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Abstra
tNew heavy neutral gauge bosons Z 0 are predi
ted by many models of physi
s beyond the StandardModel. It is quite possible that Z 0s are heavy enough to lie beyond the dis
overy rea
h of the CERNLarge Hadron Collider LHC, in whi
h 
ase only indire
t signatures of Z 0 ex
hanges may emergeat future 
olliders, through deviations of the measured 
ross se
tions from the Standard Modelpredi
tions. We dis
uss in this 
ontext the foreseeable sensitivity to Z 0s of W�-pair produ
tion
ross se
tions at the e+e� International Linear Collider (ILC), espe
ially as regards the potentialof distinguishing observable e�e
ts 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 physi
sexperimental signatures at the ILC. The sensitivity of the ILC for probing the Z-Z 0 mixing andits 
apability to distinguish these two new physi
s s
enarios is substantially enhan
ed when thepolarization of the initial beams and the produ
edW� bosons are 
onsidered. A model independentanalysis of the Z 0 e�e
ts in the pro
ess e+e� ! W+W� allows to di�erentiate the full 
lass ofve
tor Z 0 models from those with anomalous trilinear gauge 
ouplings, with one notable ex
eption:the sequential SM (SSM)-like models 
an in this pro
ess not be distinguished from anomalousgauge 
ouplings. Results of model dependent analysis of a spe
i�
 Z 0 are expressed in terms ofdis
overy and identi�
ation rea
hes 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 produ
tion pro
esse+ + e� ! W+ +W� (1)is a 
ru
ial one for studying the ele
troweak gauge symmetry in e+e� annihilation. Propertiesof the weak gauge bosons are 
losely related to ele
troweak symmetry breaking and thestru
ture of the gauge se
tor in general. Thus, detailed examination of (1) at the ILC willboth test this se
tor of the standard model (SM) with the highest a

ura
y and throw lighton New Physi
s (NP) that may appear beyond the SM.In the SM, for zero ele
tron mass, the pro
ess (1) is des
ribed by the amplitudes mediatedby photon and Z boson ex
hange in the s-
hannel and by neutrino ex
hange in the t-
hannel.Therefore, this rea
tion is parti
ularly sensitive to both the leptoni
 verti
es and the trilinear
ouplings toW+W� of the SM Z and of any new heavy neutral boson that 
an be ex
hangedin the s-
hannel. A popular example in this regard, is represented by the Z 0s envisaged byele
troweak s
enarios based on spontaneously broken `extended' gauge symmetries, withmasses mu
h 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 fo
us on the phenomenologi
al e�e
ts in rea
tion (1) of the so-
alled Z 0SSM, Z 0E6and Z 0LR models. A
tually, in some sense, we may 
onsider these Z 0 models as representativeof this New Physi
s (NP) se
tor [1{8℄.The dire
t manifestation of Z 0s would be the observation of peaks in 
ross se
tions at veryhigh energy 
olliders, this would be possible only for MZ0 lying within the kinemati
al rea
hof the ma
hine and suÆ
ient luminosity. Indeed, 
urrent lower limits on MZ0 are obtainedfrom dire
t sear
hes of Z 0s in Drell-Yan dilepton pair produ
tion 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 parti
ular Z 0 model being tested [9, 10℄. Fortoo high masses, Z 0 ex
hanges 
an manifest themselves indire
tly, via deviations of 
rossse
tions, and in general of the rea
tion observables, from the SM predi
tions. Clearly, thiskind of sear
hes requires great pre
ision and therefore will be favoured by extremely high
ollider luminosity, su
h as will be available at the ILC. Indire
t lower bounds on Z 0 massesfrom the high pre
ision LEP data at the Z lie in the range � 0:4� 1:8 TeV, depending onthe model 
onsidered [7, 8℄. 3



