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AbstratNew heavy neutral gauge bosons Z 0 are predited by many models of physis beyond the StandardModel. It is quite possible that Z 0s are heavy enough to lie beyond the disovery reah of the CERNLarge Hadron Collider LHC, in whih ase only indiret signatures of Z 0 exhanges may emergeat future olliders, through deviations of the measured ross setions from the Standard Modelpreditions. We disuss in this ontext the foreseeable sensitivity to Z 0s of W�-pair produtionross setions at the e+e� International Linear Collider (ILC), espeially as regards the potentialof distinguishing observable e�ets of the Z 0 from analogous ones due to ompetitor models withanomalous trilinear gauge ouplings (AGC) that an lead to the same or similar new physisexperimental signatures at the ILC. The sensitivity of the ILC for probing the Z-Z 0 mixing andits apability to distinguish these two new physis senarios is substantially enhaned when thepolarization of the initial beams and the produedW� bosons are onsidered. A model independentanalysis of the Z 0 e�ets in the proess e+e� ! W+W� allows to di�erentiate the full lass ofvetor Z 0 models from those with anomalous trilinear gauge ouplings, with one notable exeption:the sequential SM (SSM)-like models an in this proess not be distinguished from anomalousgauge ouplings. Results of model dependent analysis of a spei� Z 0 are expressed in terms ofdisovery and identi�ation reahes on the Z-Z 0 mixing angle and the Z 0 mass.PACS numbers: 12.60.-i, 12.60.Cn, 14.70.Fm, 29.20.Ej
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I. INTRODUCTIONThe W� boson pair prodution proesse+ + e� ! W+ +W� (1)is a ruial one for studying the eletroweak gauge symmetry in e+e� annihilation. Propertiesof the weak gauge bosons are losely related to eletroweak symmetry breaking and thestruture of the gauge setor in general. Thus, detailed examination of (1) at the ILC willboth test this setor of the standard model (SM) with the highest auray and throw lighton New Physis (NP) that may appear beyond the SM.In the SM, for zero eletron mass, the proess (1) is desribed by the amplitudes mediatedby photon and Z boson exhange in the s-hannel and by neutrino exhange in the t-hannel.Therefore, this reation is partiularly sensitive to both the leptoni verties and the trilinearouplings toW+W� of the SM Z and of any new heavy neutral boson that an be exhangedin the s-hannel. A popular example in this regard, is represented by the Z 0s envisaged byeletroweak senarios based on spontaneously broken `extended' gauge symmetries, withmasses muh larger than MZ and oupling onstants di�erent from the SM. The variety ofthe proposed Z 0 models is broad. Therefore, rather than attempting an exhaustive analysis,we shall here fous on the phenomenologial e�ets in reation (1) of the so-alled Z 0SSM, Z 0E6and Z 0LR models. Atually, in some sense, we may onsider these Z 0 models as representativeof this New Physis (NP) setor [1{8℄.The diret manifestation of Z 0s would be the observation of peaks in ross setions at veryhigh energy olliders, this would be possible only for MZ0 lying within the kinematial reahof the mahine and suÆient luminosity. Indeed, urrent lower limits on MZ0 are obtainedfrom diret searhes of Z 0s in Drell-Yan dilepton pair prodution at the CERN LHC: fromthe analysis of the 7 TeV data, the observed bounds at 95% C. L. range approximately inthe interval 1:8 � 2:3 TeV, depending on the partiular Z 0 model being tested [9, 10℄. Fortoo high masses, Z 0 exhanges an manifest themselves indiretly, via deviations of rosssetions, and in general of the reation observables, from the SM preditions. Clearly, thiskind of searhes requires great preision and therefore will be favoured by extremely highollider luminosity, suh as will be available at the ILC. Indiret lower bounds on Z 0 massesfrom the high preision LEP data at the Z lie in the range � 0:4� 1:8 TeV, depending onthe model onsidered [7, 8℄. 3



