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1 Introdu
tionFuture linear e+e� 
olliders like TESLA [1℄ or CLIC [2℄ o�er remarkable opportunitiesto probe the Standard Model (SM) and its numerous proposed extensions. The wide
.m. energy range from 90 GeV to 800 GeV or possibly 1 TeV at TESLA and from500 GeV to 5 TeV at CLIC, the high integrated luminosities in the inverse attobarnregion, the 
lean environment of e+e� 
ollisions, and the possibility to use polarisedbeams allow for a variety of pre
ision measurements of the ele
troweak intera
tions.Here we 
onsider the triple gauge 
ouplings (TGCs) 
WW and ZWW .The TGCs are interesting observables for several reasons: Firstly, the most general
WW and ZWW verti
es 
ontain altogether 14 
omplex parameters [3℄, six of themCP violating. In the SM the TGCs are predi
ted by the non-Abelian gauge symmetry,and only four CP 
onserving real 
ouplings are non-zero at tree level. A variety ofnew physi
s e�e
ts 
an manifest itself by deviations from the SM predi
tions [4℄.Se
ondly, in rea
tions where longitudinalW boson states are produ
ed via TGCs themeasurement of these 
ouplings may provide information about the me
hanism ofele
troweak symmetry breaking [5℄. Thirdly, though no deviation from the SM hasbeen found for the TGCs from LEP data [6℄, the bounds obtained are 
omparativelyweak. The tightest bounds on the anomalous 
ouplings, i.e. on the di�eren
es betweena 
oupling and its SM value, are of order 0:05 for �gZ1 and �
 , of order 0:1 for ��
 andof order 0:1 to 0:6 for the real and imaginary parts of C and/or P violating 
ouplings.4Moreover, many 
ouplings, e.g. the imaginary parts of C and P 
onserving 
ouplings,have been ex
luded from the analyses so far.For various measurements at future 
olliders, longitudinal polarisation of one orboth beams is expe
ted to signi�
antly improve the sensitivity, see e.g. [7℄. A ded-i
ated study of e�e+ !W�W+ has been performed in [8℄. Longitudinal beam po-larisation indeed enhan
es the sensitivity to most TGCs. The linear 
ombinationof 
ouplings Im(gR1 + �R) 
an however not be measured from the normalised eventdistribution, unless the beam polarisation is transverse. Further information on this
oupling is 
ontained in the total event rate as dis
ussed in [8℄, but the 
orresponding
onstraints depend on the values of all other 
ouplings. Moreover, the total eventrate is likely dominated by systemati
 errors, whi
h we do not attempt to quantifyhere.At present the physi
s 
ase for transverse beam polarisation at a linear 
ollideris being dis
ussed [9, 10℄. On
e the planned degree of longitudinal polarisation isrealised in experiment, viz. about P�l = �80% for the ele
tron and about P+l = �60%for the positron beam, the same degrees of transverse polarisation P�t are 
onsideredto be feasible. Then the important question arises of how to distribute the availabletotal luminosity among the di�erent modes. Thus, the physi
s 
ases for the variouspolarisation modes must be studied.The purpose of this paper is to analyse the gain or loss in sensitivity to all 284These numbers 
orrespond to �ts where all anomalous 
ouplings ex
ept one are set to zero.2



