauge boson self-energy parameters named oblique parameters.In this se
tion we re
all only the relevant parameter de�nitions. A more general introdu
tion ofthe oblique formalism is given in the appendix, page 49.The literature fo
uses 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, whi
h absorb theradiative 
orre
tions to the total Z 
oupling strength, the e�e
tive weak mixing angle, and the Wmass, respe
tively. It is assumed that the new physi
s 
ontributing to the radiative 
orre
tionsis 
avour universal, while for the Z ! bb vertex, re
eiving large top-quark 
orre
tions, an extraoblique parameter is introdu
ed. In this analysis we implement the additional 
orre
tions to theZ ! bb 
oupling as des
ribed in Ref. [70℄. More parameters (X;Y; V;W ) are required if the s
aleof new physi
s is not mu
h larger than the weak s
ale [71, 72℄. They 
an only be independentlydetermined when in
luding data at higher 
entre-of-mass energies than the Z pole, whi
h is not
arried out in the present analysis, so that these additional parameters are set to zero.The "1;2;3 parameters [68, 69℄ in
lude SM 
ontributions dominated by top quark and Higgs boson
orre
tions. By 
onstru
tion they vanish at Born level if the running of � is a

ounted for. Theirtypi
al size is hen
e of order �. They are de�ned by"1 = �� ; (6)"2 = 
os2�W��+ sin2�G
os2�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 dependen
e present in all form fa
tors has been removed expli
itlyfrom the parameters "2 and "3.In the de�nition of the S; T; U parameters [6℄ the predi
ted SM 
ontributions are subtra
ted fromthe measured " parameters, so that the S; T; U vanish in the SM. Due to the dominant virtualtop quark and Higgs boson 
orre
tions, the subtra
ted SM terms depend on MH and mt, whi
htake �xed referen
e values. Thus, by 
onstru
tion, the S; T; U parameters depend on a (somewhatarbitrary) SM referen
e point, while the physi
ally relevant di�eren
e between the experimentalS; T; U parameters and a model predi
tion is independent of the referen
e. The S; T; U parameterare normalised so that the expe
ted BSM 
ontributions are of order O(1). The so subtra
ted 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 predi
tions for the 
hosen MH and mt referen
e. Throughout this paper weuse the referen
e valuesMH;ref = 120 GeV and mt;ref = 173 GeV that are 
hosen to agree with theexperimental 
onstraints.Physi
s beyond the SM 
an also 
ontribute to the Z ! bb vertex, whi
h re
eives signi�
ant topquark 
orre
tions in the SM. Following Ref. [70℄ these additional vertex 
orre
tions 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 in
luded for new physi
smodels that signi�
antly 
ontribute to the Z ! bb vertex, whi
h, for the models studied in thispaper, is only the 
ase for the Littlest Higgs model (
f. Se
tion 4.4).The advantage of the S; T; U parametrisation lies in the 
onvenien
e with whi
h it permits to
ompare model predi
tions with the ele
troweak data. It is therefore adopted in most parts of thispaper. For a given model, the predi
tion of any ele
troweak 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 predi
tion of the observable in the referen
e SM, in
ludingall known two-loop and beyond two-loop ele
troweak 
orre
tions. The linear terms (
SS, 
TT ,
UU) parametrise the additional 
ontribution from the BSM model. The 
oeÆ
ients 
S ; 
T ; 
U areavailable in the literature for the full set of ele
troweak pre
ision observables. This report usesthe values from Ref. [73℄. The pre
ise measurements of the ele
troweak observables thus allow to
onstrain S; T; U , and hen
e parameters of spe
i�
 BSM physi
s models whose 
ontributions tothe oblique parameters have been 
al
ulated.The BSM e�e
ts on the S; T; U parameters 
an be summarised as follows.� The T parameter measures the di�eren
e between the new physi
s 
ontributions of neutraland 
harged 
urrent pro
esses at low energies, i.e. it is sensitive to weak isospin violation. T("1) is proportional to ��.� The S (S + U) parameter des
ribes new physi
s 
ontributions to neutral (
harged) 
urrentpro
esses at di�erent energy s
ales. The S parameter ("3) takes the remaining part of ��,whi
h 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) des
ribesthe remaining 
orre
tions to �r and is predi
ted to be small in most new physi
s models.Updated experimental results for the oblique parameters as obtained from the global ele
troweak�t are given in the following se
tion. Similar studies have been performed by the LEP Ele
troweakWorking Group [3℄ and for the ele
troweak review of the Parti
le 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 ele
troweakpre
ision observables with the respe
tive theory predi
tions of Eq. (12). Ex
ept for the �xedMH;ref and mt;ref all other SM �t parameters, in
luding S, T and U , are free to vary in the �t (
f.bold quantities in Table 1). After �t 
onvergen
e we �ndS = 0:03 � 0:10 ; T = 0:05� 0:12 ; U = 0:07 � 0:11 ; (13)and linear 
orrelation 
oeÆ
ients of +0:89 between S and T , and �0:49 (�0:72) between S and U(T and U). Some BSM models predi
t a vanishing or negligible 
ontribution to U , whi
h 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 
oeÆ
ient of +0:89. The improved pre
ision on S and T stems from the infor-mation of MW and �W , whi
h 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 referen
e. Figures 11 and 12 show by the orange ellipses the 68%, 95% and 99%
on�den
e 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 un
hanged,while the W mass and width would then 
onstrain U rather than S or T . Also shown on all plotsis the SM predi
tion for varying MH and mt values (ranges given on plots). By 
onstru
tion, theSM predi
tion reprodu
es S = T = U = 0 at the SMref ben
h mark. While the variations ofS; T; U within the 
urrent mt un
ertainty is small, MH values larger than the ele
troweak s
alelead to larger (smaller) values of S (T ). The U parameter exhibits only a small dependen
e onMH , justifying the 
hoi
e U = 0 for the SM interpretation. All experimentally allowed ellipsesshow 
ompatibility with the SM predi
tions for a light Higgs boson, re
e
ting the satisfa
torygoodness-of-�t obtained in the SM �t (
f. Se
tion 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) spa
e due to additional undeterminedmodel parameters, whi
h in turn 
an be 
onstrained via the oblique parameter formalism fromthe data. Most (though not all) models de
ouple at high s
ales from the SM so that the oblique
orre
tions reprodu
e the SM values. We will see in the following that models providing additionalweak isospin violation 
an readily a

ommodate large Higgs boson masses, whose negative T valuesare 
ompensated by the model-indu
ed positive 
ontributions.
4 Constraints on New Physics ModelsWe pro
eed the analysis with 
onfronting the S; T; U parameters determined in the previous se
-tion with predi
tions from SM extensions. For a given new physi
s model, the S; T; U predi
tions15Had we determined MH by 
onfronting experimental and predi
ted oblique parameters, we would reprodu
eFig. 4 up to deviations due to the higher order and non-oblique 
orre
tions present in the standard ele
troweak �t.
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Figure 11: Experimental 
onstraints on the S, T parameters with respe
t to the SM referen
e 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 SMpredi
tion for varying MH and mt values (see �gures for the ranges used).
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Figure 12: Experimental 
onstraints on the S, U (left) and U , T parameters (right) with respe
t to theSM referen
e 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 un
onstrained. The narrow dark grey bands illustrate the SM predi
tion 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 referen
e. 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 ele
troweak �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 dependen
e 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 dependen
e is often negle
ted. The G�tter software allows us to study the dependen
eof the oblique 
orre
tions on the BSM model parameters and the SM parameters (MH and mt)taking into a