Indiret e�ets may be quite subtle, as far as the identi�ation of the soure of an observeddeviation is onerned, beause a priori di�erent NP senarios may lead to the same orsimilar experimental signatures. Clearly, then, the disrimination of one NP model (in ourase the Z 0) from other possible ones needs an appropriate strategy for analyzing the data.1In this paper, we study the indiret e�ets evidening the mentioned extra Z 0 gaugebosons in W� pair prodution (1) at the next generation e+e� International Linear Collider(ILC), with a enter of mass energyps = 0:5�1 TeV and typial time-integrated luminositiesof Lint � 0:5 � 1 ab�1 [12, 13℄. At the foreseen, really high luminosity this proess shouldbe quite sensitive to the indiret NP e�ets at a ollider with MZ � ps � MZ0 [14{19℄,the deviations of ross setions from the SM preditions being expeted to inrease with psdue to the violation of the SM gauge anellation among the di�erent ontributions.Along the lines of the previous disussion, apart from estimating the foreseeable sensitivityof proess (1) to the onsidered Z 0 models, we will onsider the problem of establishing thepotential of ILC of distinguishing the Z 0 e�ets, one observed, from the ones due to NPompetitor models that an lead to analogous physial signatures in the ross setion. Forthe latter, we will hoose the models with Anomalous Gauge Couplings (AGC), and omparethem with the hypothesis of Z 0 exhanges. In the AGC models, there is no new gauge bosonexhange, but the WW, WWZ ouplings are modi�ed with respet to the SM values, thisviolates the SM gauge anellation too and leads to deviations of the proess ross setions.AGC ouplings are desribed via a sum of e�etive interations, ordered by dimensionality,and we shall restrit our analysis to the dimension-six terms whih onserve C and P [20, 21℄.The baseline on�guration of the ILC envisages a very high eletron beam polarization(larger than 80%) that is measurable with high preision. Also positron beam polarization,around 30%, might be initially obtainable, and this polarization ould be raised to about 60%or higher in the ultimate upgrade of the mahine. As is well-known, the polarization optionrepresents an asset in order to enhane the disovery reahes and identi�ation sensitivitieson NP models of any kind [22, 23℄. This is the ase, in partiular, of Z 0 exhanges and AGCinterations in proess (1), an obvious example being the suppression of the �-exhangehannel by using right-handed eletrons. Additional ILC diagnosti ability in Z 0s and AGC1 Atually, this should be neessary also in the ase of diret disovery, beause di�erent NP models mayin priniple produe the same peaks at the same mass so that, for example, for model identi�ation someangular analyses must be applied, see [11℄ and referenes therein.4



would be provided by measures of polarized W+ and W� in ombination with initial beampolarizations.The paper is organized as follows. In Setion II, we briey review the models involvingadditional Z 0 bosons and emphasize the role of Z-Z 0 mixing in the proess (1). In SetionIII we give the parametrization of Z 0 and AGC e�ets, as well as formulae for heliityamplitudes and ross setions of the proess under onsideration. Setion IV ontains, forillustrative purposes, some plots of the unpolarized and polarized ross setions showing thee�et of Z 0 and of Z-Z 0 mixing. In Setion V we present the approah, whih allows toobtain the disovery reah on Z 0 parameters (atually, on the deviations of the transitionamplitudes from the SM) and the obtained numerial results. Setion VI inludes the resultsof both model dependent and model independent analyses of the possibilities to di�erentiateZ 0 e�ets from similar ones aused by AGC. Finally we onlude in Setion VII.II. Z 0 MODELS AND Z-Z 0 MIXINGThe Z 0 models that will be onsidered in our analysis are the following [1, 2, 4, 6℄:(i) The four possible U(1) Z 0 senarios originating from the spontaneous breaking of theexeptional group E6. In this ase, two extra, heavy neutral gauge bosons appear asonsequene of the symmetry breaking and, generally, only the lightest is assumed tobe within reah of the ollider. It is de�ned, in terms of a new mixing angle �, by thelinear ombination Z 0 = Z 0� os � + Z 0 sin�: (2)Spei� hoies of �: � = 0; � = �=2; � = � artanp5=3 and � = artanp3=5,orresponding to di�erent E6 breaking patterns, de�ne the popular senarios Z 0�, Z 0 ,Z 0� and Z 0I , respetively.(ii) The left-right models, originating from the breaking down of an SO(10) grand-uni�ation symmetry, and where the orresponding Z 0LR ouple to a linear ombinationof right-handed and B�L neutral urrents (B and L being baryon and lepton numbers,respetively): J�LR = �LRJ�3R � 12�LRJ�B�L with �LR =s2Ws2W �2 � 1: (3)5



Here, sW = sin �W , W =p1� s2W , additional parameters are the ratio � = gR=gL ofthe SU(2)L;R gauge ouplings and �LR, restrited to the range p2=3 <� �LR <� 1:52.The upper bound orresponds to the so-alled LR-symmetri Z 0LRS model with gR = gL,while the lower bound is found to oinide with the Z 0� model introdued above. Wewill onsider the former one, Z 0LRS, throughout the paper.(iii) The Z 0ALR predited by the so-alled `alternative' left-right senario. For the LR modelwe need not introdue additional fermions to anel anomalies. However, in the E6ase a variant of this model (alled the Alternative LR model) an be onstruted byaltering the embeddings of the SM and introduing exoti fermions into the ordinary10 and 5 representations.(iv) The so-alled sequential Z 0SSM, where the ouplings to fermions are the same as thoseof the SM Z.Detailed desriptions of these models, as well as the spei� referenes, an be found, e. g.,in Refs. [1, 2, 4, 6℄.In the extended gauge theories prediting the existene of an extra neutral Z 0 gaugeboson, the mass-squared matrix of the Z and Z 0 an have non-diagonal entries ÆM2, whihare related to the vauum expetation values of the �elds of an extended Higgs setor [4℄:M2ZZ0 = 0�M2Z ÆM2ÆM2 M2Z01A : (4)Here, Z and Z 0 denote the weak gauge boson eigenstates of SU(2)L�U(1)Y and of the extraU(1)0, respetively. The mass eigenstates, Z1 and Z2, diagonalizing the matrix (4), are thenobtained by the rotation of the �elds Z and Z 0 by a mixing angle �:Z1 = Z os�+ Z 0 sin� ; (5)Z2 = �Z sin�+ Z 0 os � : (6)Here, the mixing angle � is expressed in terms of masses as:tan2 � = M2Z �M21M22 �M2Z ' 2MZ�MM22 ; (7)where �M = MZ � M1 > 0, MZ is the mass of the Z1-boson in the absene of mixing,i.e., for � = 0. One we assume the mass M1 to be determined experimentally, the mixing6



