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1 IntrodutionFor the preise understanding of the relationship between running and pole masses ofpartiles, within the framework of the Standard Model (SM) of eletroweak (EW) andstrong interations, it is mandatory to use the full SM renormalization group (RG)equations. In this paper, we fous in partiular on the top quark mass. In publishedresults, ommonly only the QCD orretions are applied, but also the orrespondingEW orretions are important. Here we disuss the EW ontributions to the SM RGequations and the related mathing onditions and their numerial signi�ane for thepole mass. The relevant orretions have been derived for the top quark in Refs. [1, 2, 3℄.Assuming the partile reently disovered at the CERN LHC [4℄ to be the SM Higgsboson, it is possible to speify the orretions numerially. As we know the top quark,like no other quark, is aessible to perturbative preditions by virtue of its very largemass and small width, whih let the top quark deay before it an form hadrons.Sine free quarks are not observable in nature, their masses primarily are Lagrangianparameters whih parametrize the hiral symmetry breaking in terms of masses as re-quired by observation, mainly by the observed mass spetrum of the hadroni states,whih onsist of permanently on�ned quarks and gluons. In any ase, quark massesare needed as input parameters for alulations of SM preditions [5℄ and must betuned to aount for orresponding mass e�ets in hadroni reations. The most fre-quently used de�nitions of mass are the pole and MS ones, whih for quarks both areformal de�nitions. They both are popular beause of their simple aess in perturba-tion theory. One should note that the MS sheme is intrinsially only de�ned in theperturbative approah.Applying dimensional regularization [6℄ and the " = (4 � d)=2 expansion, the RGfuntions are uniquely de�ned, order by order in perturbation theory, by the ultraviolet(UV) properties of the model, represented by the 1=" ounterterms [7℄. In order todetermine the value of a running mass at some sale, the mathing ondition betweenthe running mass and some observable has to be evaluated (see e.g. Ref. [8℄). Sinethe SM inludes both EW and QCD type UV singularities, the orresponding RGequations have to take into aount both, too.The pole mass is a well de�ned quantity within perturbation theory. It is relatedto the pole of the renormalized propagator in the omplex energy plane. The positionof the pole is a gauge invariant and infrared �nite quantity [9, 10℄. A shortoming isthe fat that the pole mass su�ers from renormalon ontributions, whih worsen theonvergene properties of the perturbative expansion. The orresponding unertaintyis of the order of �QCD � 200 MeV [11, 12℄, whih is not too large for a partile as heavyas the top quark, but leads to an intrinsi limitation of the possible preision. The topquark being a olored objet, the pole of its propagator is not an observable per se,although it seems that the olor singlet reombination via gluoni strong-interatione�ets does not a�et the loation of the top quark propagator pole very muh. Theseproblems and de�ienies have triggered many disussions about the auray of thetop quark mass and its extration from experimental data, and atually other massde�nitions whih look to be loser to observable quantities have been worked out [13,14℄. Usually, alternative masses are nevertheless onverted into pole and/or MS masses,whih thus both remain useful onepts, and their relationship remains of primary2