Indire
t e�e
ts may be quite subtle, as far as the identi�
ation of the sour
e of an observeddeviation is 
on
erned, be
ause a priori di�erent NP s
enarios may lead to the same orsimilar experimental signatures. Clearly, then, the dis
rimination of one NP model (in our
ase the Z 0) from other possible ones needs an appropriate strategy for analyzing the data.1In this paper, we study the indire
t e�e
ts eviden
ing the mentioned extra Z 0 gaugebosons in W� pair produ
tion (1) at the next generation e+e� International Linear Collider(ILC), with a 
enter of mass energyps = 0:5�1 TeV and typi
al time-integrated luminositiesof Lint � 0:5 � 1 ab�1 [12, 13℄. At the foreseen, really high luminosity this pro
ess shouldbe quite sensitive to the indire
t NP e�e
ts at a 
ollider with MZ � ps � MZ0 [14{19℄,the deviations of 
ross se
tions from the SM predi
tions being expe
ted to in
rease with psdue to the violation of the SM gauge 
an
ellation among the di�erent 
ontributions.Along the lines of the previous dis
ussion, apart from estimating the foreseeable sensitivityof pro
ess (1) to the 
onsidered Z 0 models, we will 
onsider the problem of establishing thepotential of ILC of distinguishing the Z 0 e�e
ts, on
e observed, from the ones due to NP
ompetitor models that 
an lead to analogous physi
al signatures in the 
ross se
tion. Forthe latter, we will 
hoose the models with Anomalous Gauge Couplings (AGC), and 
omparethem with the hypothesis of Z 0 ex
hanges. In the AGC models, there is no new gauge bosonex
hange, but the WW
, WWZ 
ouplings are modi�ed with respe
t to the SM values, thisviolates the SM gauge 
an
ellation too and leads to deviations of the pro
ess 
ross se
tions.AGC 
ouplings are des
ribed via a sum of e�e
tive intera
tions, ordered by dimensionality,and we shall restri
t our analysis to the dimension-six terms whi
h 
onserve C and P [20, 21℄.The baseline 
on�guration of the ILC envisages a very high ele
tron beam polarization(larger than 80%) that is measurable with high pre
ision. 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 ma
hine. As is well-known, the polarization optionrepresents an asset in order to enhan
e the dis
overy rea
hes and identi�
ation sensitivitieson NP models of any kind [22, 23℄. This is the 
ase, in parti
ular, of Z 0 ex
hanges and AGCintera
tions in pro
ess (1), an obvious example being the suppression of the �-ex
hange
hannel by using right-handed ele
trons. Additional ILC diagnosti
 ability in Z 0s and AGC1 A
tually, this should be ne
essary also in the 
ase of dire
t dis
overy, be
ause di�erent NP models mayin prin
iple produ
e the same peaks at the same mass so that, for example, for model identi�
ation someangular analyses must be applied, see [11℄ and referen
es therein.4



would be provided by measures of polarized W+ and W� in 
ombination with initial beampolarizations.The paper is organized as follows. In Se
tion II, we brie
y review the models involvingadditional Z 0 bosons and emphasize the role of Z-Z 0 mixing in the pro
ess (1). In Se
tionIII we give the parametrization of Z 0 and AGC e�e
ts, as well as formulae for heli
ityamplitudes and 
ross se
tions of the pro
ess under 
onsideration. Se
tion IV 
ontains, forillustrative purposes, some plots of the unpolarized and polarized 
ross se
tions showing thee�e
t of Z 0 and of Z-Z 0 mixing. In Se
tion V we present the approa
h, whi
h allows toobtain the dis
overy rea
h on Z 0 parameters (a
tually, on the deviations of the transitionamplitudes from the SM) and the obtained numeri
al results. Se
tion VI in
ludes the resultsof both model dependent and model independent analyses of the possibilities to di�erentiateZ 0 e�e
ts from similar ones 
aused by AGC. Finally we 
on
lude in Se
tion 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 s
enarios originating from the spontaneous breaking of theex
eptional group E6. In this 
ase, two extra, heavy neutral gauge bosons appear as
onsequen
e of the symmetry breaking and, generally, only the lightest is assumed tobe within rea
h 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)Spe
i�
 
hoi
es of �: � = 0; � = �=2; � = � ar
tanp5=3 and � = ar
tanp3=5,
orresponding to di�erent E6 breaking patterns, de�ne the popular s
enarios Z 0�, Z 0 ,Z 0� and Z 0I , respe
tively.(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,respe
tively): J�LR = �LRJ�3R � 12�LRJ�B�L with �LR =s
2Ws2W �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, restri
ted 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 
oin
ide with the Z 0� model introdu
ed above. Wewill 
onsider the former one, Z 0LRS, throughout the paper.(iii) The Z 0ALR predi
ted by the so-
alled `alternative' left-right s
enario. For the LR modelwe need not introdu
e additional fermions to 
an
el anomalies. However, in the E6
ase a variant of this model (
alled the Alternative LR model) 
an be 
onstru
ted byaltering the embeddings of the SM and introdu
ing 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 des
riptions of these models, as well as the spe
i�
 referen
es, 
an be found, e. g.,in Refs. [1, 2, 4, 6℄.In the extended gauge theories predi
ting the existen
e of an extra neutral Z 0 gaugeboson, the mass-squared matrix of the Z and Z 0 
an have non-diagonal entries ÆM2, whi
hare related to the va
uum expe
tation values of the �elds of an extended Higgs se
tor [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, respe
tively. 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 absen
e of mixing,i.e., for � = 0. On
e we assume the mass M1 to be determined experimentally, the mixing6



depends on two free parameters, whi
h we identify as � and M2. We shall here 
onsider the
on�guration M1 � ps�M2.The mixing angle � will play an important role in our analysis. In general, su
h mixinge�e
ts re
e
t the underlying gauge symmetry and/or the Higgs se
tor of the model. To agood approximation, for M1 �M2, in spe
i�
 \minimal-Higgs models" [24℄,� ' �s2W Pih�ii2I i3LQ0iPih�ii2(I i3L)2 = C M21M22 : (8)Here h�ii are the Higgs va
uum expe
tation values spontaneously breaking the symmetry,andQ0i are their 
harges with respe
t 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 va
uum expe
tation 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 sin
e it is neutral under SU(2)L. Therefore the pro
ess(1), and the sear
hed-for deviations of the 
ross se
tions 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 highstatisti
s on W -pair produ
tion expe
ted at the ILC might in prin
iple allow to probe su
hsmall mixing angles e�e
tively.From (5) and (6), one obtains the ve
tor and axial-ve
tor 
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 a