depends on two free parameters, whih we identify as � and M2. We shall here onsider theon�guration M1 � ps�M2.The mixing angle � will play an important role in our analysis. In general, suh mixinge�ets reet the underlying gauge symmetry and/or the Higgs setor of the model. To agood approximation, for M1 �M2, in spei� \minimal-Higgs models" [24℄,� ' �s2W Pih�ii2I i3LQ0iPih�ii2(I i3L)2 = C M21M22 : (8)Here h�ii are the Higgs vauum expetation values spontaneously breaking the symmetry,andQ0i are their harges with respet to the additional U(1)0. In addition, in these models thesame Higgs multiplets are responsible for both generation of mass M1 and for the strengthof the Z-Z 0 mixing [1℄. Thus C is a model-dependent onstant. For example, in the ase ofE6 superstring-inspired models C an be expressed as [24℄C = 4sW �A� � � 1� + 1B� ; (9)where � is the ratio of vauum expetation values squared, and the onstants A and B aredetermined by the mixing angle �: A = os �=2p6, B = p10=12 sin�.An important property of the models under onsideration is that the gauge eigenstate Z 0does not ouple to the W+W� pair sine it is neutral under SU(2)L. Therefore the proess(1), and the searhed-for deviations of the ross setions from the SM, are sensitive to a Z 0only in the ase of a non-zero Z-Z 0 mixing. The mixing angle is rather highly onstrained,to an upper limit of a few� 10�3, mainly from LEP measurements at the Z [7, 8℄. The highstatistis on W -pair prodution expeted at the ILC might in priniple allow to probe suhsmall mixing angles e�etively.From (5) and (6), one obtains the vetor and axial-vetor ouplings of the Z1 and Z2bosons to fermions:v1f = vf os�+ v0f sin� ; a1f = af os�+ a0f sin� ; (10)v2f = �vf sin�+ v0f os� ; a2f = �af sin�+ a0f os �; (11)with (vf ; af) = (gfL� gfR)=2, and (v0f ; a0f) similarly de�ned in terms of the Z 0 ouplings. Thefermoni Z 0 ouplings an be found in [1, 2, 4, 6℄.Analogously, one obtains aording to the remarks above:gWWZ1 = os� gWWZ ; (12)gWWZ2 = � sin� gWWZ ; (13)7



where gWWZ = ot �W .III. PARAMETERIZATIONS OF Z 0-BOSON AND AGC EFFECTSA. Z 0 bosonThe starting point of our analysis will be the amplitude for the proess (1). In the Bornapproximation, this an be written as a sum of a t-hannel and an s-hannel omponent. Inthe SM ase, the latter will be shematially written as follows:M(�)s = ��1s + ot �W (v � 2�a)s�M2Z �� G(�)(s; �); (14)where s and � are the total .m. squared energy and W� prodution angle. Omitting thefermion subsripts, eletron vetor and axial-vetor ouplings in the SM are denoted asv = (T3;e � 2Qe s2W )=2sW W and a = T3;e=2sW W , respetively, with T3;e = �1=2, and �denoting the eletron heliity (� = �1=2 for right/left-handed eletrons). Finally, G(�)(s; �)is a kinematial oeÆient, depending also on the W� heliities. The expliit form an befound in the literature [20, 21℄ or derived from the entries of Table V, whih also shows theform of the t-hannel neutrino exhange.In the extended gauge models the proess (1) is desribed by the set of diagrams displayedin Fig. 1. The amplitude with the extra Z 0 depited in Fig. 1 will be written as:M(�)s = ��1s + gWWZ1(v1 � 2�a1)s�M21 + gWWZ2(v2 � 2�a2)s�M22 �� G(�)(s; �): (15)The ontribution of the new heavy neutral gauge boson Z2 to the amplitude of proess (1)is represented by the fourth diagram in Fig. 1. In addition, there are indiret ontributionsto the Z1-mediated diagram, represented by modi�ations of the eletron and three-bosonverties indued by the Z-Z 0 mixing.It is onvenient to rewrite Eq. (15) in the following form [17℄:2M(�)s = ��gWWs + gWWZ(v � 2�a)s�M2Z �� G(�)(s; �); (16)where the `e�etive' gauge boson ouplings gWW and gWWZ are de�ned as:gWW = 1 +� = 1 +�(Z1) + �(Z2); (17)2 Note that MZ =M1 +�M , where M1 refers to the mass eigenstate.8
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FIG. 1: Feynman diagrams for the proess e�e+ !W�W+ in the Born approximationgWWZ = ot �W +�Z = ot �W +�Z(Z1) + �Z(Z2); (18)with�(Z1) = v ot �W ��aa � �vv � (1 + ��) �; �(Z2) = v gWWZ2 �a2a � v2v � �2; (19)�Z(Z1) = �gWWZ + ot �W ��aa +��� ; �Z(Z2) = gWWZ2 a2a �2� : (20)In Eqs. (19) and (20) we have introdued the deviations of the fermioni and trilinear bosoniouplings �v = v1� v, �a = a1� a and �gWWZ = gWWZ1 � ot �W , and the neutral vetorboson propagators (negleting their widths):�(s) = ss�M2Z ; �2(s) = ss�M22 ; ��(s) ' �2MZ�Ms�M2Z ; (21)where �M = MZ � M1 is the Z-Z1 mass shift. Beause W pair prodution is studiedsuÆiently far away from the Z1 peak, we an neglet the Z and Z1;2 widths in (15) and(16).It should be stressed that, not referring to spei� models, the parametrization (16)-(18) is both general and useful for phenomenologial purposes, in partiular to omparedi�erent soures of nonstandard e�ets ontributing �nite deviations (19) and (20) to theSM preditions. Note that � vanishes as s! 0, onsistent with gauge invariane.9