interest. However, up to now, mostly QCD orretions have been inluded in theonversion between pole and MS masses of the top quark. In this note, we shalldisuss how to aount for the EW ontributions and evaluate their size. We shalldenote a pole mass by apital M and a MS mass by lowerase m in the following.2 Running masses in the SMThe �rst systemati inlusion of the EW orretions in the de�nition of the runningmass of a fermion has been ahieved in Ref. [1℄. By inluding all self-energy diagrams(inluding tadpoles), one obtains a gauge invariant relation between pole and baremasses [15℄. By applying minimal subtration to the UV ounterterms of this relation,the one-loop relation between a MS mass mf and the orresponding pole mass Mf , aswell as the threshold relation Æf;� between the orresponding Yukawa oupling yf (�2)andMf , have been derived. In this approah, are has to be exerised, espeially at themultiloop level, to inlude all the ontributing diagrams inluding tadpoles, while it isnot suÆient to selet gauge invariant subsets. As an illustrative example, we mentionthe O(��s) mixing ontributions to the pole masses of quarks. The de�nition, via a\gauge invariant set of diagrams inluding tadpole ontributions", was omplementedin Ref. [16℄ by a theorem about the interrelation between the RG funtions for themassive parameters (masses of partiles, as well as the Fermi onstant) alulated inthe broken phase of the SM with RG funtions of parameters of the unbroken phaseof the SM, in aord with the expetation that spontaneous symmetry breaking doesnot a�et the UV struture of the SM. In other words, the EW UV ounterterms inthe broken phase of the SM an be obtained in terms of the UV ounterterms in theunbroken phase.1 The above-mentioned theorem has been veri�ed expliitly by a two-loop analysis of the UV ounterterms evaluated in the broken phase of SM [2, 3, 16℄.This approah gives rise to the same set of quark self-energy Feynman diagrams [20℄as well as to an equivalent de�nition [21℄ of the threshold relations [1, 22℄.Before we proeed, let us remind the reader of some basi de�nitions needed for thefollowing disussion. Applying dimensional regularization [6℄ in the broken phase, theSM UV ounterterms for the quark masses in the MS sheme have the following form:mq;bare = mq(�2)"1 + �sXi=0 �is i+1Xk=1 ÆZ(i;k)�s"k + � Xi;j=0�i�js i+j+1Xk=1 ÆZ(i;j;k)�"k # : (1)The �rst series in this relation orresponds to the QCD orretions, the seond one tothe EW ontribution mixed in higher orders with QCD. In aordane with 't Hooft's1A di�erent theorem states that tadpole terms, whih are absent in the symmetri phase, drop out fromobservable quantities. However, if one omits tadpole terms in relations between bare and renormalizedquantities, as frequently done in SM alulations [8, 17, 18, 19℄, one not only looses a manifestly gaugeinvariant relationship between the bare and the renormalized theory, also the UV struture is not preservedand one does not get the same RG equations. In fat, tadpoles are related to quadrati divergenes whihshow up in the renormalization of the mass parameter m2 of the Higgs potential in the symmetri phase.
3



presription [7℄, the quark mass anomalous dimension, de�ned by�2 dd�2 lnm2q = q(�s; �) = ��s ���s + � ���� "�sXi=0 �isÆZ(i;1)�s +� Xi;j=0�i�jsÆZ(i;j;1)� # ; (2)an be split into two parts: the QCD and EW ontributions q(�s; �) = QCDq +EWq ;where QCDq inludes all terms whih are proportional to powers of �s only and EWqinludes all other terms proportional to at least one power of �, and beyond one loopmultiplied by further powers of � and/or �s. We all QCDt the QCD anomalousdimension and EWt the EW one. As has been shown in Ref. [16℄, the EW ontributionto the fermion anomalous dimension EWt in the MS sheme may be written in termsof RG funtions of parameters in the unbroken phase of the SM asEWt = yt + 12m2 � 12 ��� ; (3)where m2 = �2 dd�2 lnm2, �� = �2 dd�2 �, yq = �2 dd�2 ln yq, yq is the Yukawa ouplingof quark q, and m2 and � are the parameters of the salar potential V = m22 �2+ �24�4.It has also