TGCs using transverse instead of longitudinal beam polarisation in the rea
tione�e+ !W�W+ ! 4 fermions. To this end we 
onsider the full normalised eventdistribution. Our work is 
omplementary to [11℄, where the total 
ross se
tion fordi�erent W boson heli
ities as well as the left-right and transverse asymmetries|both integrated and as a fun
tion of the W produ
tion angle|were 
al
ulated for thesame rea
tion, in
luding order � 
orre
tions and bremsstrahlung. The sensitivity ofthe 
ross se
tion and of various angular distributions in the �nal state was investi-gated in an early study of polarisation for LEP2 [12℄. Only a restri
ted number of CP
onserving form fa
tors without imaginary parts was 
onsidered in these works. Here,in 
ontrast, we determine the maximum sensitivity to the full set of parameters bymeans of optimal observables. The di�erential 
ross se
tion for arbitrary polarisation
an be written as a sum where the �rst term depends on P�l and the se
ond is pro-portional to the produ
t (P�t � P+t ), see (16) in [8℄. Hen
e, there 
an be only e�e
tsof transverse polarisation if both beams are polarised and if both the ele
tron andthe positron spin ve
tors have a transverse 
omponent. In the following we 
onsideronly longitudinal or transverse polarisation, but no hybrid, though it is in generalnot ex
luded that the sensitivity of the di�erential 
ross se
tion to some parameters
an improve by 
onsidering more generi
 dire
tions of the ele
tron and positron spinve
tors. Furthermore, we quantify the statement in [8℄ that the 
oupling Im(gR1 + �R)is measurable with transverse polarisation.The outline of this work is as follows: In Se
t. 2 we summarise the results for thedi�erential 
ross se
tion with arbitrary beam polarisation using the notation of [8℄.We repeat the de�nitions of the tensors, frames and angles in detail here, be
ausethey are 
ru
ial in the 
ontext of transverse polarisation. In Se
t. 3 we re
all the
lassi�
ation of the TGCs into four symmetry 
lasses. We then show that this 
anbe exploited to measure 
ouplings of di�erent symmetry 
lasses independently withany type of beam polarisation (as it 
an be with longitudinal polarisation, see [8℄).In Se
t. 4 we make some general statements about the measurement of TGCs inW pair produ
tion with transverse beam polarisation. In Se
t. 5 we present ournumeri
al results. We give the minimum a
hievable errors on all 28 TGCs when theyare measured simultaneously, i.e. none of them is assumed to be zero. These resultsare then 
ompared to the prope
ts of measurement with unpolarised beams and withlongitudinal polarisation. In Se
t. 6 we present our 
on
lusions.2 W pair produ
tionIn this se
tion we introdu
e our notation and brie
y review the results of [8℄ for thedi�erential 
ross se
tion of the pro
esse�e+ �!W�W+ �! (f1f2)(f3f4); (1)where the �nal state fermions are leptons or quarks. All de�nitions and results of thisse
tion 
an be found in [8℄ and are repeated here only for the 
onvenien
e of the reader.3



As in [8℄ the pro
ess is 
al
ulated in the SM with the 
WW and ZWW verti
esrepla
ed by their most general form allowed by Lorentz invarian
e. In parti
ular, weuse the fermion-boson verti
es of the SM. We parameterise the 
WW and ZWWverti
es by the parameters gV1 , �V , �V , gV4 , gV5 , ~�V , ~�V with V = 
 or Z, see (2.4) in[3℄. In the SM at tree level one hasgV1 = 1; �V = 1 (V = 
; Z); (2)and all other 
ouplings are equal to zero. As usual we denote deviations from the SMvalues (2) by �gV1 = gV1 � 1 and ��V = �V � 1. It has been emphasised [14℄ that thefollowing linear 
ombinations of 
ouplings, introdu
ed in [3℄, 
an be measured withmu
h smaller 
orrelations:gL1 = 4 sin2 �W g
1 + (2� 4 sin2�W ) � gZ1 ;gR1 = 4 sin2 �W g
1 � 4 sin2�W � gZ1 ; (3)where � = s=(s�m2Z), and similarly for the other 
ouplings. The L- and R-
ouplingsrespe
tively appear in the amplitudes for left- and right-handed initial e�. We usethe parameterisation (3) where appropriate.Fig. 1 shows our de�nitions of the parti
le momenta and heli
ities. The produ
tionof the W bosons is des
ribed in the e�e+ 
.m. frame. The 
oordinate axes are 
hosensu
h that the e� momentum points in the positive z-dire
tion and the y unit ve
toris given by êy = (k� q)=jk� qj. At a given 
.m. energy ps, a pure initial state ofPSfrag repla
ements
e� (k; �) e+ �k; ��W� (q; �)W+ �q; ��

f1 (p1; �1) f 2 (p2; �2)
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� x zFigure 1: Momenta and heli
ities in the e�e+ 
.m. frame.e� and e+ with longitudinal polarisation 
an be uniquely spe
i�ed by the e� and e+heli
ities in the 
.m. frame:j�� i = je�(k; �)e+(k; �)i (�; � = �1): (4)Here and in the following fermion heli
ity indi
es are normalised to 1. A mixed initialstate with general polarisation is given by the operator� =X(�) j�� i�(�� )(� 0� 0)h� 0� 0j; (5)4