We know from urrent measurements [7℄ that �M < 100 MeV. This allows the approxi-mation ��(s)� 1. One an rewrite (19) and (20) in a simpli�ed form taking into aountthe approximation above as well as the ouplings to �rst order in � as:(v1; a1) ' (v + v0�; a + a0�)) (�v; �a) ' (v0�; a0�); (22)(v2; a2) ' (�v� + v0; �a� + a0); (23)and gWWZ1 ' gWWZ; gWWZ2 ' �gWWZ�: (24)In the ase of extended models onsidered here, e.g. E6, v0 and a0 are expliitly parametrizedin terms of the angle � whih haraterizes the diretion of the Z 0-related extra U(1)0 gener-ator in the E6 group spae, and reets the pattern of symmetry breaking to SU(2)L�U(1)Y[1, 2, 4, 6℄: v0 = os �Wp6; a0 = 12Wp6  os � +r53 sin�! : (25)Substituting Eqs. (22){(24) into (19) and (20), one �nds the general form of � and �Z :� = � � v ot �W �a0a � v0v ��1� �2� ��; (26)�Z = � � ot �W a0a �1� �2� � : (27)Both these quantities have the same dependene on � and M2, via the produt �(1��2=�).Thus, � and M2 an not be separately determined from a measurement of � and �Z , onlythis omposite funtion an be determined. We also note that for an SSM-type model, the�rst parenthesis in Eq. (26) vanishes, resulting in � = 0. Thus, these models an not bedistinguished from the AGC models, introdued in the next setion. Further, the termsproportional to �2 in Eqs. (26) and (27) dominate in the ase ps � M2 but will be verysmall in the ase ps�M2.B. Anomalous Gauge CouplingsAs pointed out in the Introdution, a model with an extra Z 0 would produe virtualmanifestations in the �nal W+W� hannel at the ILC that in priniple ould mimi thoseof a model with AGC, hene of ompletely di�erent origin. This is due to the fat that, as10



shown above, the e�ets of the extra Z 0 an be reabsorbed into a rede�nition of the WWVouplings (V = ; Z). Therefore, the identi�ation of suh an e�et, if observed at the ILC,beomes a very important problem [25℄.
e−

e+

W−

W+

νe

e−

e+

γ

W−

W+

gWWγ = 1 →

Qe

AGC
xγ

yγ

e−

e+

Z

W−

W+

v, a
gWWZ = cot θW →

AGC δZ

xZ

yZ
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SU(2)L � U(1)Y symmetry, in whih ase the number would be redued to three (see forexample Tables 2 and 1 of [26℄ and [27℄, respetively).Current limits reported by the Partile Data Group [28℄, that show the sensitivity to theAGCs attained so far, are roughly of the order of 0.04 for ÆZ , 0.05 for x , 0.02 for y, 0.11for xZ and 0.12 for yZ. As will be shown in the next setions, at the ILC in the energyand luminosity on�guration onsidered here, sensitivities to deviations from the SM, heneof indiret New Physis signatures, down to the order of 10�3 will be reahed. This wouldompare with the expeted order of magnitude of the theoretial unertainty on the SMross setions after aounting for higher-order orretions to the Born amplitudes of Figs. 1and 2, formally of order �em [29, 30℄, but that for distributions an reah the size of 10%,depending on ps [31, 32℄.C. Heliity amplitudes and ross setionsThe general expression for the ross setion of proess (1) with longitudinally polarizedeletron and positron beams desribed by the set of diagrams presented in Fig. 2 an beexpressed as d�d os � = 14 �(1 + PL) �1� �PL� d�+d os � + (1� PL) �1 + �PL� d��d os �� ; (29)where PL and �PL are the atual degrees of eletron and positron longitudinal polarization,respetively, and �� are the ross setions for purely right-handed (� = 1=2) and left-handed(� = �1=2) eletrons. From Eq. (29), the ross setion for polarized (unpolarized) eletronsand unpolarized positrons orresponds to PL 6= 0 and �PL = 0 (PL = �PL = 0).The polarized ross setions an generally be written as follows:d��d os � = jpj16�spsX�;� 0 jF��� 0(s; os �)j2: (30)Here, the heliities of the W� and W+ are denoted by �; � 0 = �1; 0. Corresponding to theinteration (28), the heliity amplitudes F��� 0(s; os �) have the struture shown in Table V[20, 21℄ in Appendix A. In Table V, �W = p1� 4M2W=s = 2p=ps, with p = jpj the .m.momentum of the W�. Furthermore, s and t are the Mandelstam variables, and � the.m. sattering angle, with t = M2W � s(1 � � os �)=2. For omparison, we also show inAppendix A the orresponding heliity amplitudes for the ase of a Z 0.12