ording 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 pro
ess (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 s
hemati
ally 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� produ
tion angle. Omitting thefermion subs
ripts, ele
tron ve
tor and axial-ve
tor 
ouplings in the SM are denoted asv = (T3;e � 2Qe s2W )=2sW 
W and a = T3;e=2sW 
W , respe
tively, with T3;e = �1=2, and �denoting the ele
tron heli
ity (� = �1=2 for right/left-handed ele
trons). Finally, G(�)(s; �)is a kinemati
al 
oeÆ
ient, depending also on the W� heli
ities. The expli
it form 
an befound in the literature [20, 21℄ or derived from the entries of Table V, whi
h also shows theform of the t-
hannel neutrino ex
hange.In the extended gauge models the pro
ess (1) is des
ribed by the set of diagrams displayedin Fig. 1. The amplitude with the extra Z 0 depi
ted 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 pro
ess (1)is represented by the fourth diagram in Fig. 1. In addition, there are indire
t 
ontributionsto the Z1-mediated diagram, represented by modi�
ations of the ele
tron and three-bosonverti
es indu
ed by the Z-Z 0 mixing.It is 
onvenient to rewrite Eq. (15) in the following form [17℄:2M(�)s = ��gWW
s + gWWZ(v � 2�a)s�M2Z �� G(�)(s; �); (16)where the `e�e
tive' 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 pro
ess 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 introdu
ed the deviations of the fermioni
 and trilinear bosoni

ouplings �v = v1� v, �a = a1� a and �gWWZ = gWWZ1 � 
ot �W , and the neutral ve
torboson propagators (negle
ting their widths):�(s) = ss�M2Z ; �2(s) = ss�M22 ; ��(s) ' �2MZ�Ms�M2Z ; (21)where �M = MZ � M1 is the Z-Z1 mass shift. Be
ause W pair produ
tion is studiedsuÆ
iently far away from the Z1 peak, we 
an negle
t the Z and Z1;2 widths in (15) and(16).It should be stressed that, not referring to spe
i�
 models, the parametrization (16)-(18) is both general and useful for phenomenologi
al purposes, in parti
ular to 
omparedi�erent sour
es of nonstandard e�e
ts 
ontributing �nite deviations (19) and (20) to theSM predi
tions. Note that �
 vanishes as s! 0, 
onsistent with gauge invarian
e.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 a

ountthe 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 expli
itly parametrizedin terms of the angle � whi
h 
hara
terizes the dire
tion of the Z 0-related extra U(1)0 gener-ator in the E6 group spa
e, and re
e
ts the pattern of symmetry breaking to SU(2)L�U(1)Y[1, 2, 4, 6℄: v0 = 
os �
Wp6; a0 = 12
Wp6  
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 dependen
e on � and M2, via the produ
t �(1��2=�).Thus, � and M2 
an not be separately determined from a measurement of �
 and �Z , onlythis 
omposite fun
tion 
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, introdu
ed in the next se
tion. 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 Introdu
tion, a model with an extra Z 0 would produ
e virtualmanifestations in the �nal W+W� 
hannel at the ILC that in prin
iple 
ould mimi
 thoseof a model with AGC, hen
e of 
ompletely di�erent origin. This is due to the fa
t that, as10



shown above, the e�e
ts of the extra Z 0 
an be reabsorbed into a rede�nition of the WWV
ouplings (V = 
; Z). Therefore, the identi�
ation of su
h an e�e
t, if observed at the ILC,be
omes a very important problem [25℄.
e−
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W−

W+

νe

e−

e+

γ

W−

W+

gWWγ = 1 →

Qe

AGC
xγ

yγ

e−
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Z
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W+

v, a
gWWZ = cot θW →

AGC δZ

xZ
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FIG. 2: Feynman diagrams for the pro
ess e+e� ! W+W� in the Standard Model and withanomalous trilinear gauge 
ouplings (AGC).Using the notations of, e.g., Ref. [20, 21℄, the relevant trilinear WWV intera
tion upto operators of dimension-6, whi
h 
onserves U(1)e.m., C and P , 
an be written as (e =p4��em): Le� = �ie �A� �W���W+� �W+��W�� �+ F��W+�W���� ie (
ot �W + ÆZ) �Z� �W���W+� �W+��W�� �+ Z��W+�W���� ie x
 F��W+�W�� � ie xZ Z��W+�W��+ ie y
M2W F ��W���W+�� + ie yZM2W Z��W���W+�� ; (28)where W��� = ��W�� � ��W�� and Z�� = ��Z� � ��Z�. In the SM at the tree-level, theanomalous 
ouplings in (28) vanish: ÆZ = x
 = xZ = y
 = yZ = 0.The anomalous gauge 
ouplings are here parametrized in terms of �ve real independentparameters. This number 
an be redu
ed by imposing additional 
onstraints, like lo
al11



