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AbstratThe ATLAS and CMS experiments observed a partile at the LHC with a mass� 126 GeV, whih is ompatible with the Higgs boson of the Standard Model. Aruial question is, if for suh a Higgs mass value, one ould extrapolate the modelup to high sales while keeping the minimum of the salar potential that breaksthe eletroweak symmetry stable. Vauum stability requires indeed the Higgs bosonmass to be MH >� 129� 1 GeV, but the preise value depends ritially on the inputtop quark pole mass whih is usually taken to be the one measured at the Tevatron,mexpt = 173:2�0:9 GeV. However, for an unambiguous and theoretially well-de�neddetermination of the top quark mass one should rather use the total ross setionfor top quark pair prodution at hadron olliders. Confronting the latest preditionsof the inlusive p�p ! t�t + X ross setion up to next-to-next-to-leading order inQCD to the experimental measurement at the Tevatron, we determine the runningmass in the MS-sheme to be mMSt (mt) = 163:3 � 2:7 GeV whih gives a top quarkpole mass of mpolet = 173:3 � 2:8 GeV. This leads to the vauum stability onstraintMH � 129:4�5:6 GeV to whih a � 126 GeV Higgs boson omplies as the unertaintyis large. A very preise assessment of the stability of the eletroweak vauum anonly be made at a future high-energy eletron-positron ollider, where the top quarkpole mass ould be determined with a few hundred MeV auray.1e-mail: sergey.alekhin�ihep.ru2e-mail: abdelhak.djouadi�th.u-psud.fr3e-mail: sven-olaf.moh�desy.de 1
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The reent results on Higgs boson searhes delivered by the ATLAS and CMS ollab-orations [1℄ at the Large Hadron Collider (LHC) show that there is now an establishedsignal (at almost �ve standard deviations for eah experiment) orresponding to a partilewith a mass � 126 GeV and with the properties expeted for the Standard Model (SM)Higgs boson [2, 3℄. A ritial question would be whether suh a Higgs boson mass valueallows to extrapolate the SM up to ultimate sales, while still having an absolutely stableeletroweak vauum [4{6℄. Indeed, it is well known that top quark quantum orretionstend to drive the quarti Higgs oupling �, whih in the SM is related to the Higgs massby the tree-level expression � = M2H=2v2 where v � 246 GeV is the Higgs �eld vauumexpetation value, to negative values whih render the eletroweak vauum unstable.A very reent analysis, inluding the state-of-the-art quantum orretions at next-to-next-to-leading order (NNLO) that are relevant in this ontext gives for the ondition ofabsolute stability of the eletroweak vauum, �(MP ) � 0, when the SM is extrapolated upto the Plank sale MP [6℄MH � 129:2 + 1:8� mpolet � 173:2 GeV0:9 GeV !� 0:5���s(MZ)� 0:11840:0007 �� 1:0 GeV : (1)This full NNLO alulation is based on three main ingredients that have been alulatedonly very reently: the two-loop threshold orretions to the quarti oupling � at the weaksale, �(�) =M2H=2v2+��(�) whih involve the QCD and the Yukawa interations [6,7℄,the three-loop leading ontributions to the renormalization group evolution of the oupling� as well as the top quark Yukawa oupling and the Higgs mass anomalous dimension [8℄,and the three-loop orretions to the beta funtions of the three SM gauge ouplings takinginto aount Yukawa and Higgs self ouplings [9℄. The unertainty of �MH = �1:0 GeVquoted in eq. (1) reets the theoretial unertainty on the Higgs mass bound whih, toa good approximation, orresponds to the di�erene between the results obtained whenalulating the bound at next-to-leading order (NLO) and NNLO.The vauum stability ondition eq. (1) ritially depends on three basi inputs.A �rst parameter is the Higgs boson mass MH whih, from the urrent exess of data,seems to be in the (wide) range of MH � 124-128 GeV [1℄.A seond one is the strong oupling onstant �s evaluated at