where �(��)(� 0� 0) is the spin density matrix of the 
ombined e�e+ system and (�)denotes summation over � , � , � 0 and � 0. The matrix entries satisfy��(�� )(� 0� 0) = �(� 0� 0)(�� ); X�;� �(�� )(��) = 1: (6)The di�erential 
ross se
tion with the initial state � is given by the tra
ed�j� = tr(d��) =X(�) d�(� 0� 0)(�� ) �(��)(� 0� 0); (7)where d� is the operator d� =X(�) j� 0� 0id�(� 0� 0)(�� )h�� j: (8)Using the narrow-width approximation for the W s, the matrix entries in (8) ared�(� 0� 0)(�� ) = �(8�)6(mW�W )2 s X(�) dP(��)(�0�0)(� 0� 0)(�� ) dD�0� dD�0� : (9)Here mW is the W boson mass, �W its width, and � = (1� 4m2W=s)1=2 its velo
ity inthe e�e+ 
.m. frame. The sum (�) runs over �, �0, � and �0. Denoting the transitionoperator by T the di�erential produ
tion tensor for the W pair isdP(��)(�0�0)(� 0� 0)(�� ) = d(
os�) d� h��;�jT j�� i h�0�0;�jT j� 0� 0i� (10)and the tensors of the W� and W+ de
ays in their respe
tive 
.m. frames aredD�0� = d(
os#) d' hf1f2jT j�i hf1f2jT j�0i�;dD�0� = d(
os#) d' hf3f4jT j�i hf3f4jT j�0i�: (11)The matrix elements in (10) and (11) are given in [3℄. The W bosons are produ
ed bySM neutrino ex
hange in the t-
hannel, and by s-
hannel photon and Z produ
tionvia the TGCs of the SM and the anomalous TGCs. We note that in our pro
ess thereare possible e�e
ts of physi
s beyond the SM whi
h 
annot be parameterised in termsof TGCs, see e.g. [15℄. For further dis
ussion of this point we refer to [8℄.The W heli
ity states o

urring on the right-hand side of (10) are de�ned in theframe of Fig. 1. By � we denote the polar angle between the W� and e� momenta.Furthermore, we 
hoose a �xed dire
tion transverse to the beams in the laboratory. By� we denote the azimuthal angle between this �xed dire
tion and the e�e+ !W�W+s
attering plane (see Fig. 2(a)). The respe
tive frames for the de
ay tensors (11) arede�ned by a rotation by � about the y-axis of the frame in Fig. 1 (su
h that theW� momentum points in the new positive z-dire
tion) and a subsequent rotation-free boost into the 
.m. system of the 
orresponding W . The spheri
al 
oordinates in5
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~p �?~p +?(b)Figure 2: De�nition of azimuthal angles. The x-axis points in the dire
tion of q?.(11) are those of the f1 and f4 momentum dire
tions, respe
tively. In its rest frame,the quantum state of a W boson is determined by its polarisation. In the narrow-width approximation the intermediateW s are treated as on-shell, so that we 
an takeas basis the eigenstates of the spin operator Sz with the three eigenvalues � = �1; 0.Subsequently, we set the ele
tron mass to zero. Sin
e we assume SM 
ouplings forthe ele
tron-boson verti
es we have the relationsd�(� 0� 0)(�� ) = 0 for � = � or � 0 = � 0: (12)Assuming the initial beams to be un
orrelated their spin density matrix fa
torises:�(�� )(� 0� 0) = ��� 0� � � 0 ; (13)where ��� 0 and � � � 0 are the two Hermitian and normalised spin density matri
es ofe� and e+, respe
tively. As in [8℄ we parameterise these matri
es by��� 0 = 12 �1+ ~p � � ~���� 0 ; � � � 0 = 12 �1� ~p+ � ~� ��� � 0 (14)with ~p � = P�t 0B� 
os'�sin'�0 1CA+ P�l 0B� 00�1 1CA : (15)The range of the azimuthal angles is 0 � '� < 2�. The 
omponents of ~� are the Paulimatri
es. The degrees P�t of transverse and P�l of longitudinal polarisation obey therelations (P�t )2 + (P�l )2 � 1 and P�t � 0. The 
omponents of ~p� in (15) refer to theframe of Fig. 1. The relative azimuthal angle  = '� � '+ between ~p � and ~p + is�xed by the experimental 
onditions, whereas the azimuthal angles '� of ~p � and '+of ~p+ in the system of Fig. 1 depend on the �nal state (see Fig. 2(b)). For the 
asewhere P�t 6= 0 we 
hoose the transverse part of the ve
tor ~p� as �xed dire
tion in thelaboratory. Then we have � = �'�. With these 
onventions the di�erential 
rossse
tion for arbitrary beam polarisation is 6



d�j� = 14 �(1 + P�l )(1� P+l ) d�(+�)(+�) (16)+ (1� P�l )(1 + P+l ) d�(�+)(�+)� 2P�t P+t hRed�(+�)(�+) 
os ( + 2�)+ Imd�(+�)(�+) sin ( + 2�)i�:In this formula the azimuthal angle � o