been shown [23℄ that the oeÆients of the higher poles in " in themass ounterterms (1) in the broken phase are uniquely determined by the lower-orderoeÆients and the RG funtions de�ned by Eq. (3).The RG equation for the square of the Higgs vauum expetation value (VEV)v(�2) follows from the RG equations for masses and massless oupling onstants andreads�2 dd�2 v2(�2) = 4�2 dd�2 "m2W (�2)g2(�2) # = 4�2 dd�2 "m2Z(�2)�m2W (�2)g02(�2) #= 3�2 dd�2 "m2H(�2)�(�2) # = 2�2 dd�2 "m2f (�2)y2f (�2) # = v2(�2) �m2 � ��� � ;(4)where g0 and g are the U(1)Y and SU(2)L gauge ouplings, respetively, and we assumethe running of g and g0 as well as of yt and � to be the same in the broken and theunbroken phases [21, 24, 25, 26, 27, 28, 29, 30℄. Sine the relation2 GF = 1p2 v2 isvalid for bare as well as for on-shell parameters, the RG equation for the MS versionof the running Fermi onstant follows from GMSF (�2) = 1p2 v2(�2) . The orrespondinganomalous dimension GF of GMSF in then given byGF = �2 dd�2 ln GMSF (�2) = ��2 dd�2 ln v2(�2) = � �m2 � ��� � ; (5)i.e., by minus the anomalous dimension of v2.We note that the anomalous dimension of v2(�2) de�ned by Eq. (4) via diagram-mati alulations di�ers from the anomalous dimension of the salar �eld as obtainedin the e�etive-potential approah [31℄.2By GF we denote a generi Fermi onstant, by G� the physial on-shell one, and by GMSF the MS variant.4



The RG equations (2) have to be omplemented by mathing onditions betweenpole and running masses, whih we may write in the formMt �mt(�2) = mt(�2)Xj=1 �s(�2)� !j �j +mt(�2) Xi=1;j=0 �(�2)� !i �s(�2)� !j rij : (6)The QCD orretions �j were alulated in Refs. [32, 33, 34℄ up to j = 3, while the O(�)and O(��s) orretions r10 and r11, respetively, are available in analyti form fromRefs. [1, 2, 3℄. The O(��s) result for r11 with tadpoles dropped was also evaluatedusing asymptoti expansions in Ref. [35℄ and numerial agreement with Refs. [2, 3℄was found after subtration of the tadpoles. The leading part of the O(G�M2t �s)ontribution to r11 was on�rmed in Ref. [36℄ after inluding the tadpole ontributionin the result of Ref. [17℄. The orretion r12 has been evaluated in Ref. [19℄ in thegaugeless-limit approximation of the SM.3 Behavior of the RG equations at low and highenergiesLet us analyze the behavior of the full SM RG equation for a quark mass in the MSsheme �2 dd�2 lnmf (�2) = QCDq + yf � 12GF ; (7)in whih the EW part follows from Eqs. (3) and (4). Let us onsider the low-energy limit�rst. In the weak setor of the SM, there is no deoupling beause masses and ouplingsare interrelated by the Higgs mehanism. So \deoupling by hand" as usually appliedin QCD by onsidering an e�etive `nf ative avors' QCD to be mathed at suessiveavor thresholds, and whih an be applied to QED as well, does not make sense inthe weak setor. Note that there is no deoupling for the W and Z bosons: the limitMW ! 1 an be ahieved by letting g ! 1 or v ! 1 or both. In nature, only thelimit g !1 leads to the observed low-energy limit of the e�etive four-fermion theorywith p2G� = 1=v2 �xed, by nulear � deay et. This obviously is a non-deouplinge�et. In ontrast to QED or QCD, the low-energy e�etive theory (obtained afterelimination of the heavy state) is a non-renormalizable one exhibiting a ompletelywrong high-energy behavior. So, in general, \deoupling by hand," as it is ommonlyutilized in MS -parametrized QCD, is not very sensible when the Appelquist-Carazzonetheorem [37℄ does not apply.Nevertheless, in alulations of EW radiative orretions for LEP proesses, over-ing sales up to 200 GeV, the standard on-shell parametrization in terms of the mostpreise parameters �, G�, and MZ (besides the fermion and Higgs-boson masses) re-veals that, while � is running strongly, keeping G� as sale independent3 provides an3This assertion has been heked experimentally by omparing the standard low-energy quantity G� de-termined via the muon lifetime �� = 1=��(�! e��e��) versus the orresponding e�etive oupling extratedfrom the leptoni W -boson deay rate Ĝ� = 12��W`�=(p2M3W ), whih involves W -boson mass sale ob-servables only. The fat that Ĝ� � G� with good auray is not surprising beause the tadpole orretions,5