the sale of the Z bosonmass, with a world average value of [10℄�s(MZ) = 0:1184� 0:0007 : (2)The ombined theoretial and experimental unertainty of ��s = �0:0007 generates, atthe 2� level, an unertainty of �MH � 1 GeV on the Higgs mass bound1.The most ritial ingredient in eq. (1) is the top quark pole mass, identi�ed with theone measured at the Tevatron by the CDF and D0 ollaborations2 [12℄,mexpt = 173:2� 0:9 GeV : (3)1This value of �s is obtained from a large set of measurements with signi�ant spreads between them.This issue will be disussed later.2In ontrast to Ref. [6℄, we do not average the mt value determined at the Tevatron with that obtainedat the LHC by the ATLAS and CMS ollaborations whih presently have muh larger unertainties [11℄.2



Indeed, a hange of the input mt value by 1 GeV will lead to a �MH � �2 GeV variationof the Higgs mass bound. Allowing for a 2� variation of the top quark mass value alone,one obtains the upper bound MH � 125:6 GeV. Hene, if the Higgs mass were exatlyMH = 125 GeV, the absolute stability of the eletroweak vauum up to the Plank salewould be exluded at the 95% on�dene level, while the value MH = 126 GeV wouldinstead allow for the stability of the vauum at the same on�dene level.Thus, the \fate of the universe" [5℄, i.e. whether the eletroweak vauum is stable ornot up to the largest possible high-energy sale, ritially relies on a preise determinationof the Higgs boson and top quark masses (besides the strong oupling onstant). While itis expeted that the lean H !  and H ! ZZ ! 4`� (with ` = e; �) deay hannels andthe exellent energy resolution for photons and harged leptons should allow to ultimatelymeasure the Higgs boson mass with a preision of O(100) MeV [13℄, severe theoretial andexperimental problems our in the ase of the top quark mass3.An immediate problem is that the top quark mass parameter measured at the Tevatron(and to be measured at the LHC) via kinematial reonstrution from the top quark de-ay produts and omparison to Monte Carlo simulations, is not neessarily the pole masswhih should enter the stability bound eq. (1). Besides the fat that the reonstrutionof the oloured top quark four momentum from its unolored deay produts introduesan intrinsi unertainty due to the non-perturbative mehanism of hadronisation that anbe hardly quanti�ed, there is an important oneptual problem. Stritly speaking, a the-oretial predition of a given measured observable is required to extrat a parameter of amodel in a meaningful way and this predition should be made beyond the leading-orderapproximation for whih a renormalisation sheme an be �xed. Obviously, this is not thease for the mass urrently measured at the Tevatron whih is merely the mass parameterin a Monte Carlo program with whih the kinematial �t of the top deay produts isperformed and whih does resort to any given renormalisation sheme.Furthermore, it is well known that the onept of an \on-shell" or \pole" quark masshas intrinsi theoretial limitations as quarks are olored objets and, as suh, do notappear as asymptoti states of the S-matrix beause of olor on�nement [15℄. In addition,beause of the so-alled infrared renormalons, suh a pole mass is plagued with an intrinsinon-perturbative ambiguity of the order of �QCD amounting to a few hundred MeV, andit annot be \measured" with an auray better4 than O(�QCD) [15℄.So-alled short distane top quark masses, suh as the one de�ned in the modi�edminimal substration (MS) sheme at a sale �, mMSt (�), o�er remedy to these problems.3This situation is similar to that ourring in the ontext of the eletroweak preision tests and theindiret determination of the Higgs mass, where the de�nition of the top mass also plays a key role.However, while the impat of mt is relatively modest in the global eletroweak �ts as the resulting Higgsmass value has a large unertainty, �MH�30 GeV [14℄, it is extremely strong