SU(2)L � U(1)Y symmetry, in whi
h 
ase the number would be redu
ed to three (see forexample Tables 2 and 1 of [26℄ and [27℄, respe
tively).Current limits reported by the Parti
le 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 se
tions, at the ILC in the energyand luminosity 
on�guration 
onsidered here, sensitivities to deviations from the SM, hen
eof indire
t New Physi
s signatures, down to the order of 10�3 will be rea
hed. This would
ompare with the expe
ted order of magnitude of the theoreti
al un
ertainty on the SM
ross se
tions after a

ounting for higher-order 
orre
tions to the Born amplitudes of Figs. 1and 2, formally of order �em [29, 30℄, but that for distributions 
an rea
h the size of 10%,depending on ps [31, 32℄.C. Heli
ity amplitudes and 
ross se
tionsThe general expression for the 
ross se
tion of pro
ess (1) with longitudinally polarizedele
tron and positron beams des
ribed 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 a
tual degrees of ele
tron and positron longitudinal polarization,respe
tively, and �� are the 
ross se
tions for purely right-handed (� = 1=2) and left-handed(� = �1=2) ele
trons. From Eq. (29), the 
ross se
tion for polarized (unpolarized) ele
tronsand unpolarized positrons 
orresponds to PL 6= 0 and �PL = 0 (PL = �PL = 0).The polarized 
ross se
tions 
an generally be written as follows:d��d 
os � = jpj16�spsX�;� 0 jF��� 0(s; 
os �)j2: (30)Here, the heli
ities of the W� and W+ are denoted by �; � 0 = �1; 0. Corresponding to theintera
tion (28), the heli
ity amplitudes F��� 0(s; 
os �) have the stru
ture 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. s
attering angle, with t = M2W � s(1 � � 
os �)=2. For 
omparison, we also show inAppendix A the 
orresponding heli
ity amplitudes for the 
ase of a Z 0.12



We de�ne the di�erential 
ross se
tions for 
orrelated spins of the produ
edW� 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)whi
h 
orrespond to the produ
tion of two longitudinally (� = � 0 = 0), two transversely(� = �� 0; �; � 0 = �1) and one longitudinally plus one transversely (� = 0, � 0 = �1 et
.)polarized ve
tor bosons, respe
tively.IV. Z 0 ILLUSTRATIONSFor illustrative purposes, the energy behavior of the total unpolarized 
ross se
tion for thepro
ess 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 se
tion for right-handed ele
trons (PL = 1). The deviation of the 
ross se
tions from the SM predi
tion
aused by the Z 0 boson at the planned ILC energy of ps = 0:5 TeV is most pronoun
ed forthe latter (polarized) 
ase while the 
ross se
tion is lower than that for unpolarized beams.The main reason for this is the removal of the neutrino ex
hange in the t-
hannel. Su
h aremoval is indispensable for eviden
ing the Z 0-ex
hange e�e
t through Z{Z 0 mixing in thepro
ess (1). The 
omplete removal of the neutrino ex
hange 
ontribution depends of 
ourseon having pure ele
tron polarization. In both 
ases experimental 
onstraints on the W�s
attering angle (j 
os �j � 0:98) were imposed.The e�e
ts 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�e
tive parameters (�
 ;�Z), de�ned in Eqs. (26) and (27) for thesame values of � and MZ0 . Rather steep energy behavior of relative deviations of the 
rossse
tions 
an be appre
iated from Fig. 4.As was mentioned in the Introdu
tion, the pro
ess (1) is sensitive to a Z 0 in the 
ase ofnon-zero Z-Z 0 mixing. The individual (interferen
e) 
ontributions to the 
ross se
tion ofpro
ess (1) rise proportional to s. In the SM, the sum over all 
ontributions to the total
ross se
tion results in its proper energy dependen
e that s
ales like log s=s in the limitwhen 2MW � ps � M2 due to a deli
ate gauge 
an
ellation. In the 
ase of a non-zeroZ-Z 0 mixing, the 
ouplings of the Z1 di�er from those of the SM predi
tions for Z. Then,13
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FIG. 3: Top panel: Unpolarized total 
ross se
tion for the pro
ess e+e� ! W+W� for Z 0� fromE6. Bottom panel: Polarized total 
ross se
tion. Solid lines 
orrespond to the SM 
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orrespond to a Z 0 model with � = 1:6 �10�3 (� = �1:6 �10�3), �2 = 0:025�M2and M2 = 2 TeV.
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tion from the SM predi
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the gauge 
an
ellation o

urring in the SM is destroyed, leading to an enhan
ement of newphysi
s e�e
ts 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 se
tions to �
 and �Z is assessed nu-meri
ally by dividing the angular range j 
os �j � 0:98 into 10 equal bins, and de�ning a �2fun
tion in terms of the expe
ted number of events N(i) in ea
h 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 indi
es have been suppressed. Also, "W is the eÆ
ien
yfor W+W� re
onstru
tion, for whi
h we take the 
hannel of lepton pairs (e� +��) plus twohadroni
 jets, giving "W ' 0:3 basi
ally from the relevant bran
hing ratios. The pro
edureoutlined above is followed to evaluate both NSM(i) and NSM+Z0(i).The un
ertainty on the number of events ÆNSM(i) 
ombines both statisti
al and system-ati
 errors where the statisti
al 
omponent is determined by ÆN statSM (i) = pNSM(i). Con-
erning systemati
 un
ertainties, an important sour
e is represented by the un
ertainty onbeam polarizations, for whi
h 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 simpli
ity we assume it to be equally distributed between the di�erent polarization
on�gurations. Another sour
e of systemati
 un
ertainty originates from the eÆ
ien
y ofre
onstru
tion of W� pairs whi
h we assume to be Æ"W="W = 0:5%. Also, in our numeri
alanalysis to evaluate the sensitivity of the di�erential distribution to model parameters wein
lude initial-state QED 
orre
tions to on-shell W� pair produ
tion in the 
ux fun
tionapproa
h [33, 34℄ that assures a good approximation within the expe
ted a