We de�ne the di�erential ross setions for orrelated spins of the produedW� andW+,d�(W+LW�L )d os � ; d�(W+T W�T )d os � ; d�(W+T W�L +W+LW�T )d os � ; (31)whih orrespond to the prodution of two longitudinally (� = � 0 = 0), two transversely(� = �� 0; �; � 0 = �1) and one longitudinally plus one transversely (� = 0, � 0 = �1 et.)polarized vetor bosons, respetively.IV. Z 0 ILLUSTRATIONSFor illustrative purposes, the energy behavior of the total unpolarized ross setion for theproess e+e� ! W+W� is shown in Fig. 3 (top panel) for the SM (extrapolated to 2 TeV)as well as for the ase of an additional Z 0� originated from E6 at mixing angle � = � 1:6�10�3and MZ0 = 2 TeV. In the lower panel we show the orresponding ross setion for right-handed eletrons (PL = 1). The deviation of the ross setions from the SM preditionaused by the Z 0 boson at the planned ILC energy of ps = 0:5 TeV is most pronouned forthe latter (polarized) ase while the ross setion is lower than that for unpolarized beams.The main reason for this is the removal of the neutrino exhange in the t-hannel. Suh aremoval is indispensable for evidening the Z 0-exhange e�et through Z{Z 0 mixing in theproess (1). The omplete removal of the neutrino exhange ontribution depends of ourseon having pure eletron polarization. In both ases experimental onstraints on the W�sattering angle (j os �j � 0:98) were imposed.The e�ets of the Z 0 boson shown in Fig. 3 were parametrized by the mass MZ0 and theZ-Z 0 mixing angle � while those behaviors and their relative deviations shown in Fig. 4,are parametrized by the e�etive parameters (� ;�Z), de�ned in Eqs. (26) and (27) for thesame values of � and MZ0 . Rather steep energy behavior of relative deviations of the rosssetions an be appreiated from Fig. 4.As was mentioned in the Introdution, the proess (1) is sensitive to a Z 0 in the ase ofnon-zero Z-Z 0 mixing. The individual (interferene) ontributions to the ross setion ofproess (1) rise proportional to s. In the SM, the sum over all ontributions to the totalross setion results in its proper energy dependene that sales like log s=s in the limitwhen 2MW � ps � M2 due to a deliate gauge anellation. In the ase of a non-zeroZ-Z 0 mixing, the ouplings of the Z1 di�er from those of the SM preditions for Z. Then,13



0.5 1.0 1.5 2.0

1

2

5

10

20

50

s , TeV

Σ
Z

’ ,p
b

2MW ILC

Φ = 1.6�10-3

Φ = -1.6�10-3

0.5 1.0 1.5 2.0

0.001

0.01

0.1

1

s , TeV

Σ
Z

’ ,p
b

2MW ILC

Φ = 1.6�10-3

Φ = -1.6�10-3

FIG. 3: Top panel: Unpolarized total ross setion for the proess e+e� ! W+W� for Z 0� fromE6. Bottom panel: Polarized total ross setion. Solid lines orrespond to the SM ase. Dashed(dash-dotted) lines orrespond to a Z 0 model with � = 1:6 �10�3 (� = �1:6 �10�3), �2 = 0:025�M2and M2 = 2 TeV.
14



0.2 0.4 0.6 0.8 1.0 1.2 1.4

0.001

0.01

0.1

1

s , TeV

Σ
Z

’ ,p
b

2MW ILC

DΓ = -1.4�10-3, DZ = -1.2�10-3

DΓ = 1.4�10-3, DZ = 1.2�10-3

0.2 0.4 0.6 0.8 1.0
-0.2

-0.1

0.0

0.1

0.2

s , TeV

D
Σ
�Σ

DΓ = 1.4�10-3, DZ = 1.2�10-3

DΓ = -1.4�10-3, DZ = -1.2�10-3

FIG. 4: Top panel: Polarized total ross setion for the proess e+e� ! W+W� as a funtion of pswith perfetly polarized eletrons (PL = 1) and unpolarized �nal states. Solid line orresponds tothe SM. Contribution to the ross setion aused by Z 0 is determined by di�erent sets of parameters(� ;�Z) = (1:4 � 10�3; 1:2 � 10�3) and (�1:4 � 10�3;�1:2 � 10�3). Bottom panel: Relative deviationof the polarized total ross setion from the SM predition, ��=� = (�Z0 � �SM )=�SM .
15