exellent parametrization in terms of �(M2Z), G� and MZ for LEP observables. Thelatter parametrization inorporates the leading-logarithmi resummation as e�etu-ated by the RG. Usually the sale insensitivity of an e�etive GF is \explained" by a\deoupling by hand" argument via inspetion of the one-loop RG equation�2 dGMSFd�2 = GMSF8�2p2�Xf  m2f � 4 m4fm2H!�3M2W+6 M4Wm2H � 32M2Z+3 M4Zm2H +32m2H� ; (8)whih follows from the ounterterm given �rst in Ref. [15℄. If we only sum terms withmf < �, there is e�etively no running (beause of the smallness of the light-fermionmasses) before MW , MZ , MH , and Mt ome into play.As mentioned earlier, ambiguities enter if we are to represent preditions in termsof the not-so-physial MS parameters.4 On phenomenologial grounds, as GF has beenmeasured to agree at theMZ sale with its low-energy version G� and beause Yukawaouplings run as they do in the symmetri phase, below of the EW sale, one mayde�ne e�etive light-fermion masses to run via their Yukawa ouplings only:m̂f (�2) = 2�3=4G�1=2� yf (�2) : (9)As the Yukawa ouplings yf (�2) are not a�eted by the Higgs mehanism, the EWorretions to the Yukawa ouplings are free of tadpoles [1, 20℄ and/or quadrati di-vergenes. Sine real physial observables are also free of tadpole ontributions, thisproperty is an additional argument why Eq. (9) is a good andidate for the evaluation ofthe EW ontributions to the ratio between pole and MS masses of lighter quarks, suhas the bottom and harm quarks (see also the disussion in Ref. [38℄). In short, fermionmasses and Yukawa ouplings have equivalent RG evolutions as long as GF or, equiv-alently, v an be taken not to be running, so that one may identify GMSF (�2) = G�.Alternatively, and more onsequently onerning the deoupling issue, the proper MSde�nition of a running fermion mass ismf (�2) = 2�3=4 �GMSF (�2)��1=2 yf (�2) ; (10)where GMSF (�2) and mf (�2) are solutions of Eq. (5) and (7), respetively. For the MStop quark mass, we onsequently advoate to utilize Eq. (10), whih among othersinludes the tadpole ontributions. Note that the di�erene between Eqs. (9) and (10)is partiularly signi�ant for the top quark. As both versions are gauge invariant byde�nition, the di�erene is not just dropping the tadpole terms or not.The running of GMSF de�nitely starts at about � � 2MW ,5 when the sale of aproess exeeds the masses of the weak gauge bosons. Sine the top quark is thewhih potentially lead to substantial orretions, are absent in relations between observable quantities as weknow.4The MS parameters other than v(�2) (i.e. MS gauge, Yukawa, and Higgs self ouplings) are likely themost natural parameters in the unbroken phase of the SM, where an S matrix does not exist due to infraredproblems. Other renormalization shemes that an be applied in this ase inlude the MOM-type shemes,whih are, however, gauge dependent.5As the on-shell version of GF at the Z-boson mass sale an be identi�ed with G�, it is justi�ed tomath GMSF with G� at the sale MZ . 6