ount the full two-loop and beyond-two-loop 
orre
tions of the SM.In this se
tion we revisit published S; T; U predi
tions for several prominent BSM models andprovide BSM 
onstraints derived with 
onsistent ele
troweak data (as used in Se
t. 2 for thestandard �t), SM referen
e point and statisti
al pro
edure. At the beginning of ea
h subse
tionwe provide a brief outline of the main model features and re
all the available experimental sear
hresults. None of the dire
t sear
hes is used to 
onstrain the S; T; U predi
tions or new physi
sparameter �ts.
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4.1 Models with a sequential fourth fermion generationThe fermion se
tor of the SM is 
omposed of three generations of leptons and quarks. Several SMextensions suggest extra families of matter parti
les, whi
h { with the dawn of the LHC { havere
eived in
reased attention in the theoreti
al literature. As the new fermions would obtain theirmasses via Yukawa 
ouplings to the Higgs 
ondensate they must be of order the ele
troweak s
aleand hen
e should be experimentally a

essible. The phenomenologi
al 
onsequen
es of a fourthgeneration on the 
avour se
tor of neutrinos, 
harged leptons and quarks have been extensivelyexplored (
f., e.g., Refs. [74{85℄ and the review [86℄). The impa
t on ele
troweak pre
ision data atthe Z-pole and on Higgs physi
s has been studied in Refs. [80, 87{93℄. For the present analysis,we use the oblique 
orre
tions 
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 ea
h of the quark and leptonse
tors. The new un
onstrained 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℄, ex
luding d4 masses between 255 and 361 GeV, and from the Tevatronexperiments where the newest analyses from CDF ex
lude u4 quarks below 358 GeV and d4 quarksbelow 372 GeV [95, 96℄. The u4 sear
hes assume predominant de
ays intoW boson and SM quarks,requiring a small u4{d4 mass splitting to inhibit the de
ay u4 ! Wd4. The CMS and Tevatrond4 sear
hes assume a d4 ! Wt bran
hing fra
tion 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 negle
ts the possibility of an inverted fourth generation mass hierar
hy.The CDF limits have been reanalysed in Refs. [97, 98℄ under more general SM4 and CKM4 quarkmixing s
enarios, 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 de
aying to W� and Z`, or to W` and Z�, depending on their ele
tromagneti

harge [99℄.Assuming negligible mixing of the extra fermions with the SM fermions,16 the one-loop fermioni
16A detailed numeri
al SM4 analysis [80℄ taking into a

ount low-energy FCNC pro
esses in the quark se
tor,ele
troweak oblique 
orre
tions, and lepton de
ays (but not lepton mixing) 
on
ludes 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 toex
eed 0.93. The no-mixing assumption allows us to use the measured value of GF , extra
ted from the muon lifetimeunder the SM3 hypothesis, to its full pre
ision [84℄.
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ontributions of a sequential fourth generation to the oblique 
orre
tions 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 hyper
harge 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,respe
tively.17In the limit of large and degenerate up and down-type fermion masses, the S parameter in Eq. (18)redu
es to 2=(3�) ' 0:21, exhibiting the non-de
oupling 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 de
rease (in
rease) 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 degenera
y, T is proportional to thedi�eren
e 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 predi
tionfrom a fourth fermion generation with vanishing mixing. The markers indi
ate spe
ial modelsettings 
orresponding to the �xed masses m�4 = 120 GeV, me4 = 200 GeV, md4 = 400 GeV,and various 
hoi
es for mu4 and MH .18 The T parameter grows with the amount of the up and17 The fun
tions in Eqs. (18{20) are de�ned as follows. F (x1; x2) = (x1 + x2)=2 � x1x2=(x1 � x2) � ln(x1=x2),G(x) = �4y ar
tan(1=y), y = p4x� 1, and f(x1; x2) = �2p�[ar
tan((x1�x2+1)=p�)�ar
tan((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 absoluteva
uum stability of the running Higgs self 
oupling approximately requires the mass hierar
hy 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 redu
ed 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 dis
ussion we will ignore the stability bound on MH .
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Figure 13: Oblique parameters in a model with a fourth fermion generation. Shown are the S, T �t results(leaving U free) 
ompared with the predi
tion from the SM (dark grey) and the sequential fourth generationmodel with vanishing 
avour mixing (light grey). The symbols illustrate the predi
tions for three examplesettings of the parameters mU4 , md4 , m�4 , ml4 andMH . The light grey area is obtained by varying the freemass parameters in the ranges indi
ated in the �gure.down-type fermion mass splitting, while the S parameter logarithmi
ally grows withMH from theSM 
ontribution, prevailing over the opposite trend from the in
reasing mu4 . The shaded areain Fig. 13 depi
ts the allowed region when letting the fourth generation quark (lepton) massesfree to vary within the interval [200; 1000℄GeV ([100; 1000℄GeV), and MH within [100; 1000℄GeV.For spe
i�
 parameter settings the fourth generation model is in agreement with the experimentaldata, and large values of MH are allowed.Be
ause the oblique parameters are mainly sensitive to the mass di�eren
es between the up-typeand down-type fermions instead of their absolute mass values, we have derived in Fig. 14 the 68%,95% and 99% CL allowed regions in the (mu4 �md4 ;ml4 �m�4) plane. Shown are the 
onstraintsobtained for, from the top left to the bottom right panel, in
reasing values of MH . Large MHvalues of up to 1 TeV 
an be a

ommodated by the data if the negative T shift indu
ed by MH is
an
elled by a 
orresponding positive shift from a large fermion mass splitting. The data prefer aheavier 
harged lepton to 
ounterweight the S in
rease from the in
reasing MH .A sequential fourth generation of heavy quarks would in
rease the gluon fusion to Higgs produ
tion
ross se
tion, dominantly mediated by a triangular top loop, by approximately a fa
tor of nine,hen
e in
reasing the experimental Higgs boson dis
overy and ex
lusion potential. The Tevatronexperiments [103℄, ATLAS [63℄ and CMS [64℄ have reinterpreted their negative Higgs boson sear
hresults in the 
hannel H ! WW in terms of four generations obtaining the 95% CL ex
lusionbounds 131 < MH < 204 GeV, 140 < MH < 185 GeV and 144 < MH < 207 GeV, respe
tively.Inserting these bounds into Fig. 13 does not alter the allowed (S; T ) region of the fourth generationmodel. It also does not a�e
t the allowed fermion mass parameters shown in Fig. 13, whi
h were
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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 es
ape the ex
luded MH region.
4.2 Two-Higgs Doublet ModelTwo-Higgs doublet models (2HDM) [104℄ are simple extensions to the SM Higgs se
tor, whi
hintrodu
e one additional SU(2)L � U(1)Y Higgs doublet with hyper
harge Y = 1. Two Higgsdoublets lead to �ve physi
al Higgs boson states of whi
h three, h0, H0, A0, are ele
tri
allyneutral and the two remaining ones, H�, are ele
tri
ally 
harged. Of the neutral states, h0 andH0 are s
alars and A0 is pseudos
alar. The free parameters of the 2HDM are the Higgs bosonmasses Mh0 , MH0 , MA0 and MH� , the ratio of the va
uum expe
tation values of the two Higgsdoublets, tan� = v2=v1, o

urring 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,hen
e, the 
orresponding Higgs 
ouplings and mass matrix elements depend on the 
hoi
e of basisfor the Higgs �elds [105, 106℄.Models with two Higgs doublets intrinsi
ally ful�l the empiri
al equality M2W � M2Z 
os2 �W .They also in
rease the maximum allowed mass of the lightest neutral Higgs boson for ele
troweakbaryogenesis s
enarios to values not yet ex
luded by LEP (see e.g., Ref. [107℄) and they allow for
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tor. Flavour 
hanging neutral 
urrents 
an be suppressed with anappropriate 
hoi
e of the Higgs-to-fermion 
ouplings (see e.g., Ref. [95, 108℄). For example, in theType-I 2HDM this is a
hieved by letting only one Higgs doublet 
ouple to the fermion se
tor. 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 se
tor ofthe Minimal Supersymmetri
 Standard Model. It �xes the basis of the Higgs �elds and promotestan� to a physi
al parameter.Our previous analysis of the Type-II 2HDM extension [2℄ was restri
ted to the CP 
onserving2HDM s
alar potential, and only in
luded observables sensitive to 
orre
tions from the ex
hangeof a 
harged Higgs boson. The most 
onstraining of these observables involve rare radiative orleptoni
 de
ays of B and K mesons, where the 
harged 
urrent mediated by the W is repla
edby a 
harged Higgs. The 
ombination of the 
onstraints obtained ex
ludes the high-tan�, low-MH� region spared by the B ! �� 
onstraint, and leads to a 95% CL 
harged-Higgs ex
lusionbelow 240 GeV, irrespe
tive of the value of tan�. This limit in
reases towards larger tan�, e.g.,MH� < 780 GeV are ex
luded for tan� = 70 at 95% CL. A similar analysis, whi
h also in
ludesneutral B0 meson mixing, has been reported in Ref. [110℄. There, a tan� independent 95% CLlower limit of 316 GeV was a
hieved.Dire
t sear
hes for the 
harged Higgs within the Type-II 2HDM have been performed by the LEP
ollaborations. The main limitations were ba
kground from diboson produ
tion and the kinemati
limitation on the produ
tion 
ross se
tion [111{114℄. The 
ombined limit determined by the LEPHiggs Working Group is MH� > 78:6 GeV [115℄.For the study of the 2HDM oblique 
orre
tions the type distin
tion between the models is irrelevantas they are de�ned a