for the stability bound.4A preise quantitative statement is rather hard to make and more work in this diretion is needed. Veryfew studies have been devoted to the relations between the \Monte Carlo", the experimentally measuredand the \pole" quark mass. In Ref. [16℄, the unertainties due to non-perturbative olor reonnetion e�etsin the hadronisation proess and from the ambiguities in the top quark mass de�nition were estimated tobe of order �0:5 GeV eah. In Ref. [17℄, the ombined e�et of olor-reonnetion, underlying events andshower in the Monte Carlo programs was estimated in a toy model to generate an unertainty of �1:5 GeVon the reonstruted top quark mass at the Tevatron. These e�ets are not inluded in the entral valueand error for the top quark mass quoted in eq. (3). 3



The MS mass realizes the onept of a running mass whih depends on the hard sale � ofthe proess in omplete analogy to the running oupling �s(�). A determination ofmMSt (�)is then possible from the mass dependene of any observable whih is rather preiselymeasured and, at the same time, theoretially predited beyond the leading order (LO)approximation in QCD perturbation theory. An immediate hoie for the determinationof mMSt (�) is the total prodution ross setion for top quark pairs, �(t�t+X). It has beenmeasured both at the Tevatron and the LHC with an auray of better than 10% and it isknown to very good approximation at NNLO in QCD in the onvenient MS renormalisationsheme [18{21℄. The most reent ombinations of inlusive ross setion measurements atthe Tevatron performed by the CDF and D0 ollaborations yield a value [22, 23℄,�(p�p! t�t+X) = 7:56 +0:63�0:56 pb (D0) and 7:50 +0:48�0:48 pb (CDF) : (4)At the LHC in the run with a enter-of-mass energy of ps=7 TeV the ATLAS and CMSollaborations have eah measured a ombined ross setion [24, 25℄ of�(pp! t�t+X) = 177+11�10 pb (ATLAS) and 165:8+13:3�13:3 pb (CMS) : (5)The �rst issue that we will address in the present paper is the omparison of the rosssetion measurements above with the theory preditions, whih will allow us to extratthe MS top quark mass mMSt and use it subsequently to derive the pole top quark massand, hene, the vauum stability bound eq. (1) in an unambiguous way. To that end weupdate the analyses of Refs. [19, 26℄ using the latest sets of parton distribution funtions(PDFs) at NNLO [27{30℄ and, most importantly, the new NNLO QCD ontributions to�(p�p! t�t +X) in the high-energy limit [20℄ and for the q�q ! t�t +X hannel [21℄.In a seond part of this paper, we reall that a self-onsistent and preise determinationof the top quark mass an best be performed at a high-energy eletron-positron ollider,espeially when sanning the kinematial threshold for t�t pair prodution. The auraythat an be ahieved on short distane masses suh as the 1S-threshold mass amounts to�m1St � 100 MeV [31, 32℄. Together with a Higgs mass measurement with a omparableauray or less and a more preise determination of the strong oupling �s this wouldultimately allow to verify the stability bound in the SM at the few per mille level.Let us briey summarize how to obtain the top quark pole mass mpolet from the totalprodution ross setion �(p�p=pp! t�t+X) at hadron olliders. This observable has beenomputed to very good approximation at NNLO in QCD based on the large thresholdlogarithms [18, 19℄ whih provide suÆiently preise phenomenologial preditions in theparton kinemati range overed by the Tevatron and the LHC with a enter-of-mass energyof ps = 7 TeV. Most reently, the exat NNLO result for ontributions to the q�q !t�t+X hannel [21℄ and the onstraints imposed by the high-energy fatorization have beenderived [20℄. This knowledge suÆes to predit �(p�p! t�t+X) at Tevatron in eq. (4) and�(pp! t�t+X) at the LHC in eq. (5) with a few perent auray5.5We do not aount here for the eletroweak radiative orretions at NLO [33℄. For light Higgs bosonswith MH � 126 GeV, these are vanishingly small at the Tevatron and give a negative ontribution ofO(2%) at the LHC. Bound state e�ets and the resummation of Coulomb type orretions have beenshown to be small at the Tevatron as well [34℄. Likewise, we do not inlude the eletroweak radiativeorretions derived in Ref. [35℄ in the onversion of the pole mass mpolet to the running mass mMSt (�).4