urs only in the arguments of the two trigono-metri
 fun
tions.3 CP and CP ~TAs is well-known [3℄ the real and the imaginary parts of the 
ouplings g1, �, �, andg5 are CP 
onserving, whereas those of g4, ~�, and ~� are CP violating. Here CPdenotes the 
ombined dis
rete symmetry of 
harge 
onjugation and parity transfor-mation. Furthermore, the real parts of the 
ouplings are CP ~T 
onserving, whereastheir imaginary parts are CP ~T violating, where ~T denotes \na��ve time reversal", i.e.the reversal of all parti
le momenta and spins without the inter
hange of initial and�nal state. Hen
e the TGCs 
an be 
lassi�ed as follows [14, 16℄:(a) CP and CP ~T 
onserving,(b) CP 
onserving and CP ~T violating,(
) CP violating and CP ~T 
onserving,(d) CP and CP ~T violating.Sin
e the intera
tions are invariant under rotations we 
an, instead of a pure CP ~Ttransformation, equally well 
onsider RCP ~T , i.e. CP ~T followed by a rotation R by180 degrees around êy. Noti
e that this di�ers from the de�nition of R in Se
t. 3.3 of[8℄ where the rotation axis is (k� ~p �). More detail is given in Appendi
es A and B.When measured with an appropriate set of observables [14℄, 
ouplings from dif-ferent symmetry groups have un
orrelated statisti
al errors (to leading order in theanomalous 
ouplings), provided that phase spa
e 
uts, dete
tor a

eptan
e and theinitial state are invariant under CP and RCP ~T . As mentioned in [8℄, CP and RCP ~Tviolating e�e
ts from the initial state in e�e+ !W�W+ are suppressed by (me=mW )with transverse beam polarisation and by (me=mW )2 with longitudinal polarisationor unpolarised beams. Consequently, these e�e
ts vanish in the limit me ! 0 foran arbitrary spin density matrix �. This means that, although the initial state isnot invariant under CP and RCP ~T , it is e�e
tively invariant for our rea
tion in theme ! 0 limit. Let us make this more expli
it.Both the CP and the RCP ~T transformation of the initial state leave the parti-7




le momenta un
hanged and 
orrespond to the following transformation of the spindensity matrix: �(�� )(� 0� 0) CP; RCP ~T������! �(��)(�0�0) �� � ��� ��0� 0 ��0� 0 ; (17)where � =  0 1�1 0 ! : (18)This transformation rule is derived in Appendix B. Thus invarian
e of the spin densitymatrix under either of the two symmetries requires�(�� )(� 0� 0) = �(��)(�0�0) �� � ��� ��0� 0 ��0� 0 : (19)If the spin density matrix fa
torises as in (13) we �nd��� 0 = ��T� ���� 0 : (20)In our parameterisation the spin density matri
es are expli
itly given by��� 0 = 12 0� (1 + P�l ) P�t e�i'�P�t ei'� (1� P�l ) 1A�� 0 ; (21)� � � 0 = 12 0� (1 + P+l ) �P+t ei'+�P+t e�i'+ (1� P+l ) 1A� � 0 : (22)The requirement (20) thus reads��� 0 = 12 0� (1� P+l ) P+t e�i'+P+t ei'+ (1 + P+l ) 1A�� 0 ; (23)whi
h leads to the following 
onditions on the polarisation parameters:P�l = �P+l ; P�t = P+t ; '� = '+: (24)If we do not demand CP or RCP ~T invarian
e of the full spin density matrix but only
onsider those matrix entries that give non-vanishing amplitudes we �nd, instead of(19): ~�(�� )(� 0� 0) = ~�(��)(�0�0) �� � ��� ��0� 0 ��0� 0 ; (25)with a \redu
ed" spin density matrix~�(��)(� 0� 0) = 8<: �(�� )(� 0� 0) for � = �� and � 0 = �� 00 else: (26)8