ording to the Yukawa 
ouplings, whi
h do not enter the oblique 
orre
tionsat one-loop order. For the predi
tion 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 fun
tions 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 ar
tan(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 15: Oblique parameters in the 2HDM. Shown are the S, T �t results (leaving U free) 
ompared withpredi
tions from the SM (grey) and 2HDM (light green). The 2HDM area is obtained with the use of themass and mixing parameter ranges given on the plot. The symbols illustrate the 2HDM predi
tions for sixexample settings, 
ompared to the 
orresponding SM predi
tions via the arrows.U = �S + 1�M2Z�B22(M2W ;M2A0 ;M2H�)� 2B22(M2W ;M2H� ;M2H�)+ sin2(� � �)B22(M2W ;M2H0 ;M2H�)+ 
os2(� � �)�B22(M2W ;M2h0 ;M2H�) + B22(M2W ;M2W ;M2H0)� B22(M2W ;M2W ;M2h0)�M2WB0(M2W ;M2W ;M2H0) +M2WB0(M2W ;M2W ;M2h0)�� : (23)Figure 15 shows the 68%, 95%, and 99% CL allowed 
ontours in the (S; T )-plane (letting U varyfreely) as derived in the ele
troweak �t together with the SM and 2HDM predi
tions (grey and greenareas, respe
tively). For the 2HDM predi
tion Mh0 was left free to vary within [114,1000℄ GeVand the masses of the other Higgs bosons were allowed to vary between Mh0 and 1000 GeV. Sadopts relatively small and mainly positive values, whereas the 
ontribution to T 
an take largepositive and negative values. There is a large overlap between the experimental �t and the 2HDMpredi
tion, so that a variety of model 
on�gurations exhibits 
ompatibility with the ele
troweakpre
ision data. A few of these 
on�gurations are shown for �xed values of Mh0 = 600 GeV,MA0 = 900 GeV, and � � � = �2 in Fig. 15. The open symbols depi
t the predi
tions for threedi�erent masses of the lightest Higgs (Mh0 = 120; 250; 500 GeV) and a �xed 
harged Higgs massof 580 GeV. The arrows indi
ate the 2HDM-indu
ed shifts in S and T with respe
t to the SMpredi
tion for the same Mh0 values. Variations of the 
harged Higgs mass (full symbols) indu
estrong e�e
ts on T . By 
hoosing adequate values (MH� = 590; 570; 550 GeV) 
ompatibility withthe ele
troweak data 
an be a
hieved even for large Mh0 .
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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 , respe
tively (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, respe
tively (right).Further 2HDM parameter 
on�gurations that are allowed by the ele
troweak 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 degenera
y the allowedbands for MH� be
ome broader. The widths of the bands also depend on the error of mt andother relevant ele
troweak parameters. Varying ��� (see Fig 16 (top right)) alters the preferen
eof 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 noti
es 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
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hosen as in Fig. 15. The allowed �t 
ontours 
learly overlap for the above sele
ted values ofMH0 = 600GeV andMA0 = 900GeV, indi
ating the 
ompatibility of all three model 
on�gurationswith the ele
troweak pre
ision 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 ele
troweak pre
ision 
onstraints willbe
ome relevant in 
ase of a dis
overy or the setting of signi�
ant 2HDM Higgs boson ex
lusionlimits at the LHC.
4.3 Inert-Higgs Doublet ModelThe inert-Higgs doublet model (IHDM) has re
ently been re-introdu
ed [119℄ (see the originalpaper [120℄) with the aim to a

ommodate a heavy Higgs boson of mass between 400 and 600GeVthat would lift the divergen
e of the Higgs radiative 
orre
tions beyond the TeV s
ale, where newphysi
s is supposed to render the theory natural and the Higgs quarti
 
oupling perturbative. Torespe
t the 
onstraints from the ele
troweak pre
ision data, a se
ond inert Higgs doublet, H2, isintrodu
ed. Although H2 has weak and quarti
 intera
tions just as in the ordinary 2HDM, it doesnot a
quire a va
uum expe
tation 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 
onsequen
e, the lightest inert s
alar (LIP) is stable and a suitable dark matter 
andidate. Toes
ape dete
tion it should be ele
tri
ally 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 enri
hes the s
alar se
tor by two 
harged Higgs states of equal mass, H�, and twoneutral ones, H0, A0, where the lightest neutral state, whi
h 
ould be either H0 or A0, is typi
allyassumed to be the LIP. The parameters of the extended se
tor are the three Higgs masses, MH� ,MH0 , MA0 , and two quarti
 
ouplings. One of the quarti
 
ouplings only a�e
ts the inert parti
leswhile the other one, involving both Higgs doublets, a�e
ts measurable observables [119℄.The oblique 
orre
tions indu
ed 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 fun
tion F is positive,symmetri
 with respe
t to an inter
hange of its arguments, and it vanishes for m1 = m2. For ap-proximate H0, A0 mass degenera
y one �nds T / (MH��MH0)(MH��MA0) [119℄. Contributionsto the U oblique parameter are negle
ted.The IHDM predi
tions for S and T are shown in Fig. 17. The solid 
ir
le, square and trian-gle indi
ate oblique 
orre
tions for three representative H2 mass parameter settings. The lightshaded (green) area depi
ts the allowed region found for freely varying masses within the bounds:
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Figure 17: Oblique parameters in the inert-Higgs doublet model. Shown are the S, T �t results (withU = 0) 
ompared with predi
tions from the SM and IHDM (grey and light green areas, respe
tively). TheIHDM area is obtained with the use of the mass parameter ranges given on the �gure. The symbols illustratethe IHDM predi
tions for three example settings, 
ompared to the 
orresponding SM predi
tions via thearrows.100 GeV < Mh0 < 1000 GeV, 50 GeV < MH� < 1500 GeV, 5 GeV < MH0 < 1000 GeV, and0 < MA0 �MH0 < 400GeV, assuming MA0 > MH0 and MH� > MH0 . By 
onstru
tion, the IHDMgrants large h0 masses.Figure 18 translates the oblique parameter 
onstraints from the ele
troweak pre
ision data into
onstraints on the masses of the extended se
tor. There is a large freedom in the 
hoi
e of theparameters. The neutral LIP requirement leads to the sharp verti
al bound in the left hand plot ofFig. 18. The 
onstraint from T puts bounds on the mass splitting between the inert Higgs states.For the 
ase of an almost mass degenera
y between 
harged Higgs and LIP, for whi
h ÆTIHDMapproximately vanishes, MA0 is un
onstrained. For large Mh0 the allowed values for MH� areapproximately independent of Mh0 , but must rise along with MH0 and MA0 .
4.4 Littlest Higgs model with T-parity conservationAn approa
h to realising a naturally light Higgs boson and ta
kle the SM hierar
hy problem aremodels in whi
h the Higgs boson is a bound state of more fundamental 
onstituents intera
ting via anew strong for
e [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 strongintera
tion. However, in these models the little hierar
hy between the symmetry breaking s
ale fand the ele
troweak s
ale 
annot be realised without �ne tuning. The new me
hanism to stabilisethe little hierar
hy is 
olle
tive symmetry breaking [133℄ of several global symmetries. Under ea
hsymmetry alone the Higgs is a Goldstone boson. However, the symmetries are only approximate;
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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 expli
itly by gauge, Yukawa and s
alar 
ouplings. Quadrati
ally divergent Higgsmass 
orre
tions 
an only o