Conventionally, higher order omputations in QCD employ the pole mass sheme forheavy quarks. It is straightforward though, to apply the well-known onversion rela-tions [36℄ whih are known even beyond NNLO in QCD to derive the total ross setionas a funtion of the MS mass [19,37℄. As a bene�t of suh a proedure, one arrives at the-oretial preditions for hard sattering ross setions with better onvergene propertiesand greater perturbative stability at higher orders in the ase of the MS mass. We use theross setion preditions obtained with the program HATHOR (version 1.3) [37℄ at NNLOauray with the latest improvements of Refs. [20, 21℄. These are ombined with modernsets of PDFs, ABM11 [27℄, JR09 [28℄, MSTW08 [29℄, and NN21 [30℄ and aount for thefull theoretial unertainties, i.e., the sale variation as well as the (ombined) PDF and�s unertainty. From eq. (4), we obtain the values given in Table 1 when the CDF and D0ross setion measurements are ombined.CDF&D0 ABM11 JR09 MSTW08 NN21mMSt (mt) 162.0 +2:3�2:3 +0:7�0:6 163.5 +2:2�2:2 +0:6�0:2 163.2 +2:2�2:2 +0:7�0:8 164.4 +2:2�2:2 +0:8�0:2mpolet 171.7 +2:4�2:4 +0:7�0:6 173.3 +2:3�2:3 +0:7�0:2 173.4 +2:3�2:3 +0:8�0:8 174.9 +2:3�2:3 +0:8�0:3(mpolet ) (169.9 +2:4�2:4 +1:2�1:6) (171.4 +2:3�2:3 +1:2�1:1) (171.3 +2:3�2:3 +1:4�1:8) (172.7 +2:3�2:3 +1:4�1:2)Table 1: The value of the top quark mass mMSt (mt) in GeV at NNLO in QCD determined withfour sets of NNLO PDFs from the measurement of �(p�p ! t�t + X) at the Tevatron when theCDF and D0 results quoted in eq. (4) are ombined. The set of unertainties originate from theexperimental error on �(p�p ! t�t + X) (�rst error) and from the variation of the fatorizationand renormalization sales from 12mt � �F = �R � 2mt (seond error). The resulting pole massmpolet in the seond line is obtained from a sheme transformation to NNLO auray, using theprogram RunDe and the value of �s(MZ) of the given PDF set. For omparison, in the third linein parentheses, (mpolet ) is also given as extrated diretly from the measured ross setion.The values for mMSt (mt) in Table 1 determined from the ombined Tevatron ross se-tions arry an unertainty of �expmMSt (mt) � �2:3 GeV due to the experimental errorsin eq. (4). The residual sale dependene of the theory predition for �(p�p ! t�t + X),whih is determined in the interval 12mt � �F = �R � 2mt as e�ets due to �F 6= �R aresmall at NNLO [19, 37℄, results in an error of �salemMSt (mt)��0:7 GeV illustrating thegreat stability of the perturbative expansion at NNLO in QCD when using the runningMS mass.The seond line in Table 1 lists the pole mass values mpolet at NNLO obtained fromthe values for the MS mass mMSt (mt) using the sheme transformation given in Ref. [36℄as implemented in the program RunDe [38℄ together with the �s(MZ) value of the givenPDF set. For omparison, the third line in Table 1 quotes in parentheses the value of mpoletdetermined by a diret extration from the NNLO theory predition using the on-shellsheme. The di�erenes of O(+2) GeV with the values in the seond line obtained fromonverting the MS mass indiate the importane of higher order orretions beyond NNLOin QCD if using the pole mass sheme. This is to be ontrasted with the observed verygood apparent onvergene of the perturbative preditions already at NNLO in the runningmass mMSt (mt) sheme, see Ref. [19℄. 5