Inserting this de�nition into (25) we �nd that the 
ondition for CP or RCP ~T invari-an
e is trivially ful�lled. Under the assumption that only amplitudes with � = ��
ontribute to the di�erential 
ross se
tion and that the fa
torisation (13) is possible,no 
ondition has therefore to be imposed on P�l , P�t or '� to guarantee absen
e ofCP or RCP ~T violation in the initial state. Any violation of CP or CP ~T is then dueto the intera
tion.4 Sensitivity to 
ouplingsTo investigate the prospe
ts of measuring anomalous TGCs in the pro
ess (1) withtransverse beam polarisation we use optimal observables [17, 14℄. In the limit ofsmall 
ouplings, the statisti
al errors on the 
ouplings determined with this methodare minimal 
ompared with any other set of observables. To be more pre
ise, theseobservables minimise the errors for a given normalised event distribution. The inte-grated 
ross se
tion still 
ontains 
omplementary information on the 
ouplings. Formore details 
on
erning optimal observables we refer to Se
t. 3 in [8℄ where they areapplied to the same rea
tion with longitudinal beam polarisation. Before listing ourresults in Se
t. 5 we now dis
uss some aspe
ts of transverse polarisation in the 
ontextof the pro
ess (1).Looking at the di�erential 
ross se
tion (16) we see that a 
hange in  by � is equivalent to a rotation of the whole event distribution about the beam axis by�� = � =2. It neither 
hanges the shape of the distribution nor the total event rate.The sensitivity to the TGCs thus does not depend on  . Integrating the di�erential
ross se
tion over �, the terms proportional to 
os ( + 2�) and sin ( + 2�) in (16)vanish. The total 
ross se
tion is hen
e independent of P�t , P+t and  . Therefore, inabsen
e of longitudinal polarisation, the total 
ross se
tion with transversely polarisedbeams equals that with unpolarised beams. This 
ross se
tion is shown in Fig. 4 of [8℄for the SM and with various anomalous TGCs. Some other quantities required for theoptimal observable method are also the same for pure transverse polarisation and forunpolarised beams. These are in parti
ular the total 
ross se
tion in the SM �0, theexpe
tation values of the optimal observables in the SM E0[Oi℄, and the normalisedse
ond-order part of the total 
ross se
tion �̂2ij, see (26) and (36) in [8℄.As seen in Se
t. 3, the initial state is not invariant under the dis
rete symmetriesCP and RCP ~T for generi
 beam polarisation. It is however e�e
tively invariant ifthe ele
tron mass is negle
ted, be
ause then only a subset of heli
ity amplitudes isnon-zero. Hen
e the results of Se
t. 3.3 in [8℄ apply, i.e. a given optimal observ-able is sensitive only to 
ouplings of the same symmetry 
lass (a), (b), (
), or (d).Measurement errors on 
ouplings of di�erent symmetry 
lasses are not 
orrelated toleading order in the anomalous 
ouplings. Furthermore, the �rst-order terms in theintegrated 
ross se
tion vanish ex
ept for symmetry (a), where only the gR5 -term iszero. 9



5 Numeri
al resultsIn this se
tion we present our results for the sensitivity to anomalous TGCs inthe rea
tion (1) with transverse beam polarisations P�t = 80% of the ele
tron andP+t = 60% of the positron beam. As in [8℄ we 
onsider only events where one Wboson de
ays into a quark-antiquark pair and the other one into e� and ��. Thesede
ay 
hannels have a bran
hing ratio of altogether 8=27. We assume that the twojets of the hadroni
 W de
ay 
annot be identi�ed as originating from the up- anddown-type (anti)quark. This must be taken into a

ount in the de�nition of the op-timal observables as explained in [16℄. To measure the 
oupling parameters theseobservables have the maximum sensitivity that one 
an obtain from the sum of theevent distributions 
orresponding to the two �nal states.For the masses of the W and Z we use mW = 80:42 GeV and mZ = 91:19 GeV[13℄ and de�ne the weak mixing angle by sin2�W = 1�m2W=m2Z . For the total eventrate N with transverse beam polarisation we use the values listed in Table 3 of [8℄, viz.1:14� 106 for a 
.m. energy of 500 GeV and 1:19� 106 for 800 GeV. These valuesare 
omputed for an e�e
tive ele
tromagneti
 
oupling � = 1=128 and integratedluminosities of 500 fb�1 at 500 GeV and 1 ab�1 at 800 GeV.In Tables 1 to 4 we give the standard deviations Æhi = [V (h)ii℄1=2 for the 
ouplingsof symmetry 
lasses (a) to (d), as well as the 
orrelation matri
esW (h)ij = V (h)ijqV (h)iiV (h)jj ; (27)where V (h)ij is the 
ovarian
e matrix of the 
ouplings in the L-R-parameterisation (3).V and W are evaluated with zero anomalous 
ouplings, and errors on 
ouplingsin di�erent symmetry 
lasses are un
orrelated to this a

ura
y. The Æhi are theerrors obtained without assuming any other anomalous 
oupling to be zero. Forsymmetry (b) we use the linear 
ombinations ~h� = Im(gR1 � �R)=p2 instead of Im gR1and Im�R to allow for better 
omparison with the results for unpolarised beamsand longitudinal polarisation, where the normalised event distribution is sensitive to~h�, but not to ~h+. The range of the Æhi within ea
h symmetry 
lass is from about5� 10�4 to about 5� 10�3. Noti
e that both ~h+ and ~h� are measurable with an errorof about 3:5� 10�3 using transverse polarisation. This 
on�rms and makes quantitivethe result of [8℄ that one is indeed sensitive to ~h+ with transverse polarisation. Alsothe sensitivity to ~h� is signi�
antly better than with unpolarised beams, where theerror is about 10�2. The high 
orrelation between ~h+ and ~h� however suggests thatthe parameterisation with Im gR1 and Im�R is preferable in an analysis of the datafrom transverse polarisation (whereas it is inadequate with longitudinal polarisationor unpolarised beams). The gain by di�erent types of polarisation at 500 GeV 
anbe seen from Tables 5 to 8 for the four symmetry 
lasses. In Tables 9 to 12 the sameis shown for 800 GeV. To allow for better 
omparison with other studies we use thephoton- and Z-
ouplings for the results of symmetries (a), (
) and (d) instead of the L-10