ur 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 s
ale f � 1 TeV where new gauge bosons, fermions and s
alarsexist that 
an
el the one-loop quadrati
 divergen
es of MH in the SM. Eviden
e for the existen
eof these states 
an be sear
hed for dire
tly at high-energy 
olliders and indire
tly by exploitingtheir 
orre
tions to pre
isely measured observables su
h as the ele
troweak data.The littlest Higgs (LH) model [135℄ is among the simplest little Higgs realisations with a minimalparti
le 
ontent. It is based on a non-linear 1� model des
ribing SU(5)=SO(5) symmetry breakingat a s
ale f of order TeV. The parti
le spe
trum below this s
ale 
onsists of the SM states and alight Higgs boson, while at the TeV s
ale a few new states are introdu
ed. At an energy 
ut-o�� = 4�f � 10 TeV the non-linear 1� model be
omes strongly 
oupled and the LH model needsto be repla
ed by a more fundamental theory. The originally proposed littlest Higgs models werefound to provide large 
orre
tions to the pre
ision ele
troweak observables, mainly due to theallowed tree-level ex
hange of the new heavy gauge bosons [72, 136{140℄. These problems weresolved with the introdu
tion of a 
onserved dis
rete symmetry, 
alled T-parity [141, 142℄, featuringT -odd partners for all (T -even) SM parti
les, and a lightest T -odd parti
le that is stable.20 As aresult tree-level 
ontributions of the heavy gauge bosons to the ele
troweak pre
ision observablesare suppressed and 
orre
tions arise only at loop level.The study presented here follows the analysis of Ref. [144℄, where the dominant oblique 
orre
tionsin the LH model with T -parity [142℄ were 
al
ulated together with the Zbb vertex 
orre
tion fromthe top se
tor. The largest oblique 
orre
tions result from one-loop diagrams of a new T -even topstate T+ whi
h mixes with the SM top quark. In the limit mt � mT+ these 
orre
tions are given20It has been shown [143℄ that the T -odd partner of the hyper
harge 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 va
uum expe
tation value and f the symmetry breaking s
ale. The parameters� is approximately the mass ratio of the new T -odd and T -even top states, s� � mT�=mT+ ,21whi
h is restri
ted by the model to be smaller than one. The T parameter dominates over S and Uby a fa
tor of � m2t =(sin2�W 
os2�WM2Z) � 20. Similar to the other new physi
s models dis
ussedin this paper, the 
ontribution to the T parameter from T+ loops in the LH model is positive and
an thus 
an
el a negative SM 
orre
tion due to a large MH .The oblique 
orre
tions (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 se
torare non-negligible. They are given by [144℄22Tgauge = � 14� sin2�W v2f2 �Æ
 + 94 ln 2�vMW � ; (30)where v is the SM va
uum expe
tation value at the ele
troweak s
ale, f is the O(TeV) symmetrybreaking s
ale, and Æ
 is a 
oeÆ
ient of order one whose exa
t value depends on the details of theunknown UV physi
s [144℄.23The 
ontribution to the T oblique parameter from the T -odd partners of the light SM fermionswas found to in
rease with the masses of the partners [144℄. From LEP 
onstraints on four-fermion 
onta
t intera
tion (the ddee 
hannel providing the most stringent lower bound on the
onta
t intera
tion s
ale �), an upper bound on these masses 
an be derived leading to a maximum
ontribution to the T parameter of [144℄TT -odd fermions < 0:05 ; (31)for ea
h 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 se
tor 
ontribution has been published in Ref. [145℄, where the logarithmi
 termis found to 
an
el. We thank Masaki Asano for pointing that out to us. The numeri
al e�e
t of this 
orre
tion is
ontained within the theoreti
al un
ertainty of �5 assigned to the Æ
 
oeÆ
ient.23The Æ
 parameter is treated as theory un
ertainty varying in the range [�5; 5℄ in the �t.
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Figure 19: Oblique parameters in the littlest Higgs model with T -parity 
onservation. Shown are the S, T�t results (without U 
onstraint) 
ompared to predi
tions from the SM and the littlest Higgs model (greyand light green areas, respe
tively). The green area is obtained with the use of the parameter ranges givenon the �gure. The symbols illustrate the LH predi
tions for three example settings of the parameters f , s�and MH . The 
ontribution from T -odd fermions is negle
ted.Finally, the one-loop 
orre
tion to the Zbb vertex in the LH model with T -parity 
onservation isdominated by diagrams involving Goldstone boson �� ex
hange. In the limit mT+ � mt � MWthe additional leading order 
orre
tion reads [144℄ÆgbbL = g
w �8� sin2�W m4tM2Wm2T+ � 1s2� � 1� lnm2T+m2t : (32)The experimental �t result in the (S; T ) plane is 
ompared in Fig. 19 to the LH predi
tion for ex-ample values of f , s� andMH , assuming that the T -odd fermions are suÆ
iently light (�300 GeV)to have a negligible 
ontribution to the T parameter. Good overlap with the ele
troweak data isobserved and, in parti
ular, large MH values are allowed.Figure 20 shows, for a �xed value of MH = 120GeV, the 68%, 95% and 99% CL allowed regions inthe (s�; f) plane when negle
ting the e�e
ts from the T -odd fermions (green), and when assumingtheir maximum 
ontribution to be 
onsistent with the four-fermion 
onta
t intera
tion bound(blue), respe
tively. In both 
ases a large range of values for the breaking s
ale f is allowed.The green areas in the panels of Fig. 21 illustrate the 68%, 95% and 99% CL allowed regions inthe (MH ; f) plane for the �xed values s� = 0:45; 0:55; 0:65; 0:75, and negle
ting the e�e
ts fromT -odd fermions. For large values of f the MH 
onstraint in the LH model approa
hes that of theSM, while for small f signi�
antly larger values of MH are allowed. Although the allowed (MH ; f)regions strongly depend on s� and no absolute ex
lusion limit on one of the parameters alone 
anbe derived, the above statements are true for all values of s�. For s� = 0:45 (top left) and s� = 0:55(top right) also the 
onstraints obtained when in
luding the maximum e�e
t of T -odd fermions
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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 negle
ting 
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 
onta
t intera
tion (31). In both 
ases MH = 120 GeV isassumed.are shown. In that 
ase, the allowed values for the breaking s
ale f are largely redu
ed.
4.5 Models with large extra dimensionsModels with large 
at extra spatial dimensions (ADD) [146, 147℄ of 
ompa
t size up to mi
ronsprovide a possible solution to the hierar
hy problem by redu
ing the size of the non-fundamentalPlan
k s
ale, MD, 
lose to that of the (fundamental) ele
troweak s
ale. In these models onlygravity propagates into the extra dimensions (the bulk), while the SM �elds are 
on�ned in thefour-dimensional spa
e-time where the gravitational 
ux is diluted. The larger the number of extradimensions, Æ, the larger the amount of the dilution. Redu
ing the 4+Æ dimensional Plan
k s
ale 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 dire
t sear
h 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 
ompa
ti�ed on a torus. ForÆ = 2 the above result on R is slightly tighter giving the lower bound MD > 3:6TeV [149℄. Under
ertain model assumptions there exist strong astrophysi
al 
onstraints on large extra dimensions,ex
luding Plan
k s
ales of up to MD > 1700 (60)TeV for Æ = 2 (3) [150℄.Gravitons propagating in the 
ompa
t extra dimensions exhibit towers of Kaluza-Klein (KK)ex
itations with masses that are multiples of �R�1. Due to the smallness of R�1, the massspe
trum is quasi-
ontinuous and 
annot be resolved in an a