the gauge anellation ourring in the SM is destroyed, leading to an enhanement of newphysis e�ets at high energies, though well belowM2. Unitarity is restored only at energiesps�M2 independently of details of the extended gauge group.V. DISCOVERY REACH ON Z 0 PARAMETERSThe sensitivity of the polarized di�erential ross setions to � and �Z is assessed nu-merially by dividing the angular range j os �j � 0:98 into 10 equal bins, and de�ning a �2funtion in terms of the expeted number of events N(i) in eah bin for a given ombinationof beam polarizations:�2 = �2(ps;�;�Z) = XfPL; �PLg binsXi �NSM+Z0(i)�NSM(i)ÆNSM(i) �2 ; (32)where N(i) = Lint �i "W with Lint the time-integrated luminosity. Furthermore,�i = �(zi; zi+1) = zi+1Zzi �d�dz� dz; (33)where z = os � and polarization indies have been suppressed. Also, "W is the eÆienyfor W+W� reonstrution, for whih we take the hannel of lepton pairs (e� +��) plus twohadroni jets, giving "W ' 0:3 basially from the relevant branhing ratios. The proedureoutlined above is followed to evaluate both NSM(i) and NSM+Z0(i).The unertainty on the number of events ÆNSM(i) ombines both statistial and system-ati errors where the statistial omponent is determined by ÆN statSM (i) = pNSM(i). Con-erning systemati unertainties, an important soure is represented by the unertainty onbeam polarizations, for whih we assume ÆPL=PL = Æ �PL= �PL = 0:5% with the \standard"envisaged values jPLj = 0:8 and j �PLj = 0:5 [12, 13, 22℄. As for the time-integrated luminos-ity, for simpliity we assume it to be equally distributed between the di�erent polarizationon�gurations. Another soure of systemati unertainty originates from the eÆieny ofreonstrution of W� pairs whih we assume to be Æ"W="W = 0:5%. Also, in our numerialanalysis to evaluate the sensitivity of the di�erential distribution to model parameters weinlude initial-state QED orretions to on-shell W� pair prodution in the ux funtionapproah [33, 34℄ that assures a good approximation within the expeted auray of thedata. 16
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in the next setion along with identi�ation reahes. For �xed � and M2, every model isrepresented by a point in the (�, �Z) parameter plane. The disovery regions in the �{�Z plot at the ILC are represented by the straight segments lying outside the ellipse. If onevaries the mixing angle �, the point representative of the spei� Z 0 model moves along theorresponding line. The interept of the lines with the ellipti ontour, one translated to �and M2, determine the onstraint on these two parameters relevant to Z-Z 0 mixing for theindividual models.Also, one an determine the region in the (� ;�Z) plane relevant to onstraining thefull lass of E6 (and LR) Z 0 models obtained by varying the parameters os � and �LR ofEqs. (2) and (3) within their full allowed ranges. The orresponding disovery region at theILC for that lass of models is the one delimited by the ars of ellipse indiated in Fig. 7.VI. IDENTIFICATION OF Z 0 VS AGCA. Model independent analysisWe will here disuss how one an di�erentiate various Z 0 models from similar e�etsaused by anomalous gauge ouplings, following the proedure employed in Refs. [23, 35℄.The philosophy is as follows: A partiular Z 0 model will be onsidered identi�ed, if themeasured values of � and �Z are statistially di�erent from values orresponding to otherZ 0 models (for a disussion, see Ref. [23℄), and also di�erent from ranges of (� ;�Z) thatan be populated by AGC models. Clearly, at least one of these parameters must exeedsome minimal value.Let us assume the data to be onsistent with one of the Z 0 models and all it the \true"model. It has some non-zero values of the parameters � ;�Z . We want to assess thelevel at whih this \true" model is distinguishable from the AGC models, that an ompetewith it as soures of the assumed deviations of the ross setion from the SM and we allthem \tested" models, for any values of the orresponding AGC parameters. We assume forsimpliity that all AGC parameters are zero, exept the one whose values are probed.We start by onsidering as a \tested" AGC model that with a value of x to be sannedover. To that purpose, we an de�ne a \distane" between the hosen \true" model and the
20