There is one partiular aspet in the hosen proedure, though, whih requires attention.The Tevatron ross setion data [22,23℄ aquire a weak dependene on the top quark mass inthe extrapolation from the reorded events in the �duial volume to the total ross setion.This is indued by omparison to Monte Carlo simulations and the values quoted in eq. (4)assume a mass of mt = 172:5 GeV. This systemati unertainty of �(p�p! t�t+X) has beenpublished by the D0 ollaboration [23℄ as a parametrization inmt. For CDF, it has not beenpublished for the value in eq. (4) based on the ombination of data at 4.6 fb�1 luminosityin [22℄. It has, however, been quoted as a shift for �(p�p ! t�t + X) of approximately��=� � �0:01�mt/GeV in a previous ombination of data at 760 pb�1 luminosity [39℄.In order to aount for this additional soure of systemati unertainty one an identify thisparameter mt with the on-shell mass and hek that the pole mass values in Table 1 areonsisted withmt = 172:5 GeV within �sysmt � �1 GeV. This assumption is motivated bythe fat, that the NLO omputations applied in the experimental analysis, e.g., MC�NLO [40℄or MCFM [41℄ ontain perturbative matrix elements at NLO in QCD using the pole masssheme for the top quark. At the moment however, we are laking further quantitativeinformation. Therefore it is reassuring to see that the potential shifts of �sysmt � �1 GeVare ontained well within the experimental error on mpolet in Table 1.The largest residual unertainty in the extration of mMSt (mt) in Table 1 resides inthe dependene on the PDFs as an be seen by omparing the entral values for thesets ABM11, JR09, MSTW and NN21. Although the q�q parton luminosity is quite wellonstrained in the kinematial range of interest at the Tevatron, the di�erenes in theindividual global �ts (value of �s(MZ) et.) lead to a spread in the entral value ofmMSt (mt) � 162:0 GeV to 164:4 GeV. This is larger than the ombined PDF and �sunertainty of any individual set not quoted in Table 1 whih amounts to an additionalerror of �PDFmMSt (mt) � �0:7 GeV, exept for JR09, where one �nds �PDFmMSt (mt) ��1:4 GeV. Yet, within the PDF unertainty the values of mMSt (mt) in Table 1 are largelyonsistent at the level of 1�.Combining the mMSt (mt) values in Table 1 from the ombined Tevatron measurements,we obtain the entral value of the MS mass and its assoiated unertainty at NNLOmMSt (mt) = 163:3� 2:7 GeV ; (6)whih is equivalent to the top quark pole mass value ofmpolet = 173:3� 2:8 GeV ; (7)where all errors were added in quadrature inluding the �sysmt��1 GeV disussed above.Note that, although the total error is a fator of four larger, the entral value is remarkablylose to that of mexpt in eq. (3) determined from the top deay produts at the Tevatron.When injeted in eq. (1), the value of the top pole mass above6 leads to the upperbound for vauum stability to be realized (ignoring the theoretial and the experimental6One ould write diretly eq. (1) in terms of the MS top quark mass whih is in fat the basi inputentering the top Yukawa oupling whih is de�ned in the MS sheme. This will prevent the unneessarytranslation to the pole mass both in the stability bound and in the p�p! t�t ross setion. Suh a formulawill be soon provided by the authors of Ref. [6℄. We thank Gino Isidori for a disussion on this point.6



unertainties on the Higgs mass and on �s)MH � 129:4� 5:6 GeV ; (8)in whih the Higgs mass values MH � 124-127 GeV, indiated by the ATLAS and CMSsearhes, omply in ontrast to the ase where the mass value of eq. (3) from kinematialreonstrution at the Tevatron is used instead. Note also that the unertainties are muhlarger, a fator of approximately 3, than if eq. (3) were used.Let us now turn to the LHC. The top quark mass extrated from the ombined AT-LAS and CMS measurements in eq. (5) is given in Table 2. While the unertainty�expmMSt (mt) � �2:3 GeV due to the experimental errors is similar to the Tevatronmeasurement the theoretial unertainty due to the sale variation is mostly larger, i.e.,�salemMSt (mt) � �1:1 GeV. The most