elerator 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 negle
ting the e�e
ts 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 ea
h individual KK graviton to the SM parti
les, dete
tables
attering 
ross se
tions are a
hieved 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� s
ale � is related, but not ne
essarily equal toMD [151{154℄. Itshould, however, not be 
hosen mu
h larger thanMD due to the unknown ultraviolet physi
s. Naivedimensional analysis, for example, sets upper limits at whi
h gravity be
omes strongly intera
tingof �=MD ' 5:4 (2:7) for Æ = 1 (2), and further de
reasing limits for rising Æ [154, 155℄.Dire
t a

elerator-based sear
hes for large extra dimensions have been 
arried out at LEP, theTevatron and LHC (see e.g. the review [156℄). The LEP experiments have sear
hed for dire
tgraviton produ
tion and for virtual e�e
ts in fermion pair and diboson produ
tion, leading to MDex
lusion 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 sear
hed for large extra dimensions in diele
tron,diphoton, monojet and monophoton 
hannels (see [156℄ and referen
es therein). These sear
heslead to MD ex
lusion limits ex
eeding the LEP bounds for Æ � 4 [156℄. By sear
hing for deviationsin the diphoton invariant mass spe
trum, CMS sets limits ex
luding MD values lower than 1:6{2:3TeV at 95% CL, depending on the number of extra dimensions and on the ultraviolet 
ut-o�
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ription used [158℄. In a re
ent analysis of the monojet 
hannel ATLAS ex
ludes MD valuessmaller than 2:3TeV, 2:0TeV and 1:8TeV for Æ = 2, Æ = 3 and Æ = 4, respe
tively [159℄.For the implementation of the ele
troweak pre
ision 
onstraints on large extra dimensions wefollow Ref. [155℄. The graviton 
orre
tions to the ele
troweak pre
ision observables s
ale likeM2Z�Æ=M2+ÆD and thus de
rease with Æ in the better 
ontrolled region � < MD, while in
reasingwith Æ for � > MD. Graviton loop e�e
ts have been 
omputed in Ref. [155℄ for a simplifying
ombination of " oblique parameters in whi
h only the va
uum polarisation 
orre
tion di�eren
ebetween 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 s
ale 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 afun
tion 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 hypotheti
al Higgs masses of 120GeV (left panel) and600GeV (right panel). They show the expe
ted behaviour of a weaker experimental 
onstraintfor rising Æ where �=MD < 1, and the opposite e�e
t for �=MD > 1. Owing to the signi�
antdeviation of " from zero for MH = 600GeV, 
ontributions from large extra dimensions, whi
he�e
tively 
ounterweight the large negative T term in the SM, are required. These heavy-Higgss
enarios are already ex
luded by the dire
t sear
hes for �=MD < 1 (see referen
es above).It is possible to enhan
e the ele
troweak 
onstraint by also in
luding the di�eren
e between themeasured [160℄ and predi
ted anomalous magneti
 moment of the muon (a�). We use a re
entevaluation of this di�eren
e, (28:7 � 8:0) � 10�1 [58℄, whi
h 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 ele
troweakpre
ision data for MH = 120GeV and a�. The deviation of the latter quantity from the SMvalue 
an only be a

ommodated by a low Plan
k s
ale, already ex
luded by dire
t experimentalsear
hes, or by a very large ultraviolet 
ut-o� s
ale.
4.6 Models with universal extra dimensionsModels with 
at, 
ompa
ti�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 ele
troweak pre
ision 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 ele
troweak pre
isiondata 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 referen
es therein). In its minimal version one extra dimensionis 
ompa
ti�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 ex
itation of the SM �eld, m0 is the ordinary mass of theSM parti
le and R � TeV�1 is the size of the extra dimension with the 
ompa
ti�
ation s
aleMKK = R�1. Bulk loops and brane-lo
alised kineti
 terms 
an lead to 
orre
tions of the KKmasses of up to 20% for the KK quark and KK gluon states and of a few per
ent or less for theother states.In UED models, momentum 
onservation in the higher dimensional spa
e leads to a 
onserved
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onsequen
e, the lightest KK state is stable and 
ould be a 
andidateparti
le for the 
old dark matter in the universe. Indeed it has been shown [164{166℄ that the �rstex
itation of the hyper
harge gauge boson B(1) 
an a

ount for the reli
 dark matter abundan
eof the universe if its mass is approximately 600 GeV.24 The odd-level KK states 
an only be pairprodu
ed at 
olliders and their 
ouplings to even number KK modes are loop suppressed. TheLHC experiments should be able to dete
t the new KK states up to R�1 � 1:5 TeV [170℄.The SM parti
les that are allowed to propagate into the bulk 
ontribute with quantum 
orre
tionsto the lower energy observables. In parti
ular, extra dimension models where only the gauge bosonsare allowed to propagate into the bulk, while all other parti
les are 
on�ned to the SM brane, arestrongly 
onstrained by the LEP data for
ing the masses of the lowest KK ex
itations to severalTeV [171, 172℄, beyond the rea
h of possible dire
t dete
tion at the LHC. KK-parity 
onservationin UED models forbids a dire
t 
oupling of a single KK ex
itation to the SM fermions and thusweakens the impa
t of the ele
troweak 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 
orre
tions of a given KK level n of the SM �elds to the gauge-boson selfenergies have been 
al
ulated in Ref. [173, 174℄. The 
orre
tions are proportional to m2t =M2KK ,M2H=M2KK and M2W =M2KK for the top quark, Higgs, and gauge boson ex
itations, respe
tively.The 
ontributions from top (Higgs) ex
itations dominate for small (large) Higgs masses. Thetotal UED 
ontribution 
orresponds to an in�nite sum over n, whi
h is 
onvergent for one extradimension. For the leading order terms of the oblique 
orre
tions 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 �-fun
tions arise from the summation over the KK tower states. Be
ause M2W �m2t �M2KK , the oblique parameter T will dominate the ele
troweak pre
ision 
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. Can
ellation between these 
ontributions is a
hieved 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 ele
troweak �t.25 On the other hand, the top quark and Higgs loop 
ontributionsto S have the same sign. One noti
es the de
oupling from the SM in Eqs. (37)-(39) for small extradimensions.24If the UED is embedded into large extra dimensions of size eV�1 a

essible to gravity only, the lightest KKstate 
ould de
ay via KK-number violating gravitational intera
tion into a photon and an eV-spa
ed graviton towerof mass equivalent between zero and R�1 [167℄. Su
h a model provides a 
lear 
ollider signature with two isolatedphotons and missing transverse energy in the �nal state, whi
h has been sear
hed for at ATLAS [168℄ and D0 [169℄.25This e�e
t is similar to the 
an
ellation of the negative SM Higgs 
ontribution to T with the positive 
ontributionfrom the top se
tor in the littlest Higgs model (
f. Se
tion 4.4).
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tion in the (S; T ) plane for various R�1 and MH hypotheses.Constant values of R�1 are depi
ted by the solid 
ontour lines. The plot reprodu
es the UEDde
oupling from the SM at large 
ompa
ti�
ation s
ales, while for small s
ales T and S 
anbe
ome large. The steepness of the predi
tion for 
onstant MH in the (S; T ) plan redu
es within
reasing values of MH re
e
ting the negative (positive) sign of the Higgs 
ontribution to T (S)in Eq. (38) (Eq. (37)). For the T = 0 
an
ellation value ofMH = 1:1TeV a horizontal predi
tion isobtained as expe
ted (not drawn in the plot). By 
omparison with the ele
troweak data (ellipses)one noti
es that for large UED s
ales MH must be small and vi
e versa.This behaviour is emphasised in Fig. 25, whi
h shows the 68%, 95% and 99% CL allowed regionsin the (MH ; R�1) plane. For large R�1 the 
onstraint on MH approa
hes that of the SM, whilefor small 
ompa
ti�
ation s
ales signi�
antly larger Higgs masses are allowed. The region R�1 <300 GeV and MH > 750 GeV 
an be ex
luded at 95% CL. These �ndings are in agreement withthe results of previous publi
ations [173{175℄.It has been shown [174℄ that 
onstraints derived from �ts in
luding 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 in
luding e+e� data from 
entre-of-massenergies beyond the Z pole [72℄.
4.7 Models with warped extra dimensionsTo solve the hierar
hy problem, Randall and Sundrum (RS) have proposed a single, small and non-fa
torisable extra spa
e dimension a