ura
y of thedata. 16
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FIG. 5: Dis
overy rea
h (see Eq. (34)) at 95% CL on the Z 0 parameters �
 ;�Z obtained frompolarized di�erential 
ross se
tions at di�erent sets of polarization: PL = �0:8; �PL = �0:5 (solidline), PL = �0:8; �PL = 0 (short-dashed line), unpolarized beams PL = 0; �PL = 0 (long-dashedline), ps = 0:5 TeV and Lint = 500 fb�1.As a 
riterion to derive the 
onstraints on the 
oupling 
onstants in the 
ase where nodeviations from the SM were observed within the foreseeable un
ertainties on the measurable
ross se
tions, we impose that �2 � �2min + �2CL; (34)where �2CL is a number that spe
i�es the 
hosen 
on�den
e level, �2min is the minimal valueof the �2 fun
tion. With two independent parameters in Eqs. (17) and (18), the 95% CL isobtained by 
hoosing �2CL = 5:99.From the numeri
al pro
edure outlined above, we obtain the allowed regions in �
 and�Z determined from the di�erential polarized 
ross se
tions with di�erent sets of polarization(as well as from the unpolarized pro
ess (1)) depi
ted in Fig. 5, where Lint = 500 fb�1 hasbeen taken [12, 13, 22℄. A

ording to the 
ondition (34), the values of �
 and �Z for whi
hZ 0s 
an be dis
overed at the ILC is represented by the region external to the ellipse. Thesame is true for the AGC model ex
ept that, having assumed no renormalization of the17
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FIG. 6: Dis
overy rea
h on the Z 0 parameters �
 ;�Z from the 
ross se
tion with polarized beamsPL = �0:8; �PL = �0:5 and di�erent sets of W� polarizations. Here, ps = 0:5 TeV and Lint =500 fb�1.residue of the photon pole ex
hange (Æ
 = 0), in this 
ase �
 will be proportional to s timesthe 
oeÆ
ients x
 or y
 of Eq. (28), and �Z to a 
ombination of the 
oeÆ
ients ÆZ , xZ andyZ (see Table V). The role of initial beam polarization is seen to be essential in order to setmeaningful �nite bounds on the parameters.Analogous to Fig. 5, the dis
overy rea
h on the parameters �
 ;�Z from the 
ross se
tionwith polarized beams PL = �0:8; �PL = �0:5 and di�erent sets of W� polarizations is de-pi
ted in Fig. 6 whi
h demonstrates that d�(W+LW�L )=dz is most sensitive to the parameters�
 ;�Z while d�(W+T W�T )=dz has the lowest sensitivity to those parameters. The reasonfor the lower sensitivity in the TT 
ase is that for s � M2Z , the NP 
ontributions to theseamplitudes only interfere with a sub-dominant part of the SM amplitude [26℄.As regards the NP s
enarios of interest here, one may remark that 
onstraints on �
 and�Z of Eqs. (17) and (18) (for the example of Z 0s), are model-independent in the sense that18
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FIG. 7: Dis
overy rea
h (95% C.L.) on Z 0 parameters (�
 , �Z) obtained from di�erential polarized
ross se
tions with (PL = �0:8; �PL = �0:5). Dashed straight lines 
orrespond to spe
i�
 extendedgauge models (�,  , �, I and LRS) a

ording to Eq. (35). The segments of the ellipse 
orrespondto the whole 
lasses of E6 and LR-models, respe
tively. Here, ps = 0:5 TeV and Lint = 500 fb�1.they 
onstrain the whole 
lass of Z 0 models 
onsidered. They may turn into 
onstraints onthe parameters of spe
i�
 Z 0 models by repla
ing expressions (19) and (20). Spe
ializingto those models, one 
an noti
e the important linear relation 
hara
terizing the deviationsfrom the SM: �Z = �
 � 1v� (a0=a)(a0=a)� (v0=v) ; (35)where v and a refer to ve
tor and axial-ve
tor 
ouplings. This relation is rather unique, anddepends neither on � nor on M2, only on ratios of the ele
tron 
ouplings with the Z and Z 0bosons.In Fig. 7 we depi
t, as an illustration, the 
ases 
orresponding to the models denoted�,  , � and I originated from E6 as well as the LR symmetri
 model (LRS). The modelindependent bound on �
 and �Z 
an be 
onverted into limits on the Z-Z 0 mixing angle �and massM2 for any spe
i�
 Z 0 model. These model dependent 
onstraints will be presented19