striking observation in Table 2 is ertainly the verylarge spread in the entral value of mMSt (mt) � 159:0 GeV to 166:7 GeV depending on thehosen PDF set. The ombined PDF and �s unertainty of the individual sets in Table 2is in the range �PDFmMSt (mt) � �1:0 GeV to 1:4 GeV and �PDFmMSt (mt) � �2:4 GeVfor JR09. This leads to onsisteny between the entral values for mMSt (mt) for eah PDFset (omparing Tevatron in Table 1 and LHC in Table 2) but the ones obtained for thedi�erent PDF sets at the LHC are not ompatible with eah other within the errors.ATLAS&CMS ABM11 JR09 MSTW08 NN21mMSt (mt) 159.0+2:1�2:0 +0:7�1:4 165.3+2:3�2:2 +0:6�1:2 166.0+2:3�2:2 +0:7�1:5 166.7+2:3�2:2 +0:8�1:3mpolet 168.6+2:3�2:2 +0:7�1:5 175.1+2:4�2:3 +0:6�1:3 176.4+2:4�2:3 +0:8�1:6 177.4+2:4�2:3 +0:8�1:4(mpolet ) (166.1+2:2�2:1 +1:7�2:3) (172.6+2:4�2:3 +1:6�2:1) (173.5+2:4�2:3 +1:8�2:5) (174.5+2:4�2:3 +2:0�2:3)Table 2: Same as Table 1 for the measurement of �(pp! t�t+X) at the LHC with ps = 7 TeVwhen the ATLAS and CMS results in eq. (5) are ombined.Also the LHC experiments assume in eq. (5) a mass of mt = 172:5 GeV when extrap-olating the number of measured events with top quark pairs to the inlusive ross setion�(pp! t�t+X). However, no information on the mt dependene of this proedure is givenin Refs. [24,25℄ and the same self-onsisteny hek applied above by omparing to the polemass value mpolet in the seond line of Table 2 shows that one should expet a signi�antlylarger systemati unertainty. Thus, at present the determination of mMSt (mt) from the in-lusive ross setion at LHC is very diÆult, predominantly beause of laking informationon the experimental systematis and beause of the strong orrelation of the top quarkmass with the value of �s and the gg parton luminosity in the theory preditions. Thelatter problem ould be addressed by ombining measurements of di�erent observables, forinstane, by using a novel method for the top quark mass determination from the ratio ofrates for proess t�t+jets [42℄.The ultimate preision on the top quark mass to be reahed at the LHC, however, ishard to predit at the moment. A total unertainty that is a fator of two smaller thanthe present unertainty from the Tevatron measurements,�mpolet jLHC�expeted � 1:5 GeV ; (9)does not seem to be exluded at present, but more work is needed to reah this level.7



A very preise and unambiguous determination of the top quark mass and, hene, thepossibility to derive a reliable upper bound on the Higgs mass for whih the eletroweakvauum would be stable, an only be performed at an e+e� ollider ILC with an energyabove ps= 350 GeV [43℄. Indeed, as a onsequene of its large total deay width, �t �1:5 GeV, the top quark will deay before it hadronises making non-perturbative e�etsrather small and allowing to alulate quite reliably the energy dependene of the e+e� !t�t prodution ross setion when an energy san is performed near the t�t kinematialthreshold. The loation of the ross setion rise allows to extrat the value of the 1S-threshold top quark mass, while the shape and normalization provide information on thetotal width �t and on the strong oupling �s [48℄.The ross setion �(e+e� ! t�t) at threshold is known up to the next-to-next-to-leading-logarithm (NNLL) using renormalization group improvements and the next-to-next-to-next-to-leading order(N3LO) in the QCD oupling is almost omplete [31, 32℄. It ouldultimately be determined with a theoretial unertainty of ��(e+e� ! t�t) � 3% (theexperimental unertainties are muh smaller) but, as the impat on the threshold topquark mass determination is rather modest, an auray on mt muh below 100 MeV anbe ahieved. This threshold mass an then be translated into the MS top quark massmMSt (whih an be diretly used as input in the Higgs mass stability bound equivalent toeq. (1) but in the MS sheme) or the one in the on-shell sheme, mpolet . The ombined ex-perimental