essible 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 s
ale, whi
h is the ultraviolet (UV) Plan
k s
ale. The generation of the weaks
ale on the infrared (IR) brane from the UV brane is a
hieved by introdu
ing a warp fa
toraltering the four-dimensional Minkowski metri
. The warp fa
tor is an exponential fun
tion ofthe 
ompa
ti�
ation radius of the extra dimension, whi
h is small and thus pre
ludes the extradimension to be observed at low-s
ale gravity experiments. The warp fa
tor is 
onsidered to bethe sour
e of the observed large hierar
hy between Plan
k and weak s
ales in four spa
e-timedimensions. The e�e
tive four-dimensional Plan
k s
ale is determined by a higher dimensionalPlan
k s
ale and the geometry of the extra dimension.The RS model features fundamental spin-2 KK graviton ex
itations, whi
h strongly 
ouple tothe SM parti
les and would thus manifest themselves in form of TeV s
ale resonan
es of pairsof jets, leptons, photons, and gauge bosons in 
ollider experiments. The s
ale 
an be redu
ed ifeither a heavy Higgs is allowed or an ultraviolet 
ut-o� below the Plan
k s
ale is introdu
ed. Thesimplest RS models 
ontain only the SM parti
les and their KK ex
itations. These models are
hara
terised by only two new parameters, of whi
h one is the order-one logarithm of the warpfa
tor, L = kr�, where k and r are the dimensional 
urvature of the �ve-dimensional spa
e-timeand the 
ompa
ti�
ation radius, respe
tively. The inverse warp fa
tor sets the s
ale of the otherfree parameter, MKK = ke�L.In the minimal RS model, all SM �elds are 
on�ned to one brane. Sin
e in this model theuni�
ation of the gauge 
ouplings 
annot be des
ribed by an e�e
tive �eld theory [177℄ and the
avour hierar
hy 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, whi
h redu
es the amount of the oblique 
orre
tions and shifting them to small, positivevalues. MKK then determines the lowest KK ex
itations of the SM �elds in the bulk. The massesof the �rst KK gluon and photon ex
itations are approximately 2:5 �MKK .The leading 
ontributions to the S and T parameters for a model with a brane-lo
alised Higgsse
tor 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 predi
ted 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 ele
troweak data(ellipses). The �gure also illustrates the de
oupling of the RS model for large MKK .Spe
i�
 
onstraints from the ele
troweak �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 bea

ommodated for 
omparatively low MKK values 
ountera
ting on the strong 
onstraint fromT . A large Higgs mass is in agreement with the Higgs �eld being lo
alised on the TeV brane.Assuming new physi
s to stabilise the hierar
hy problem at a UV s
ale of approximately 103 TeV(
orresponding to L � 9) would relax theMKK lower bound, 
f. Fig. 27. Vi
e versa, one �nds thatsmall MKK values lead to an in
reased 
onstraint on L. Addressing the full hierar
hy 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 approa
h to lowering the 
onstraint on MKK from the T parameter, one introdu
esa so-
alled 
ustodial isospin gauge symmetry [182℄. The ele
troweak gauge symmetry is therebyenhan
ed 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 Plan
k 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 un
hanged with respe
t to Eq. (40), while T be
omeswarp-fa
tor 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 
orre
tion 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 dependen
e of the two model parameters on the Higgsmass. Even though a light Higgs 
annot 
ountera
t on the new physi
s 
ontributions the model
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Figure 26: Oblique parameters in the warped extra dimension model. Shown are the S, T �t results (forU = 0) 
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4.8 Technicolour 43parameters are less 
onstrained leading to a redu
ed lower bound on MKK . However, very smallMKK lead to ex
luded Higgs masses. In addition, the strong 
orrelation between MKK and L isremoved so that the Higgs mass and MKK are pra
ti
ally independent of L. Therefore, there is noneed to introdu
e a 
ut-o� at a spe
i�
 s
ale.As an alternative to 
ustodial symmetry, it was proposed to redu
e the 
ontribution to the Tparameter by also allowing the Higgs to propagate into the bulk. This leads to a preferably heavyHiggs, whi
h 
an lower the bound on MKK by several TeV and therefore shift the lightest KKmodes in the a

essible range of the LHC [183℄.In a bulk version of the Rattazzi-Za�aroni model [184℄, it is assumed that the SM Yukawa hierar
hyis set by UV physi
s and that the fundamental 5D Yukawa 
ouplings are shined through the bulkby s
alar 
avor �elds in agreement with 
avor and CP violation 
onstraints. Thus, a bound onthe KK-s
ale as low as 2 TeV is allowed for spe
i�
 parameter 
on�gurations [185℄. However, thisalternative des
ription of 
avor 
auses the new physi
s 
ontributions to the EW parameters to benot oblique and a des
ription by the usual S; T; U formalism would be in
omplete. Nonetheless,the Higgs mass may adopt values up to 200 GeV [186℄. Re
ent hints for new physi
s from theTevatron, e.g. the top quark forward-ba
kward-asymmetry 
an be easily a

omodated in thisFlavor Triviality model.There have been various experimental sear
hes for high-mass graviton resonan
es de
aying to,e.g., photon or ele
tron pairs within the original RS model at the LHC and Tevatron [187{190℄.In these analyses, the invariant mass of the two-parti
le �nal states is used to set limits on theRS-graviton produ
tion 
ross se
tion and lowest-level graviton mass s
ale. The latter one is foundto beMG > 1058GeV andMG > 560GeV at 95% CL for p8�k=MPl = 0:1 and p8�k=MPl = 0:01,respe
tively [190℄.
4.8 TechnicolourElementary Higgs models provide no dynami
al explanation for ele
troweak symmetry breakingand require a high degree of �netuning. One of the �rst attempts to address these short
omingsof the Standard Model were so-
alled te
hni
olour (TC) models whi
h were developed in the late1970s [191, 192℄. These models introdu
e a new QCD-like gauge intera
tion that is asymptoti
allyfree at high energies but 
on�ning at the ele
troweak s
ale. It is assumed that the te
hni
olourgauge intera
tion is to be based on a SU(NTC) gauge group GTC, where NTC is the number ofte
hni
olours, and 
ouples to one or more doublets of massless Dira
 te
hnifermions. In analogyto QCD, the running gauge 
oupling �TC triggers a spontaneous 
hiral symmetry breaking, whi
hleads to a dynami
al mass generation of the te
hnifermions and, in addition, to a large numberof massless Goldstone bosons. It is further postulated that the te
hnifermions transform 
hirallyunder the ele
troweak gauge group SU(2) � U(1) so that three linear 
ombinations of the Gold-stone bosons 
ouple to three ele
troweak gauge 
urrents. It was shown in Ref. [191℄ that theseGoldstone bosons (the so-
alled te
hnipions �T ) 
an give mass to the ele
troweak gauge bosonsby the usual Higgs me
hanism. The properties of any remaining te
hnipions (their 
orrespondingquantum numbers and masses) are model dependent. Similar to the ve
tor mesons in QCD, fur-ther te
hni
olour resonan
es with masses in the TeV range are expe
ted [36℄. Dire
t sear
hes forsu
h resonan
es were performed at several 
ollider experiments studying dilepton and dijet reso-
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es [36, 193℄. Model dependent 95% CL ex
lusion bounds on te
hnipion and te
hnirho massesof 80 GeV < m�T < 115 GeV and 170 GeV < m�T < 215 GeV were obtained.Su
h simple versions of te
hni
olour models do not explain the expli
it breaking of 
hiral symme-tries of quarks and leptons. Extended te
hni
olour models (ETC) have been developed to addressthis issue by assuming that ordinary SU(3) 
olour, SU(NTC) te
hni
olour, and 
avour symmetriesare uni�ed into one gauge group GETC, whi
h allows the te
hnifermions to 
ouple to quarks andleptons via gauge bosons of the enlarged group. In GETC te
hnifermions, quarks, and leptonsbelong to the same representations. Hen
e 
avour, 
olour and te
hni
olour 
an be interpreted as asubset of the ETC quantum numbers. It is assumed that the ETC gauge symmetry breaking intoSU(3)�SU(NTC) o