in the next se
tion along with identi�
ation rea
hes. For �xed � and M2, every model isrepresented by a point in the (�
, �Z) parameter plane. The dis
overy 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 spe
i�
 Z 0 model moves along the
orresponding line. The inter
ept of the lines with the ellipti
 
ontour, on
e 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 dis
overy region at theILC for that 
lass of models is the one delimited by the ar
s of ellipse indi
ated in Fig. 7.VI. IDENTIFICATION OF Z 0 VS AGCA. Model independent analysisWe will here dis
uss how one 
an di�erentiate various Z 0 models from similar e�e
ts
aused by anomalous gauge 
ouplings, following the pro
edure employed in Refs. [23, 35℄.The philosophy is as follows: A parti
ular Z 0 model will be 
onsidered identi�ed, if themeasured values of �
 and �Z are statisti
ally di�erent from values 
orresponding to otherZ 0 models (for a dis
ussion, see Ref. [23℄), and also di�erent from ranges of (�
 ;�Z) that
an be populated by AGC models. Clearly, at least one of these parameters must ex
eedsome 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 whi
h this \true" model is distinguishable from the AGC models, that 
an 
ompetewith it as sour
es of the assumed deviations of the 
ross se
tion from the SM and we 
allthem \tested" models, for any values of the 
orresponding AGC parameters. We assume forsimpli
ity that all AGC parameters are zero, ex
ept the one whose values are probed.We start by 
onsidering as a \tested" AGC model that with a value of x
 to be s
annedover. To that purpose, we 
an de�ne a \distan
e" between the 
hosen \true" model and the
20



\tested" AGC model(s) by means of a �2 fun
tion 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 statisti
al un
ertaintyrefers to the Z 0 model and therefore depends on the relevant, parti
ular, values of �
 and�Z .On the basis of su
h �2 we 
an study whether these \tested" models 
an be ex
luded ornot to a given 
on�den
e level (whi
h we assume to be 95%), on
e the 
onsidered Z 0 model(de�ned in terms of �
 , �Z) has been assumed as \true". In our expli
it example, we wantto determine the range in x
 for whi
h there is \
onfusion" of deviations from the SM 
rossse
tions between the sele
ted \true" Z 0 model and the AGC one, by imposing the 
ondition,similar to Eq. (34). Then we s
an all values of �
 , �Z allowed by the Z 0 models down totheir dis
overy rea
h, and determine by iteration in this pro
edure the general 
onfusionregion between the 
lass of Z 0 models 
onsidered here and the AGC model with x
 6= 0.Besides the dependen
e on the 
.m. energy ps, the �2 fun
tion de�ned above 
an be
onsidered a fun
tion of three independent variables, �
 and �Z from the Z 0 model, and, inour starting example, the parameter x
 of the AGC s
enario. The 
ontours of the 
onfusionregions, at given ps, are thus de�ned by the region inside of whi
h (in the �
-�Z spa
e)�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 whi
h 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 se
tion with PL = �0:8and �PL = �0:5 using the algorithm outlined above. Also, note that the inner dash-dottedellipse in Fig. 8 delimits the dis
overy rea
h on Z 0 parameters.The graphi
al representation of the region of 
onfusion presented in Fig. 8 is straight-forward. Equation (37) de�nes a three-dimensional surfa
e en
losing a volume in the(�
 ;�Z; x
) parameter spa
e in whi
h there 
an be dis
overy as well as 
onfusion betweenZ 0 and (in this 
ase) the x
-AGC model. The planar surfa
e delimited by the solid ellipse isdetermined by the proje
tion of su
h three-dimensional surfa
e, hen
e of the 
orresponding21
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FIG. 8: The outer ellipse (solid) shows the 
onfusion region (95% C.L., see Eq. (37)) in theparameter plane (�
 ;�Z), outside of whi
h a generi
 Z 0 model 
an be identi�ed against an AGCmodel with non-vanishing parameter x
 . Polarized 
ross se
tion with PL = �0:8 and �PL = �0:5 areassumed. The dashed inner ellipse reprodu
es the dis
overy rea
h on the Z 0 of Fig. 7, 
orrespondingto x
 = 0 in Eq. (37), where the AGC model 
oin
ides with the SM. The dashed straight lines
orrespond to spe
i�
 extended gauge models (�,  , �, I and LRS). Here, ps = 0:5 TeV andLint = 500 fb�1.
onfusion region, onto the plane (�
 ;�Z). Any determination of �
 and �Z in the planardomain exterior to the ellipse would allow both Z 0 dis
overy and identi�
ation against thex
-AGC model. Similar to the 
ase of dis
overy, also in the 
ase of Z 0 identi�
ation thebounds on �
 and �Z 
ould be translated into limits on the Z-Z 0 mixing angle � and massM2 for any spe
i�
 Z 0 model.The pro
edure outlined above 
an be repeated for all other types of models with AGCparameters (ÆZ , xZ , y
, yZ), and 
onsequently one 
an evaluate the 
orresponding \
onfusionregions" in the (�
 ;�Z) parameter plane. The results of this kind of analysis are representedin Fig. 9 displaying the overlap of the 
onfusion regions (95% C.L.) in the parameter plane(�
 ;�Z) for a generi
 Z 0 ve
tor model and AGC models with parameters varying one at atime.The resulting 
onfusion area (obtained from the overlap of all 
onfusion regions) turnsout to be open in the verti
al dire
tion, i.e., along the �Z axis. The reason is that the Z 0model de�ned by a parti
ular parameter set where (�
 = 0;�Z) is indistinguishable from22
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FIG. 9: The 
losed 
ontours indi
ate regions of (�
 ;�Z) that 
an be populated by variations ofan AGC parameter, su
h as for example x
 . They are thus 
onfusion regions (95%C.L.) in theparameter plane (�
 ;�Z) for a generi
 Z 0 model and AGC models with parameters taking non-vanishing values, one at a time: x
 , xZ , y
 , yZ and ÆZ . Polarized 
ross se
tions with PL = �0:8and �PL = �0:5 have been exploited. Dashed straight lines 
orrespond to spe
i�
 Z 0 models (�,  ,�, I and LRS). Here, ps = 0:5 TeV and Lint = 500 fb�1.those originating from AGC with the same ÆZ = �Z . Moreover, from a 
omparison of the
onfusion region depi
ted in Fig. 9 with the 
orresponding dis
overy rea
h presented in Fig. 7one 
an 
on
lude that all Z 0 models might be dis
overed in the pro
ess (1) with polarizedbeams. However, they may not all be identi�ed, the reason being that the 
onfusion regionshown in Fig. 9 is not 
losed, in 
ontrast to the rea
h shown in Fig. 7.An example relevant to the 
urrent dis
ussion 
an be found in the SSM model. In fa
t,from Eq. (35) one 
an 
on
lude that the signature spa
e of the SSM model in the (�
 ;�Z)parameter plane extends along �Z . It implies that the SSM might be dis
overed in thepro
ess (1) but not separated from AGC models 
hara
terized by the parameter �Z . More23