heaviest partile in the SM, at least here the \deoupling by hand" presription beomesobsolete, and we have to take full SM parameter relations as they are.One of the most well-known non-deoupling e�ets related to the top quark is theEW � parameter �e�(0) = GNC=GCC(0), where GCC(0) is the Fermi oupling GF = G�and GNC the low-energy e�etive axial-vetor Z-boson oupling to fermions. As is wellknown, in the SM we have� = 1 + NG�8�2p2  m2t +m2b � 2m2tm2bm2t �m2b lnm2tm2b! � 1 + Ny2t32�2 ; (11)whih measures the weak-isospin breaking by the Yukawa ouplings of the heavyfermions at zero momentum. Within the SM, this quantity is strongly onstrainedby LEP data, and, in spite of the fat that the top quark was by far too heavy to beprodued at LEP, the top quark ontribution and indiretly the top quark mass havebeen onstrained by LEP data. Atually, a �rst strong indiation of a heavy top quarkhad been found earlier by the ARGUS experiment, whih disovered, unexpetedly, asubstantial BB osillation (in the SM enhaned by a ontribution / y2t ), whih turnedout to be muh larger than antiipated before. So reipes like \deoupling by hand"make no sense to be applied to the weak setor of the SM, as heavy-partile e�etsde�nitely annot be renormalized away.For large values of �2, the behavior of the running Fermi onstant GF (�2) is de�nedby the Higgs self-oupling and the sign of its beta-funtion ��:�2 dd�2 lnGF (�2) � ��(�2)�(�2) : (12)The detailed perturbative analysis of the r.h.s. of this equation was performed reently(see Refs. [21, 24, 25, 26, 28, 29℄) and reveals that the beta funtion �� is negative upto a sale of about 1017 GeV, where it hanges sign. Above the zero of ��, the e�etiveoupling starts to inrease again, and the key question is whether at the zero of thebeta funtion the e�etive oupling is still positive. In the latter ase, it will remainpositive although small up to the Plank sale. In any ase, at moderately high saleswhere �� < 0, and provided that � is still positive, the following behavior is valid forthe Fermi onstant: GF (�2)����2!1 � ��2���(�2)�(�2) ! 0 ; (13)being dereasing, whih means that v2(�2) is inreasing at these sales (where �� < 0and � > 0). The analysis of Ref. [24℄ �nds that � turns negative (unstable or meta-stable Higgs potential) before the beta funtion reahes its zero. This may happen atrather low sales, at around 1010 GeV. In this ase, we would get an in�nite Higgsvauum expetation value far below the Plank sale as an essential singularity. Giventhe present unertainty in the value of Mt, there is a good hane that � remainspositive up to the zero of the beta funtion and as a onsequene up to the Planksale [21, 25℄. Then GF (�2) would start to inrease again, and v(�2) would startto derease but remain �nite (about 685 GeV) at the Plank sale, implying that alle�etive masses stay bounded. The e�etively massless symmetri phase of the SMwould then be obtained at high energies by the fat that mass e�ets are suppressed7



for dimensional reasons: aording to the RG, for a vertex funtion under a dilatation ofall momenta, fpig ! f�pig, up to the overall dynamial dimension and wave-funtionrenormalizations, the result is given by replaing gi ! gi(�) and mi ! mi(�)=� at�xed fpig and renormalization sale �. I.e. provided that m(�)=� ! 0 as � ! 1,the high-energy asymptoti e�etive theory is e�etively massless as expeted in thesymmetri phase.4 Numerial result for mt �MtIn the previous setion, we have presented the arguments, why deoupling does notapply in the EW setor, in partiular not to the top quark mass e�ets. In this setion,we will hek how signi�ant the EW ontribution to mathing and running of the topquark mass is. For that purpose, the inverse of the relation (6), mt(�2) as a funtionof the pole mass Mt, is required (see Eq. (5.54) in Ref. [2℄). For the numerial analysis,we adopt the following values for the input parameters [39℄:MZ = 91:1876(21) GeV; MW = 80:385(15) GeV; Mt = 173:5(1:0) GeV; 6GF = 1:16637 � 10�5 GeV�2; ��1 = 137:035999; �(5)s (M2Z) = 0:1184(7): (14)Furthermore, we take the e�etive �ne-struture onstant at the Z boson mass saleto be ��1(M2Z) = 127:944. All light-fermion masses Mf (f 6= t) give negligible e�etsand do not play