urs at s
ales well above the TC s
ale of 0:1{1TeV. The broken gauge intera
-tions give mass to the quarks and leptons by 
onne
ting them to te
hnifermions. An introdu
tionto te
hni
olour models 
an be found, for instan
e, in Ref. [194℄.Be
ause te
hni
olour is a strongly intera
ting theory, the oblique 
orre
tions of te
hni
olour models
annot be 
al
ulated by ordinary perturbation theory. Two approa
hes are followed to addressthese diÆ
ulties [195℄. The �rst approa
h assumes that S and T 
an be expressed as a spe
tralintegral, whi
h is evaluated with the use of QCD data and then extrapolated to te
hni
olourenergies [6℄. The se
ond approa
h is based on the relations of S, T , and U to the 
oeÆ
ientsof four-derivative operators in the 
hiral Lagrangian [10, 196℄. Both approa
hes give 
onsistentresults for QCD-like te
hni
olour models.The magnitude of the radiative 
orre
tions in te
hni
olour models in
reases with the number ofte
hni
olours (NTC) and the number of te
hni
avours (NTF). It is therefore justi�ed (
onservative)to 
hoose a minimal ETC model [197℄, whi
h has one te
hni
olour generation with NTC = 2; 3, tostudy the 
ompatibility of ETC models with the ele
troweak data. The model 
hosen here 
ontainsa 
olour triplet of te
hniquarks (U;D) with degenerate mass, and a doublet of te
hnileptons (N;E)with mN � mE to allow for isospin splitting. The te
hnineutrino N 
an be of either Dira
 orMajorana type. Following Refs. [6, 11, 197, 198℄, the oblique 
orre
tions for Dira
 te
hnineutrinosare given bySD = 0:1 � (NC + 1) �NTC � NTC6� � Y � ln r ; (43)TD = NTC16�s20
20 m2EM2Z �1 + r � 2 rr � 1 ln r� =lim r!1 NTC12�s20
20 �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 te
hnineutrinos 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�s20
20 m2EM2Z �2� 4rr2 � 1 ln r + 4r(r + 1)2 �1� r2 + 14r � r2 � r + 1r2 � 1 ln r�� (47)= � NTC12�s20
20 �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 hyper
harge of the te
hnilepton doublet, NC = 3 de�nes thenumber of QCD 
olours, and r = m2N=m2E . Several aspe
ts 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 te
hniquark se
tor, but sin
e mU = mD is postulated their 
ontributionsvanish. The situation is di�erent for the S parameter where a term proportional to NC arises fromthe te
hniquark se
tor due to nonperturbative 
ontributions [198℄. The 
orresponding oblique
orre
tions from the te
hniquark doublet (U;D) are obtained by Eqs. (43{45) with an extra fa
torNC and the appropriate value of Y .Figure 28 shows the predi
ted S and T values for the Dira
 (top) and Majorana (bottom) te
h-nineutrino 
ases together with the SM predi
tion and the ele
troweak data (ellipses). The shaded(green) areas 
orrespond to the allowed parameter regions when varying the te
hnilepton massesin the ranges26 100 GeV < mE < 1 TeV and 50 GeV < mN < mE. For both te
hnineutrino hy-potheses, the S parameter is disfavoured by the ele
troweak pre
ision data as was �rst dis
ussedin Refs. [6, 197℄. The main di�eren
e in both �gures for either model is the allowed region ofr = m2N=m2E , whi
h governs the amount of isospin violation in the te
hnilepton doublet. Thesharp verti
al 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 te
hnilepton se
tor, lower S butin
rease T . Even though the T parameter predi
tion di�ers in sign between the Dira
 and Majo-rana te
hnineutrino 
ases, both hypotheses remain 
ompatible with the 
urrent data. Compatibleresults are also found for the U parameter for whi
h, assuming 100 GeV < mE < 500 GeV and26The lower mass limits are determined by where the 
al
ulation of the oblique parameters 
an be trusted.
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Figure 28: Oblique parameters for extended te
hni
olour models. Shown are the S, T �t results (withoutU 
onstraint) 
ompared with predi
tions from the SM (grey) and the ETC model for 2 (dark green) and 3(light green) te
hni
olours, and assuming Dira
 (top) and Majorana (bottom) te
hnineutrinos, respe
tively.The green ETC areas 
orrespond to the predi
ted parameter regions when varying the te
hnilepton massesin the ranges indi
ated on the plots. The te
hniquark doublet is assumed to have degenerate mass.



5 Conclusions and Perspectives 4750 GeV < mN < mE, we �nd the predi
ted rangesU = 8>>>><>>>>: [0:04; 0:31℄ Dira
 te
hnineutrinos, NTC = 2[0:06; 0:47℄ Dira
 te
hnineutrinos, NTC = 3[�0:01; 0:25℄ Majorana te
hnineutrinos, NTC = 2[�0:01; 0:38℄ Majorana te
hnineutrinos, 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 me
hanism that generates the u; d and 
; s quark masses andtheir splitting is also responsible for the te
hnifermion mass splitting. The splitting is thereforeexpe
ted to be signi�
antly smaller than the dynami
ally generated masses of the te
hnifermionsso that large isospin violation is disfavoured in extended te
hni
olour models.The S in
ompatibility problem is present in all te
hni
olour models that are built upon s
aling upordinary QCD. It should be noted, that allowing isospin violation in the te
hniquark se
tor leadsto a further in
rease of the S parameter and therefore an even larger in
ompatibility. The problemmay be remedied by introdu
ing non-QCD like te
hni
olour gauge dynami
s with a slowly evolving(or walking) gauge 
oupling �TC(�) over the large energy range from the TC to the ETC symmetrybreaking s
ales. A predi
tion of the oblique parameters for these so-
alled walking te
hni
olourmodels turns however out to be diÆ
ult as the QCD renormalisation group equations 
annot beapplied anymore. In re
ent years, predi
tions for so-
alled holographi
 walking te
hni
olour modelshave been made, whi
h indi
ate a possible 
onsisten
y with the ele
troweak data [199{202℄.
5 Conclusions and PerspectivesWe have updated in this paper the results of the Standard Model �ts to ele
troweak pre
ision datawith the G�tter pa
kage, and revisited the ele
troweak 
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 ele
tromagneti
 �ne-stru
ture 
onstant at MZ .The update of the latter parameter redu
es the tension between the ele
troweak �t and the LEPlimit on the Higgs boson mass. The LEP and Tevatron data on the dire
t Higgs sear
hes havebeen extended by results from the 2010 Higgs sear
hes at the LHC, using data 
orresponding toapproximately 35 pb�1 of integrated luminosity.From the 
omplete �t, in
luding the results from dire
t Higgs sear
hes, we �nd for the mass of theHiggs boson an upper limit of 143 GeV at 95% 
on�den
e level. This bound is alleviated to 163 GeVwhen not in
luding the dire
t Higgs sear
hes (standard �t). Theoreti
al errors parametrising theun
ertainties in the perturbative predi
tions of MW , sin2�fe� , and the ele
troweak form fa
tors,
ontribute with approximately 8 GeV to the total �t error found for MH in the standard �t. In a�t ex
luding the measurement of the top quark mass (but in
luding the dire
t Higgs sear
hes) weobtain the indire
t determination mt = (177:2� 3:4)GeV, in fair agreement with the experimentalworld average. This error being mu
h larger than that of the dire
t measurement, a redu
tion inthe experimental error will not signi�
antly impa
t the ele
troweak �t if the 
entral value doesnot move by an unexpe
ted amount. The experimental and theoreti
al e�ort should therefore
on
entrate on 
larifying the relation between the measured top mass and the top pole mass
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troweak formalism, and the un
ertainty inherent in identifying the latter masswith the former one. From the indire
t determination of the mass of the W boson from the
omplete �t we �nd (80:360+0:014�0:013) GeV, whi
h is more pre
ise and 1:6� below the experimentalworld average. The indire
t determination of the e�e
tive weak mixing angle from the 
omplete�t gives sin2�è� = 0:23148 � 0:00011, whi
h is 
ompatible with and more pre
ise than the dire
texperimental average from the asymmetry measurements at LEP and SLD. The strong 
oupling
onstant to 3NLO order at the Z-mass s
ale is found to be �S(M2Z) = 0:1194 � 0:0028, withnegligible theoreti
al un
ertainty due to the good 
onvergen
e of the perturbative series at thats
ale.Using the oblique parameter approa
h en
oded in the S; T; U formalism, together with a �xedStandard Model referen
e of MH;ref = 120 GeV and mt;ref = 173 GeV, we derive the experimental
onstraints 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 sele
ted extensions, su
h as a fourth family, two Higgs doublet and inert Higgs models,littlest Higgs, models with large, universal or warped extra dimensions and te
hni
olour. The
onstraints from the data are used to derive allowed regions in the parameter spa
es of thesemodels, where we 
on�rm results from earlier studies. In most of these models a heavy Higgsboson 
an be made 
ompatible with the ele
troweak pre
ision data by adjusting the requiredamount of weak isospin breaking.Given the strong performan
e of the LHC and its experiments, with already over 1 fb�1 inte-grated luminosity a