generally, those models where the Z 0-ele
tron 
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 produ
tion pro
ess. However, all other Z 0 models (apart from the 
onsideredex
eptional 
ase) des
ribed by the pair of parameters (�
;�Z) that are lo
ated outside ofthe 
onfusion area shown in Fig. 9 
an be identi�ed. Noti
e that the above 
onstraint onthe ele
tron 
ouplings is ful�lled for an E6 model at � = 87Æ and for an LRS model with�LR = 1:36.
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FIG. 10: Same as in Fig. 9 but obtained from 
ombined analysis of the pro
ess (1) with polarizedinitial beams and polarized W� �nal states. The xZ 
ontour 
loses at �Z ' �0:006.The results of a further potential extension of the present analysis are presented in Fig. 10where the feasibility of measuring polarized W� states in the pro
ess (1) is assumed. Thisassumption is based on the experien
e gained at LEP2 on measurements of W polarisation[36℄. The relevant theoreti
al framework for measurement of W� polarisation was des
ribedin [20, 21℄. The method exploited for the measurement of W polarisation is based on thespin density matrix elements that allow to obtain the di�erential 
ross se
tions for polarised24



W bosons. Information on spin density matrix elements as fun
tions of the W� produ
tionangle with respe
t to the ele
tron beam dire
tion was extra
ted from the de
ay angles ofthe 
harged lepton in the W� (W+) rest frame.B. Model dependent analysisAs mentioned above, the ranges of �
 and �Z allowed to the spe
i�
 models in Figs. 9and 10 
an be translated into dis
overy and identi�
ation rea
hes on the mixing angle �and the heavier gauge boson mass M2, using Eqs. (26){(27). The resulting allowed regions,dis
overy and identi�
ation (at the 95% CL) in the (�;M2) plane is limited in this 
ase bythe thi
k dashed and solid lines, respe
tively, in Figs. 11{ 12 for some spe
i�
 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 indi
ative typi
allower bound on M2 from dire
t sear
hes at the LHC with ps = 7 TeV [9, 10℄ is reportedin these �gures as horizontal straight lines. The verti
al arrows then indi
ate the range ofavailable Z 0 mass values a