and R-
ouplings, although the latter are in general less 
orrelated. We use however theL-R-
ouplings for symmetry (b), where only one 
oupling is unmeasurable withouttransverse beam polarisation. In the 
-Z-parameterisation, four 
ouplings, Im g
1 ,Im gZ1 , Im �
 and Im �Z, are not measurable in the absen
e of transverse polarisation,be
ause their linear 
ombination ~h+ is not. In the unpolarised 
ase the assumedluminosity is 500 fb�1 at 500 GeV and 1 ab�1 at 800 GeV. The same values areused for the results with transverse polarisation in the fourth row of ea
h table. Forthe results with longitudinal e� polarisation in the se
ond row we assume that onehalf of the luminosity is used for P�l = +80% and the other half for P�l = �80%.Similarly, for the results in the third row with additional longitudinal e+ polarisationwe assume that the total luminosity is equally distributed among the settings with(P�l ; P+l ) = (+80%;�60%) and (�80%;+60%). For ea
h of rows number two andthree, the results from the two settings are 
ombined in the 
onventional way, i.e. wetake the two 
ovarian
e matri
es V1 and V2, and 
ompute the matrixV = �V �11 + V �12 ��1 : (28)This is the 
ovarian
e matrix on the 
ouplings if they are determined by a weightedaverage from two individual measurements. V1, V2 and V are 8�8 matri
es for sym-metry 
lass (a) and 6�6 matri
es for symmetry 
lasses (
) and (d), whereas in the
ase of symmetry 
lass (b) they are 7�7 matri
es sin
e the 
oupling ~h+ is ex
luded.The square roots of the diagonal elements of V are then the 1�-errors, whi
h we listin the se
ond and third rows of Tables 5 to 12.For a 
.m. energy of 500 GeV the errors with unpolarised beams are between10�3 and 10�2 in the 
-Z-parameterisation (see Tables 5, 7, and 8). All errors (withor without polarisation) are smaller at 800 GeV (see Tables 9 to 12), notably forRe��
 and Im�R. For both 
.m. energies the errors on all 
ouplings in the 
-Z-parameterisation are about a fa
tor 2 smaller with longitudinal e� polarisationand unpolarised e+ beam 
ompared to the 
ase where both beams are unpolarised.With additional longitudinal e+ polarisation this fa
tor is between 3 and 4 for all
ouplings, ex
ept for Re��Z at 800 GeV where it is 4.7. If both beams have transversepolarisation, the errors on most 
ouplings are approximately of the same size as inthe situation where only the e� beam has longitudinal polarisation. Only for Re�
 ,Re�Z, Re ~�
 and Re ~�Z are they smaller, viz. they are of the same size as with bothbeams longitudinally polarised. This is true for both energies. If ele
tron as well aspositron polarisation is available we thus 
on
lude that, regarding the 1�-standarddeviations on the TGCs (without assuming any 
oupling to be zero) longitudinalpolarisation is the preferable 
hoi
e, ex
ept for ~h+. We emphasize that we are betterwith longitudinal polarisation also for the CP violating 
ouplings Re gV4 , Re ~�V andRe ~�V with V = 
 or Z.Furthermore, we analyse how 
orrelations between 
ouplings depend on beampolarisation. Given the large number of parameters, small 
orrelations are highlydesirable. For brevity we do not present the full 
orrelation matri
es here for all11