\tested" AGC model(s) by means of a �2 funtion analogous to Eq. (32) as�2 = XfPL; �PLg binsXi �NZ0(i)�NAGC(i)ÆNZ0(i) �2 ; (36)with ÆNZ0(i) de�ned in the same way as ÆNSM(i) but, in this ase, the statistial unertaintyrefers to the Z 0 model and therefore depends on the relevant, partiular, values of � and�Z .On the basis of suh �2 we an study whether these \tested" models an be exluded ornot to a given on�dene level (whih we assume to be 95%), one the onsidered Z 0 model(de�ned in terms of � , �Z) has been assumed as \true". In our expliit example, we wantto determine the range in x for whih there is \onfusion" of deviations from the SM rosssetions between the seleted \true" Z 0 model and the AGC one, by imposing the ondition,similar to Eq. (34). Then we san all values of � , �Z allowed by the Z 0 models down totheir disovery reah, and determine by iteration in this proedure the general onfusionregion between the lass of Z 0 models onsidered here and the AGC model with x 6= 0.Besides the dependene on the .m. energy ps, the �2 funtion de�ned above an beonsidered a funtion of three independent variables, � and �Z from the Z 0 model, and, inour starting example, the parameter x of the AGC senario. The ontours of the onfusionregions, at given ps, are thus de�ned by the region inside of whih (in the �-�Z spae)�2(�;�Z ; x) = �2min + �2CL; (37)for any value of x ompatible with experimental limits.In Fig. 8 we show the region of onfusion in the Z 0 parameter plane (�;�Z), outsideof whih the Z 0 model an be identi�ed at the 95% C.L. against the AGC model for anyvalue of the parameter x . It is obtained from the polarized ross setion with PL = �0:8and �PL = �0:5 using the algorithm outlined above. Also, note that the inner dash-dottedellipse in Fig. 8 delimits the disovery reah on Z 0 parameters.The graphial representation of the region of onfusion presented in Fig. 8 is straight-forward. Equation (37) de�nes a three-dimensional surfae enlosing a volume in the(� ;�Z; x) parameter spae in whih there an be disovery as well as onfusion betweenZ 0 and (in this ase) the x-AGC model. The planar surfae delimited by the solid ellipse isdetermined by the projetion of suh three-dimensional surfae, hene of the orresponding21
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generally, those models where the Z 0-eletron ouplings satisfy the equation v0=a0 = v=athat, as follows from Eq. (26), lead to � = 0 an not be distinguished from the AGC asein theW� pair prodution proess. However, all other Z 0 models (apart from the onsideredexeptional ase) desribed by the pair of parameters (�;�Z) that are loated outside ofthe onfusion area shown in Fig. 9 an be identi�ed. Notie that the above onstraint onthe eletron ouplings is ful�lled for an E6 model at � = 87Æ and for an LRS model with�LR = 1:36.
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W bosons. Information on spin density matrix elements as funtions of the W� produtionangle with respet to the eletron beam diretion was extrated from the deay angles ofthe harged lepton in the W� (W+) rest frame.B. Model dependent analysisAs mentioned above, the ranges of � and �Z allowed to the spei� models in Figs. 9and 10 an be translated into disovery and identi�ation reahes on the mixing angle �and the heavier gauge boson mass M2, using Eqs. (26){(27). The resulting allowed regions,disovery and identi�ation (at the 95% CL) in the (�;M2) plane is limited in this ase bythe thik dashed and solid lines, respetively, in Figs. 11{ 12 for some spei� E6 models.These limits are obtained from the polarized di�erential distributions of W with olliderenergy ps = 0:5 TeV and integrated luminosity Lint = 500 fb�1. Also, an indiative typiallower bound on M2 from diret searhes at the LHC with ps = 7 TeV [9, 10℄ is reportedin these �gures as horizontal straight lines. The vertial arrows then indiate the range ofavailable Z 0 mass values aording to LHC limits.TABLE I: Disovery and identi�ation reah on the Z-Z 0 mixing angle � for Z 0 models withM2 = 2 TeV obtained from the polarized di�erential ross setion with (PL = �0:8; �PL = �0:5)and unpolarized �nal states for the ase ps = 0:5 TeV and Lint = 500 fb�1. The orrespondinglimits for polarized W s are given in parenthesis.Z 0 model �  � I LRS SSM�DIS; 10�3 �1:5(0:8) �2:3(1:4) �1:6(1:3) �2:0(0:8) �1:4(1:0) �1:2(0:7)�ID; 10�3 �3:8(1:5) �36:8(18:5) �17:4(3:2) �4:3(1:2) �8:1(4:2) {Figures 11 and 12 show that the proess e+e� ! W+W� at 0:5 TeV has a potentialsensitivity to the mixing angle � of the order of 10�4{10�3 or even less, depending on themass M2. This sensitivity would inrese for the .m. energy ps approahing M2 beausethe ontribution of the Z2 exhange diagram in Fig. 1 would be enhaned. However, Z 0bosons relevant to the extended models under study with mass below � 2:0� 2:3 TeV arealready exluded by LHC data, and the ILC .m. energies onsidered here are therefore25