umulated at the date of this paper, the present analysis might be amongthe last global ele
troweak �ts working with Higgs limits only. In 
ase of a Higgs dis
overy, theele
troweak �t does not 
ease to be important. For example, as a test of the Standard Modelthe indire
t predi
tion of the W mass will a
hieve an a

ura
y of 11 MeV that 
an be 
onfrontedwith experiment. The pre
ision of the MW world average measurement will further improve withforth
oming Tevatron analyses and, eventually, by a measurement at the LHC with (expe
tantly)
ompetitive error with the indire
t determination or better. A dis
overy of the Higgs would alsostrongly impa
t the allowed parameter spa
e of many new physi
s models via mainly the redu
ed
exibility of the S oblique parameter and the then known amount of weak isospin violation in theele
troweak Standard Model.
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A Oblique Parameter Formalism

Absorption of radiative correctionsOblique 
orre
tions 
an generally be absorbed into the fundamental 
onstants o

urring at thetree-level of the SM. Kennedy and Lynn [203℄ have shown that this statement is general to allva
uum polarisation orders. In this appendix we illustrate the absorption pro
ess with someexpli
it examples.The e�e
ts of oblique 
orre
tions on fermion s
attering 
an be determined by examining how thegauge boson va
uum polarisation fun
tions���ab (q) = �ab(q2)g�� + (q�q� terms) ; (50)with a; b = 
;W;Z, appear in the ele
troweak observables of interest.27 The fun
tions (50) havean SM and an unknown new physi
s 
omponent: ���ab (q2) = �SMab (q2) + Æ�NPab (q2).For the W and Z bosons one �nds the following mass 
orre
tions to the tree-level quantities28M2W � M2W (M2W ) = M (0) 2W +�WW (M2W ) ;M2Z � M2Z(M2Z) = M (0) 2Z +�ZZ(M2Z) ; (51)where the va
uum polarisation fun
tions are evaluated at the poles of the propagators.For the massless photon one has �

(0) = �
Z(0) = 0 : (52)The impa
t on the ele
tromagneti
 
onstant � is obtained by taking the leading-order photonpropagator plus the �rst-order 
orre
tion. Together these yield�ie2q2 �1 + i�

(q2) � �iq2 � : (53)The observed value of the ele
tri
 
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 intera
tions of Z bosons to fermions, and is shifted bythe va
uum polarisation amplitude �Z
 . The 
orre
tions 
hange a Z into a photon that de
ays 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 physi
al e�e
t. For the(massive) W and Z propagators the terms are also negligible, sin
e, in the intera
tion with light fermions, they aresuppressed by the fermion mass s
ale 
ompared with the g�� parts. From now on we shall ignore the q�q� terms.28Throughout this appendix the supers
ript (0) is used to label tree-level quantities.
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luding this 
orre
tion, the Z-fermion intera
tion 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 de
ays, as mediated by W propagator, re
eives the�rst-order 
orre
tion from the W va
uum polarisation fun
tion�ig2q2 �M2W �1 + i�WW (q2) �iq2 �M2W � : (59)At q2 = 0, the observed Fermi 
onstant pro
ess shifts toGF�p2 = 12v2�1� �WW (0)M2W � : (60)These examples illustrate that oblique 
orre
tions 
an be absorbed into the fundamental 
onstantso

urring of the SM. This 
on
lusion is applied in the following Se
tion.
Introduction of the S, T, U parametersIn the SM with a single Higgs doublet the relationship between the neutral and 
harged weak
ouplings 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 
orre
tions to the gauge boson propagators and verti
es. Insertingthe �rst-order mass-
orre
tions of Eqs. (51) into Eq. (61) gives�� = �WW (0)M2W � �ZZ(0)M2Z : (63)The tree-level ve
tor and axial-ve
tor 
ouplings o

urring in the Z boson to fermion-antifermionvertex if
�(g(0)V ;f + g(0)V ;f
5)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 respe
tively 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)Ele
troweak radiative 
orre
tions modify these relations, leading to the e�e
tive weak mixing angleand e�e
tive 
ouplings sin2�fe� = �fZ sin2�W ; (67)gV ;f = q�fZ �If3 � 2Qf sin2�fe�� ; (68)gA;f = q�fZIf3 ; (69)where the radiative 
orre
tions are absorbed in the form fa
tors �fZ = 1+��fZ and �fZ = 1+��fZ .Ele
troweak uni�
ation leads to a relation between weak and ele
tromagneti
 
ouplings, whi
h attree level reads GF = ��p2�M (0)W �2�1� (M(0)W )2M2Z � : (70)The radiative 
orre
tions are parametrised by multiplying the r.h.s. of Eq. (70) with the formfa
tor (1��r)�1. Using Eq. (66) and resolving for MW givesM2W = M2Z2 0�1 +s1� p8 ��(1 + �r)GFM2Z 1A : (71)An extra 
orre
tion is required for the Z ! bb de
ay vertex. The bottom quark is the only fermionthat re
eives unsuppressed vertex 
orre
tions from the top quark. These 
orre
tions turn out tobe signi�
ant { at the level of GFm2t { and must be a

ounted for. The ve
tor and axial 
ouplingsre
eive 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 indu
ed vertex 
orre
tions.The entire dependen
e of the ele
troweak 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 pra
tise this means the mass di�eren
es 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)
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 dependen
e on the top mass, and a logarithmi
 dependen
e on the Higgsmass. Sin
e MH > MZ > MW , �H is negative.Ignoring terms proportional to lnmt=MZ and vertex 
orre
tions, whi
h do not 
ontain sizableterms 
ontaining MH and mt, the parameters on one-loop level 
an 
an be written as [204℄:�� = 3GFM2W8p2�2 � m2tM2W � sin2�W
os2�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�W
os2�W �ln M2HM2W � 56�+ :::�"2 = 3GFM2W2p2�2 ln mtMZ + ::: (76)"3 = 3GFM2W8p2�2 �29 �ln M2HM2W � 56�� 49 ln mtMZ + :::� :The SM subtra
tion results in the parameter set "̂. In terms of propagator fun
tions one has [36℄"̂1 = �NPWW (0)M2W � �NPZZ (0)M2Z ;"̂3
2 = �NPZZ (M2Z)��NPZZ (0)M2Z ��0NP

 (0) � �
2 � s2
s ��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 
orre
tion 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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