di�erent types of polarisation but only give the average over the absolute values ofthe o�-diagonal elements in the 
orrelation matri
es (see Table 13). Furthermore, werestri
t ourselves to symmetry (a) and a 
.m. energy of 500 GeV.Apart from the average over all 28 matrix entries we list the averages over the
orrelations between L-
ouplings, between R-
ouplings and those between one L-and one R-
oupling. We see that no type of polarisation 
hanges the average 
or-relation between two L-
ouplings signi�
antly. The average 
orrelation between theR-
ouplings is most advantageous for transverse polarisation (26%), whereas in theother 
ases it ranges from 37% to 42%. On the other hand the L-
ouplings are hardly
orrelated with the R-
ouplings for longitudinal polarisation of e� and e+ (2%). Thisdeteriorates with transverse polarisation, but the 
orrelations remain very small (8%).Altogether, regarding the size of the 
orrelations there is no strong argument to preferone type of polarisation or the other.Finally, we remark that the sensitivity to TGCs in our rea
tion has been analysedin [18℄ for unpolarised beams and for longitudinal polarisation. A maximum number of�ve CP 
onserving and four CP violating 
ouplings was 
onsidered, but no imaginaryparts were in
luded (see Tables 5 and 6 of [18℄). The author used a spin density matrixmethod where statisti
al errors are not ne
essarily optimal. A dire
t 
omparison withour results is however not possible. On the one hand the multi-parameter analysisof [18℄ in
ludes beamstrahlung, initial state radiation and non-resonant diagrams.For the single parameter �ts the full ba
kground 
al
ulated with PYTHIA and alsodete
tor a

eptan
e is in
luded. On the other hand only a restri
ted number of
ouplings is 
onsidered. An analysis using optimal observables with a full dete
torsimulation and all 28 
ouplings would be desirable for unpolarised beams and bothtypes of polarisation. This is however beyond the s
ope of our present work.6 Con
lusionsWe have studied the prospe
ts of measuring TGCs at a future linear 
ollider inW pairprodu
tion with transverse beam polarisation. E�e
ts due to transverse polarisation
an only o

ur if both beams are polarised and if both spins have a transverse 
om-ponent. The 
lassi�
ation of the TGCs into four groups a

ording to their propertiesunder the dis
rete symmetries CP and CP ~T remains valid in the 
ase of transversepolarisation, negle
ting e�e
ts whi
h are at most O(me=mW ). Using optimal observ-ables these four groups of parameters 
an be measured without statisti
al 
orrelation.Within ea
h group, the errors on TGCs are 
orrelated. We have given the errors and
orrelation matri
es for a 
.m. energy of 500 GeV with transverse polarisation ofthe ele
tron (P�t = 80%) and the positron beam (P+t = 60%) in the parameterisationwith L- and R-
ouplings. The errors range from about 5� 10�4 to about 5� 10�3.Moreover, we have 
ompared the errors|mainly in the 
-Z-parameterisation|fortransverse polarisation with those for unpolarised beams and with those for one orboth beams longitudinally polarised. For most 
ouplings the errors obtainable with12