and theoretial unertainty on the mass parameter mpolet at the ILC determinedin this way, i.e., by onversion form a short-distane mass, is estimated to be [31, 32℄mpolet jILC <� 200 MeV ; (10)i.e., an order of magnitude better than what an be ahieved at the Tevatron and the LHC.In other words, the unertainty in the top quark mass determination will be so small atthe ILC that its impat on the stability bound eq. (1) will beome very mild. At suh levelof auray, the two parameters whih will then be of onern are MH and �s.At a high-energy e+e� ollider, the Higgs mass an be measured with an auraybelow 100 MeV, and most probably �MH � 50 MeV, from the reoil of the Z boson in theHiggs-strahlung proess e+e� ! HZ ! H`+`� independently of the Higgs deays [43℄.At the e+e� ollider, �s an be determined with an auray lose to or better than theone urrently adopted (whih annot be onsidered to be onservative7) ��s = 0:0007 [10℄,7The world average �s(MZ) value quoted in eq. (2) is based on a omparison of QCD theory preditionsat least to NNLO auray with data on a variety of measurements inluding jet rates and event shapesin e+e�-ollisions, deep-inelasti sattering (DIS), Z- and � -deays as well as entirely non-perturbativepreditions based on lattie simulations. The very small unertainty of ��s =�0:0007 is remarkable asreent high preision determinations of �s(MZ) have lead to results whih are only marginally ompatiblewithin their quoted errors. This is the ase for �s extrations from e+e�-annihilation, see e.g., [44℄or those based on DIS data [45℄. These di�erenes an arise from theory assumptions suh as powerorretions, hadronisation orretions and so on and, likewise, on the treatment of data, see e.g., Ref. [27℄for a omparative study in the ase of DIS. In Ref. [46℄ they have simply been averaged in an arithmetimanner. Therefore, the unertainty due to �s attahed to MH in eq. (1), should be onsidered at presentas a lower bound at most. If instead, one adopts the value �s(MZ) = 0:1189� 0:0026 of Ref. [47℄ that hasbeen determined from Z ! q�q data and predited to N3LO auray in QCD (and whih an be onsideredto be safe from short-omings of other analyses) one would have an unertainty that is � 4 times largerthan in the ase of the world average eq. (2), generating an unertainty �MH � 2 GeV on the Higgs massbound eq. (1) at the 1� level. 8



in a single measurement; a statistial auray of ��s = 0:0004 is for instane quoted inRef. [49℄. This an be done either in e+e� ! q�q events on the Z-resonane (the so-alledGigaZ option) or at high energies [43℄ or in a ombined �t with the top quark mass andtotal width in a san around the t�t threshold [48℄.Assuming for instane that auraies of about �mt � 200 MeV and ��s � 0:0004 anbe ahieved at the ILC, a (quadratially) ombined unertainty of less than �MH � 0:5GeV on the Higgs mass bound eq. (1) ould be reahed. This would be of the same orderas the experimental unertainty, �MH <� 100 MeV, that is expeted on the Higgs mass.At this stage we will be then mostly limited by the theoretial unertainty in thedetermination of the stability bound eq. (1) whih is about �1 GeV. The major part ofthis unertainty originates from the the QCD threshold orretions to the oupling � whihare known at the two-loop auray [6, 7℄. It is oneivable that, by the time the ILC willbe operating, the theoretial unertainty will derease provided more re�ned alulationsof these threshold orretions beyond NNLO are performed.The situation is illustrated in Fig. 1 where the areas for absolute stability, metastability8and instability of the eletroweak vauum are displayed in the [MH ; mpolet ℄ plane at the 95%on�dene level. The boundaries are taken from Ref. [6℄ but we do not inlude additionallines to aount for the theoretial unertainty of �MH = �1 GeV (whih ould be reduedin the future) and ignore for simpliity the additional error from the �s oupling.