any role in our onsideration. Up to the three-loop order, the QCDrelation between the running and pole masses is given by (see Eq. (12) in Ref. [34℄)nmt(M2t )�MtoQCD = Mt"�43 �(6)s (M2t )� � 9:125 �(6)s (M2t )� !2� 80:405 �(6)s (M2t )� !3# : (15)Using �(6)s (M2t ) = 0:1079(6) [41℄, whih follows from the value of �(5)s (M2Z) in Eq. (14)via four-loop evolution and three-loop mathing [42℄, we obtain the numerial resultnmt(M2t )�MtoQCD = �7:95 GeV� 1:87 GeV� 0:57 GeV = �10:38 GeV : (16)A numerial estimation of the O(�4s) term, given in Ref. [43℄, is � �0:02 GeV, whihis not inluded in Eq. (16). The analyti result for the EW orretions at the one-looporder has a more ompliated form and may be found in Refs. [1, 15℄. The two-looporretions of order O(�2) are not yet known. Exploring the results of Ref. [19℄, weestimate it to be of order O(1 GeV). Another way to estimate the two-loop ontribution6The values of the top quark mass quoted by the experimental ollaborations orrespond to parametersin Monte Carlo event generators in whih, apart from parton showering, the partoni subproesses arealulated at the tree level, so that a rigorous theoretial de�nition of the top quark mass is laking [39, 40℄.For de�niteness, we take the value from Ref. [39℄ to be the pole mass Mt.8



Figure 1: Numerial results for the di�erenemt(M2t )�Mt. The red line represents the O(�)orretion, the blue line the O(�) +O(��s) orretion, the green line the O(�s) orretion,the magenta line the O(�s) + O(�2s) orretion, the blak line the O(�s) + O(�2s) + O(�3s)orretion, and the dark blue line the sum of all these orretions. The input parameters arespei�ed in Eq. (14).follows from results of Ref. [16℄ and the observation that the largest ontribution isoming from tadpole diagrams:(mt(�2)Mt ) � (mt(�2)Mt )tadpole � sm2W (�2)M2W = 1 + 12ÆW;� + 12ÆW;��s + 12ÆW;�2 � 18Æ2W;� ;(17)where ÆW;�, ÆW;�2 , and ÆW;�s� are the orretions in the relation m2W (�2)M2W = 1 + ÆW;� +ÆW;�s�+ ÆW;�2 and may be found in Ref. [16℄. This also allows us to estimate the errordue to the unknown higher-order orretions, whih is about 1 GeV.A detailed omparison of the individual ontributions is presented in Fig. 1. For aset of experimentally most probable values of MH [4℄, MH = f124; 125; 126g GeV, thenumerial values of the EW and QCD ontributions to the di�erene mt(M2t ) �Mtand their sum are olleted in Table 1. As a result, we observe a large EW orretion,whih for the assumed MH range almost perfetly anels the QCD orretion. Therelationship between mt(M2t ) and Mt an be parametrized in the range displayed in9



Table 1: The various ontributions to mt(M2t )�Mt in GeV.MH [GeV℄ O(�) O(��s) O(�) +O(��s) O(�s) +O(�2s) +O(�3s) total124 12:11 �0:39 11:72 �10:38 1:34125 11:91 �0:39 11:52 �10:38 1:14126 11:71 �0:38 11:32 �10:38 0:94Fig. 1 asnmt(M2t )�MtoSM = nmt(M2t )�MtoQCD + "0:0664�0:00115 � � MH1 GeV�125�#Mt :(18)The almost perfet anellation between the QCD and EW e�ets for the given Higgsboson mass is ertainly aidental, but must be taken into aount in omparisons withexperimental data. Our alulation shows that the large leading orretion, of O(�),to the shift mt(M2t )�Mt is not substantially modi�ed by the next-to-leadingterm, ofO(��s). Radiative orretions beyond the presently known ones are likely to be smalland not to hange the observed quenhing qualitatively.5 ConlusionsWe alulated the shiftmt(M2t )�Mt of the top-quark mass in the SM by stritly takinginto aount all diagrams generated by the Feynman rules, inluding the tadpole ones,as is required to manifestly respet the Slavnov-Taylor and Ward-Takahashi identities.SM transition matrix elements of physial proesses renormalized aording to theEW on-shell sheme are manifestly devoid of tadpoles to all orders of perturbationtheory [44℄. This has lead to the quite