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FIG. 14: Same as in Fig.13 but for the LRS model.TABLE IV: Same as in Table III but for the ILC with ps = 0:35 TeV, and two values of integratedluminosity. Z 0 model �  � I LRS SSM100 fb�1 �DIS; 10�3 �3:7(2:4) �6:0(4:5) �4:9(4:3) �4:1(2:5) �3:9(3:1) �3:2(2:3)�ID; 10�3 �8:4(4:6) �77(61) �27(9:4) �13:5(3:8) �19(14) {500 fb�1 �DIS; 10�3 �2:3(1:3) �3:4(2:3) �2:5(2:1) �3:1(1:4) �2:1(1:6) �1:8(1:2)�ID; 10�3 �5:9(2:4) �54(30) �15(4:7) �4:0(1:9) �16(6:8) {analogous ones due to ompetitor models with Anomalous Gauge Couplings that an lead tothe same or similar new physis experimental signatures. The disovery and identi�ationreahes on E6 and LRS models have been determined in the parameter plane spanned bythe Z-Z 0 mixing angle �, and Z 0 mass, M2.We have shown that the sensitivity of the ILC for probing the Z-Z 0 mixing and itsapability to distinguish these two new physis senarios is substantially enhaned whenthe polarization of the initial beams (and also, possibly, the produed W� bosons) areonsidered.
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AknowledgementsIt is a pleasure to thank S. Dittmaier for valuable omments on the importane of theradiative orretions. This researh has been partially supported by the Abdus Salam ICTPunder the TRIL and STEP Programmes and the Belarusian Republian Foundation forFundamental Researh. The work of AAP has been partially supported by the SFB 676Programme of the Department of Physis, University of Hamburg. The work of PO hasbeen supported by the Researh Counil of Norway.Appendix A. Heliity amplitudesIn this appendix, we ollet the heliity amplitudes for the di�erent initial (e+e�) and�nal-state (W+W�) polarizations. In Table V we quote the amplitudes for the ase ofAnomalous Gauge Couplings [20, 21℄, whereas in Table VI we give the orresponding resultsfor the ase of a Z 0.Note that the quantity ÆZ appearing in Table V is di�erent from, but plays a role similarto that of �Z entering in the parametrization of Z 0 e�ets. Furthermore, in analogy with the� whih enters the desription of Z 0 e�ets, one ould imagine a fator (1+ Æ) multiplyingthe photon-exhange amplitudes in Table V. Suh a term ould be indued by dimension-8operators, but Æ would have to vanish as s! 0, due to gauge invariane.
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TABLE V: Heliity amplitudes for e+e� ! W+W� in the presene of AGC [20, 21℄. To obtainthe amplitude F��� 0(s; os �) for de�nite heliity � = �1=2 and de�nite spin orientations �(W�)and � 0(W+) of the W�, the elements in the orresponding olumn have to be multiplied by theommon fator on top of the olumn. Subsequently, the elements in a spei� olumn have to bemultiplied by the orresponding elements in the �rst olumn and the sum over all elements is tobe taken. In the last olumn, the amplitude for the ase of � = �1, � 0 = 0 is obtained by replaing� 0 by �� in the elements of this last olumn.e+��e�� !W+LW�L � = � 0 = 0� e2s�2 sin �2��14 t s2W s2M2W [os � � �W (1 + 2M2Ws )℄�2s + 2(ot �W+ÆZ)s�M2Z (v � 2a�) ��W (1 + s2M2W )�xs + xZs�M2Z (v � 2a�) ��W sM2We+��e�� !W+T W�T � = � 0 = �1 � = �� 0 = �1� e2s�2 sin � � e2s�2 sin �2��14 t s2W os � � �W � os � � 2���2s + 2(ot �W+ÆZ)s�M2Z (v � 2a�) ��W 0�ys + yZs�M2Z (v � 2a�) ��W sM2W 0e+��e�� !W+T W�L � = 0, � 0 = �1 � = �1, � 0 = 0� e2s�2p2 (� 0 os � � 2�) e2s�2p2 (� os � + 2�)2��14 t s2W ps2MW [os �(1 + �2W )� 2�W ℄ ps2MW [os �(1 + �2W )� 2�W ℄�2MWps � 0 sin2 �� 0 os ��2� �2MWps � sin2 �� os �+2��2s + 2(ot �W+ÆZ)s�M2Z (v � 2a�) ��W psMW ��W psMW�x+ys + xZ+yZs�M2Z (v � 2a�) ��W psMW ��W psMW
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TABLE VI: Heliity amplitudes for e+e� ! ; Z1; Z2 !W+W�.e+��e�� !W+LW�L � = � 0 = 0� e2s�2 sin �2��14 t s2W s2M2W [os � � �W (1 + 2M2Ws )℄�2s + 2 gWWZ1s�M21+iM1�1 (v1 � 2a1�) ��W (1 + s2M2W )+ 2 gWWZ2s�M22+iM2�2 (v2 � 2a2�)� �2(1+�)s + 2(ot �W+�Z)s�M2Z (v � 2a�)e+��e�� !W+T W�T � = � 0 = �1 � = �� 0 = �1� e2s�2 sin � � e2s�2 sin �2��14 t s2W os � � �W � os � � 2���2s + 2 gWWZ1s�M21+iM1�1 (v1 � 2a1�) ��W 0+ 2 gWWZ2s�M22+iM2�2 (v2 � 2a2�)� �2(1+�)s + 2(ot �W+�Z)s�M2Z (v � 2a�)e+��e�� !W+T W�L � = 0, � 0 = �1 � = �1, � 0 = 0� e2s�2p2 (� 0 os � � 2�) e2s�2p2 (� os � + 2�)2��14 t s2W ps2MW [os �(1 + �2W )� 2�W ℄ ps2MW [os �(1 + �2W )� 2�W ℄�2MWps � 0 sin2 �� 0 os ��2� �2MWps � sin2 �� os �+2��2s + 2 gWWZ1s�M21+iM1�1 (v1 � 2a1�) ��W psMW ��W psMW+ 2 gWWZ2s�M22+iM2�2 (v2 � 2a2�)� �2(1+�)s + 2(ot �W+�Z)s�M2Z (v � 2a�)
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