ording to LHC limits.TABLE I: Dis
overy and identi�
ation rea
h on the Z-Z 0 mixing angle � for Z 0 models withM2 = 2 TeV obtained from the polarized di�erential 
ross se
tion 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 pro
ess 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 in
rese for the 
.m. energy ps approa
hing M2 be
ausethe 
ontribution of the Z2 ex
hange diagram in Fig. 1 would be enhan
ed. However, Z 0bosons relevant to the extended models under study with mass below � 2:0� 2:3 TeV arealready ex
luded by LHC data, and the ILC 
.m. energies 
onsidered here are therefore25
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FIG. 11: Left: Dis
overy (dashed line) and identi�
ation (solid line) rea
h for the � model in the(�;M2) plane obtained from polarized initial e+ and e� beams with (PL = �0:8; �PL = �0:5) andunpolarized �nalW� states. Right: The same with polarized �nalW� states. Here, ps = 0:5 TeVand Lint = 500 fb�1. The horizontal line with verti
al arrows, here and in the next �gures,approximately indi
ates the range of M2 
urrently allowed by LHC.quite far from the admissible M2. Conversely, for masses M2 mu
h larger than ps su
hthat the Z2 ex
hange 
ontribution j�2=�j is mu
h less than unity, the limiting 
ontour ismostly determined by the modi�
ation (10) of the Z 
ouplings to ele
trons. The dis
overyand identi�
ation rea
hes on � at M2 = 2 TeV are summarized in Table I.For the ILC with higher energy and luminosity, ps = 1 TeV and Lint = 1 ab�1, oneexpe
ts further improvement of the dis
overy and identi�
ation rea
h on the Z-Z 0 mixingangle and M2 (see Figures 13, 14 and Table II).TABLE II: Same as in Table I but for ILC with ps = 1 TeV and Lint = 1 ab�1.Z 0 model �  � I LRS SSM�DIS; 10�4 �3:8(1:8) �5:8(3:4) �4:6(3:2) �4:4(1:9) �3:7(2:4) �3:1(1:7)�ID; 10�4 �9:0(4:2) �94(45) �24(9:5) �6:1(2:8) �18(10) {
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FIG. 12: Same as in Fig.11 but for the LRS model.As already mentioned, the horizontal lines in Figs. 11{14 denote the 
urrent LHC lowerlimits on M2, therefore only the upper parts, as indi
ated by the verti
al arrows, will beavailable for dis
overy and identi�
ation of a Z 0 via indire
t manifestations at the ILCwith the 
onsidered values for the 
.m. energy of 0.5 and 1 TeV. Sin
e those limits are somu
h higher than ps, the 
orre
tions from �nite Z 0 widths, assumed in the range �Z0 =(0:01�0:10)MZ0 [1℄, are found to be numeri
ally negligible in the \working" regions indi
atedin those �gures by the horizontal lines and verti
al arrows. Tables I and II demonstrate thatILC (0.5 TeV) and ILC (1 TeV) allow to improve 
urrent bounds on Z{Z 0 mixing for mostof the Z 0 models, and also di�erentiating Z 0 from AGC is feasible.C. Low-energy optionCurrently, physi
s at the ILC in a low-energy option is extensively studied and dis
ussed,as it in this mode might a
t as a \Higgs fa
tory". The results for dis
overy and identi�
ationrea
h on Z-Z 0 mixing and mass M2 obtained from the ILC with ps = 0:25 TeV and 0.35TeV are summarized in Tables III and IV.The 
omparison of these 
onstraints with those obtained from ele
troweak pre
ision dataderived mostly from on-Z-resonan
e experiments at LEP1 and SLC [7℄ shows that theILC (0.25 TeV) and ILC (0.35 TeV) allow to obtain bounds on Z-Z 0 mixing at the same27
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FIG. 13: Left: Dis
overy (dashed line) and identi�
ation (solid line) rea
h for the � model in the(�;M2) plane obtained from polarized initial e+ and e� beams with (PL = �0:8; �PL = �0:5) andunpolarized �nal W� states. Right: The same with polarized �nal W� states. Here, ps = 1 TeVand Lint = 1 ab�1.TABLE III: Same as in Table I but for the ILC with ps = 0:25 TeV and Lint = 100 fb�1.Z 0 model �  � I LRS SSM�DIS; 10�3 �5:1(3:8) �8:4(7:0) �6:8(6:7) �5:7(3:9) �5:4(4:9) �4:4(3:6)�ID; 10�3 �14(6:8) �109(86) �29(14) �7:8(5:9) �45(21) {level as those of 
urrent experimental limits, thereby providing 
omplementary bounds onZ 0s.In
reasing the luminosity at �xed energy, asymptoti
ally allows for an in
rease of thesensitivity / 1=pLint. In the example shown in Table IV, this behavior is not quite rea
hed,due to the impa
t of systemati
 un
ertainties.VII. CONCLUDING REMARKSWe have dis
ussed the foreseeable sensitivity to Z 0s in W�-pair produ
tion 
ross se
tionsat the ILC, espe
ially as regards the potential of distinguishing observable e�e
ts of a Z 0 from28
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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 physi
s experimental signatures. The dis
overy and identi�
ationrea
hes 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 its
apability to distinguish these two new physi
s s
enarios is substantially enhan
ed whenthe polarization of the initial beams (and also, possibly, the produ
ed W� bosons) are
onsidered.
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il of Norway.Appendix A. Heli
ity amplitudesIn this appendix, we 
olle
t the heli
ity 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�e
ts. Furthermore, in analogy with the�
 whi
h enters the des
ription of Z 0 e�e
ts, one 
ould imagine a fa
tor (1+ Æ
) multiplyingthe photon-ex
hange amplitudes in Table V. Su
h a term 
ould be indu
ed by dimension-8operators, but Æ
 would have to vanish as s! 0, due to gauge invarian
e.
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TABLE V: Heli
ity amplitudes for e+e� ! W+W� in the presen
e of AGC [20, 21℄. To obtainthe amplitude F��� 0(s; 
os �) for de�nite heli
ity � = �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 the
ommon fa
tor on top of the 
olumn. Subsequently, the elements in a spe
i�
 
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 repla
ing� 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 )�x
s + 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�y
s + 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
+y
s + xZ+yZs�M2Z (v � 2a�) ��W psMW ��W psMW
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TABLE VI: Heli
ity 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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