ommon pratie to set tadpole ontibutions tozero. On the other hand, the tadpoles are gauge dependent, and the mass ountertermsare only gauge independent if the tadpole ontributions are inluded, as may be ob-served already at one loop [1, 15℄. Also, if tadpoles drop out from physial quantities,or relations between them, it does not mean that arrying them along in a alulationwould not lead to a orret result. In ontrast, tadpole anellation may serve as auseful hek of a alulation.Upon on-shell renormalization, the SM transition matrix elements of physial pro-esses are gauge-independent funtions of the pole masses and the other renormalizedparameters, i.e. the ouplings and mixing angles. By �nite reparametrizations, thesetransition matrix elements may be onverted to any other renormalization sheme, inour ase to the MS sheme. The relationships between the on-shell paramaters andthe MS parameters are gauge independent only if tadpole ontributions are retained.Tadpoles are artifats of spontaneous symmetry breaking, where they show up in theHiggs vauum expetation value, whih indues the masses. Correspondingly, tadpolesa�et all mass ounterterms, and only these. The dimensionless gauge and Yukawaouplings as well as the Higgs self-oupling and their ounterterms are not a�eted.10



We advoate to keep the relationships between the on-shell and bare parameters inthe dimensionally regularized theory and their relationships to the losely related MSparameters gauge invariant. Otherwise, the expressions of the transition matrix ele-ments in terms of the renormalized parameters aquire arti�ial gauge dependene, andthe hoie of gauge must always be spei�ed, too, whenever the value of a renormalizedparameter extrated from experimental data is ommuniated.This leads us to inlude the tadpole ontribution in the relationship between thepole massMt and the MS massmt(�2) of the top quark, on whih we fous our attentionin this paper. Assuming the reently-disovered Higgs-like boson to be the missing linkof the SM, then the smallness of its mass MH renders the positive tadpole ontributionto the di�erene mt(M2t ) �Mt so sizable that it almost perfetly anels the familiar�10 GeV shift indued by pure QCD orretions, and it is one of the major purposesof this work to publiize this intriguing oinidene. As a welome onsequene of thisnear-quenhing, the theoretial unertainty due to sheme dependene in any physialobservable that depends on the top quark mass at leading order is greatly redued.In fat, this unertainty is proportional to the shift jmt(M2t ) �Mtj itself, and is thusredued by an order of magnitude if jmt(M2t )�Mtj is. This may easily be understood asfollows. Let O = f(M)(1+ Æ) be an M -dependent observable with radiative orretionÆ in the on-shell sheme. In the MS sheme, this observable is then given by O =f(m)(1 + Æ) with Æ = Æ + (M �m)� ln f(m)=�m, and the leading sheme dependeneorresponds to the magnitude of O=O � 1 = Æ(M �m)� ln f(m)=�m.The shift mt(M2t )�Mt is of paramount phenomenologial importane for the om-bination of di�erent determinations of the top quark mass in ongoing experiments.In fat, the value urrently extrated by reonstruting the invariant mass of the topquark deay produts is expeted to be lose to Mt [13, 39, 40℄, while the analysis ofthe total ross setion of top quark pair prodution yields a lean determination ofmt(M2t ) [25, 39, 40, 45℄. The EW O(�) orretion to the tt prodution ross setion isavailable in the on-shell sheme [18, 46℄. In order to onsistently inorporate it in theQCD analysis of Refs. [25, 45℄, it needs to be onverted to the MS sheme as desribedabove. This will generate an expliit tadpole ontribution in the radiative orretionsto the ross setion. In turn, the sheme dependene will be substantially reduedbeause mt(M2t ) and Mt almost oinide.We