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whih the errors are added in quadrature, is large enough to over the three possibilitiesof absolute stability, metastability and also instability. Assuming the same entral valuesas above, the green{dashed ontour shows the impat of an improved auray on thetop quark and Higgs masses of �mpolet = �1:5 GeV and �MH = �100 MeV whih isexpeted to be ahieved at the LHC with more aumulated data. With the presententral values (whih might of ourse hange with more aurate measurements), only themetastability and a small area of the stability regions would be overed. The red{solidontour represents the expeted situation at the ILC where one ould reah auraies ofthe order of �MH = �50 MeV on the Higgs mass and �mpolet = �200 MeV on the topquark mass, if obtained from a short-distane mass, f., eq. (10). In this ase, only oneregion, the metastability region with the above assumed entral values, is overed (evenwhen the theoretial unertainty on the bound is inluded).In onlusion, the present values of the Higgs boson mass as measured at the LHC andthe top quark pole mass as determined through a measurement of the ross setion fortop-quark pair prodution at the Tevatron, and that we have alulated in this paper tobe mpolet = 173:3 � 2:8 GeV, are a�eted with too large unertainties whih do not allowto draw a �rm onlusion on the important question whether the eletroweak vauum isindeed stable or not when the Standard Model is extrapolated up to the Plank sale. Thesituation will not dramatially improve with a more aurate measurement of the Higgsboson mass at the LHC as the top quark mass, whih plays the dominant role in this issue,is not expeted to be measured to better than �1:5 GeV auray even after a signi�antamount of LHC data. In partiular, if the entral mpolet value slightly moves downwards, itwill be still undeided if we are in the stable or metastable region. It is only at a linear e+e�ollider where one ould determine in a theoretially unambiguous and experimentally verypreise way the top quark mass in a san near the e+e� ! t�t kinematial threshold, andeventually measure also more aurately the Higgs boson mass and the strong ouplingonstant �s, that the \fate of the universe" ould be ultimately deided.If the measured entral top quark and Higgs boson mass values turn out to be suh thatone is lose to the ritial boundary for vauum stability, whih implies that the Higgs self{oupling � and its �� funtion are very lose to zero at the Plank sale, it would open a widerange of interesting possibilities for new physis model building suh as asymptotially safegravitational theories [50℄ or ination models that use the standard Higgs partile as theinaton [51℄. It is therefore very important that the intriguing possibility �(MP ) � 0 for theHiggs self-oupling is veri�ed experimentally in the most aurate manner. This providesa very strong argument in favor of the most unambiguous and aurate determination ofthe top quark mass whih plays a ruial role in this issue.Aknowledgments: Disussions with Gian Giudie and Gino Isidori on Ref. [6℄ and thismanusript are gratefully aknowledged. We also thank J�er�emie Quevillon for helping todraw the �gure. AD thanks the CERN TH Unit for hospitality and support. This work hasbeen supported in part by the Deutshe Forshungsgemeinshaft in Sonderforshungsbe-reih/Transregio 9, by the European Commission through ontrat PITN-GA-2010-264564(LHCPhenoNet) and by the Frenh ANR ontrat TAPDMS ANR-09-JCJC-0146.10
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