have analyzed the EW ontributions to the running and sheme dependene ofthe top quark mass above the W boson threshold, when GF an not be treated anylonger as a low-energy onstant in one-to-one orrespondene with the muon lifetime,but turns into a running e�etive parameter. This e�et is similar to the runningeletromagneti oupling �(�2), whih, however, is strongly sale dependent right fromzero momentum and is sensitive to non-perturbative hadroni vauum polarizatione�ets there. Like the running ouplings g; g0; yf ; and �, also the running of GF issheme dependent. In the MS sheme, the sale at whih GF e�etively starts to run,is not uniquely de�ned. SM non-deoupling e�ets have to be taken into aount. Inany ase, light-fermion ontributions inluding the one of the bottom quark are tiny.The quantitative analysis shows that the main ontribution omes from the mathingrelation (6), whih supplements the RG equation (7). At low energies, the running ofthe quark mass is equivalent to the running of the Yukawa oupling via Eq. (10) andby standard QCD orretions. 11



As the MS sheme is a renormalization sheme with mass-independent anomalousdimensions, mass e�ets drop out at high energies on aount of their positive anonialmass dimension. This is in ontrast to the on-shell renormalization sheme, wheremasses are utilized as renormalization sales, whih leads to residual mass e�ets in thehigh-energy asymptoti regime via renormalization e�ets, with the Callan-Symanzikequation replaing the MS RG equations.As our fous is on physis at the EW sale, a preise treatment of mass e�ets ofthe heavier SM states (t;H;Z;W ) is mandatory for a preise interpretation of relatedexperimental data. In partiular, for the top quark, whih as we know deays beforeit an form hadrons, it is not suÆient to take into aount QCD orretions only, asour analysis shows.In onlusion, for the urrent value of the Higgs mass, 122 < MH < 128 GeV [4℄, theone-loop EW orretions to mt(M2t )�Mt are large and have opposite sign relative tothe QCD ontributions, so that the total orretion is atually small and approximatelyequal to [1 �O(1)℄ GeV (see Table 1). As a result, taking into aount EW radiativeorretions, besides the QCD ones, redues the sheme dependene for EW observablesthat depend on the top quark mass.Aknowledgments:We are grateful to Leo Avdeev, Dmitri Kazakov, Elisabeth Kraus, Sergei Mikhailov,Sven Moh, and Oleg Veretin for useful disussions. This work was supported in partby the German Federal Ministry for Eduation and Researh BMBF through GrantNo. 05 H12GUE, by the German Researh Foundation DFG through the CollaborativeResearh Center No. 676 Partiles, Strings and the Early Universe|The Struture ofMatter and Spae-Time and by the Helmholtz Assoiation HGF through the HelmholtzAlliane Ha 101 Physis at the Terasale. F.J. thanks for support by the EC ProgramTransnational Aess to Researh Infrastruture (TARI) INFN - LNF, HadronPhysis3- Integrating Ativity, Contrat No. 283286.Referenes[1℄ R. Hemping, B.A. Kniehl, Phys. Rev. D 51 (1995) 1386, hep-ph/9408313.[2℄ F. Jegerlehner, M.Yu. Kalmykov, Nul. Phys. B 676 (2004) 365, hep-ph/0308216.[3℄ F. Jegerlehner, M.Yu. Kalmykov, Ata Phys. Polon. B 34 (2003) 5335,hep-ph/0310361.[4℄ G. Aad, et al., ATLAS Collaboration, Phys. Lett. B 716 (2012) 1, arXiv:1207.7214[hep-ex℄;S. Chatrhyan, et al., CMS Collaboration, Phys. Lett. B 716 (2012) 30,arXiv:1207.7235 [hep-ex℄.[5℄ F. Jegerlehner, Z. Phys. C 32 (1986) 425;F. Jegerlehner, Z. Phys. C 38 (1988) 519, Erratum;A.I. Bohkarev, R.S. Willey, Phys. Rev. D 51 (1995) 2049, hep-ph/9407261;J. Fleisher, O.V. Tarasov, F. Jegerlehner, Phys. Rev. D 51 (1995) 3820;B.A. Kniehl, A. Sirlin, Nul. Phys. B 458 (1996) 35;B.A. Kniehl, Z. Phys. C 72 (1996) 437, hep-ph/9403386.12
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