Table 1: Errors Æh in units of 10�3 on the 
ouplings of symmetry (a) (see Se
t. 3) in thepresen
e of all anomalous 
ouplings, and 
orrelation matrix W (h) at ps = 500 GeVwith transverse beam polarisation (P�t ; P+t ) = (80%; 60%).h Æh� 103 Re�gL1 Re��L Re�L Re gL5 Re�gR1 Re��R Re�R Re gR5Re�gL1 2:5 1 �0:58 �0:36 0:17 �0:068 0:18 �0:011 0:11Re��L 0:72 1 0:077 0:013 0:075 �0:46 0:023 �0:014Re�L 0:58 1 �0:011 0:053 �0:0040 0:029 0:045Re gL5 2:0 1 �0:14 �0:0027 �0:038 0:085Re�gR1 4:2 1 �0:56 �0:41 0:35Re��R 1:2 1 0:075 �0:086Re�R 0:99 1 �0:066Re gR5 3:5 1transverse polarisation are of the same order as with longitudinal e� polarisation andunpolarised e+ beam. If one has both beams polarised and 
an 
hoose between lon-gitudinal or transverse polarisation it is therefore advantageous to use longitudinalpolarisation, ex
ept for the measurement of ~h+. For the real parts of the 
ouplings,the only advantage of transverse polarisation we found is that the average 
orrelationamong R-
ouplings is slightly redu
ed. The 
oupling ~h+, however, is unmeasurablefrom the normalised event distribution with longitudinal polarisation, but it 
an bemeasured with an error of 3:2� 10�3 using transverse polarisation. This suggests touse some fra
tion of the total luminosity to run the 
ollider in this mode in order toget a 
omprehensive measurement of all TGCs. The required luminosity for a 
ertaindesired value of the statisti
al error on Im(gR1 + �R)=p2 
an be easily 
al
ulated byapplying the 
orresponding statisti
al fa
tor.A
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Table 2: Same as Table 1, but for symmetry (b). We use the abbreviations~h� = Im(gR1 � �R)=p2.h Æh� 103 Im gL1 Im�L Im�L Im gL5 ~h� ~h+ Im�R Im gR5Im gL1 2:6 1 �0:63 �0:49 �0:20 0:050 �0:037 0:061 0:028Im�L 1:2 1 0:19 0:14 �0:072 0:051 �0:029 0:22Im�L 0:46 1 0:015 0:024 0:048 �0:063 �0:089Im gL5 2:0 1 �0:063 �0:053 0:10 0:18~h� 3:7 1 0:81 �0:39 0:16~h+ 3:2 1 �0:39 0:11Im�R 0:98 1 �0:0041Im gR5 4:4 1
Table 3: Same as Table 1, but for symmetry (
).h Æh� 103 Re gL4 Re ~�L Re ~�L Re gR4 Re ~�R Re ~�RRe gL4 2:4 1 �0:0082 �0:50 �0:072 �0:079 0:084Re ~�L 0:58 1 0:30 0:022 0:030 �0:074Re ~�L 2:6 1 0:090 0:056 0:063Re gR4 3:9 1 �0:013 �0:11Re ~�R 0:99 1 0:41Re ~�R 4:1 1
Table 4: Same as Table 1, but for symmetry (d).h Æh� 103 Im gL4 Im ~�L Im ~�L Im gR4 Im ~�R Im ~�RIm gL4 1:8 1 0:0044 0:19 0:11 0:086 �0:0072Im ~�L 0:45 1 0:51 �0:10 �0:056 �0:022Im ~�L 1:9 1 �0:18 �0:047 0:0037Im gR4 3:6 1 �0:021 �0:32Im ~�R 0:97 1 0:43Im ~�R 3:7 1
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Table 5: Errors Æh in units of 10�3 on the 
ouplings of symmetry (a) in the presen
e ofall anomalous 
ouplings at ps = 500 GeV, with unpolarised beams and with di�erentbeam polarisations. Re�g
1 Re�gZ1 Re��
 Re��Z Re�
 Re�Z Re g
5 Re gZ5no polarisation 6.5 5.2 1.3 1.4 2.3 1.8 4.4 3.3(P�l ; P+l ) = (�80%; 0) 3.2 2.6 0.61 0.58 1.1 0.86 2.2 1.7(P�l ; P+l ) = (�80%;�60%) 1.9 1.6 0.40 0.36 0.62 0.50 1.4 1.1(P�t ; P+t ) = (80%; 60%) 2.8 2.4 0.69 0.82 0.69 0.55 2.5 1.9Table 6: Same as Table 5, but for symmetry (b) and with the L-R-parameterisation.We write again ~h� = Im(gR1 � �R)=p2. Using this parameterisation, a maximumnumber of 
ouplings 
an be measured without transverse beam polarisation. In the
-Z-parameterisation, the four 
ouplings Im g
1 , Im gZ1 , Im �
 and Im �Z are not mea-surable without transverse polarisation.Im gL1 Im�L Im�L Im gL5 ~h� ~h+ Im�R Im gR5no polarisation 2.7 1.7 0.48 2.5 11 | 3.1 17(P�l ; P+l ) = (�80%; 0) 2.6 1.2 0.45 2.0 4.5 | 1.4 4.3(P�l ; P+l ) = (�80%;�60%) 2.1 0.95 0.37 1.6 2.5 | 0.75 2.3(P�t ; P+t ) = (80%; 60%) 2.6 1.2 0.46 2.0 3.7 3.2 0.98 4.4Table 7: Same as Table 5, but for symmetry (
).Re g
4 Re gZ4 Re ~�
 Re ~�Z Re ~�
 Re ~�Zno polarisation 6.2 5.1 2.4 1.9 7.3 5.4(P�l ; P+l ) = (�80%; 0) 3.0 2.5 1.1 0.90 3.4 2.7(P�l ; P+l ) = (�80%;�60%) 1.8 1.5 0.64 0.52 2.1 1.7(P�t ; P+t ) = (80%; 60%) 2.7 2.3 0.69 0.55 2.9 2.3Table 8: Same as Table 5, but for symmetry (d).Im g
4 Im gZ4 Im ~�
 Im ~�Z Im ~�
 Im ~�Zno polarisation 5.1 3.6 1.8 1.4 5.6 4.2(P�l ; P+l ) = (�80%; 0) 2.3 1.8 0.84 0.68 2.7 2.1(P�l ; P+l ) = (�80%;�60%) 1.4 1.1 0.48 0.39 1.6 1.3(P�t ; P+t ) = (80%; 60%) 2.5 1.8 0.63 0.53 2.5 2.015



Table 9: Same as Table 5, but for ps = 800 GeV.Re�g
1 Re�gZ1 Re��
 Re��Z Re�
 Re�Z Re g
5 Re gZ5no polarisation 4.0 3.2 0.47 0.58 1.1 0.90 3.1 2.5(P�l ; P+l ) = (�80%; 0) 1.9 1.6 0.21 0.21 0.53 0.43 1.6 1.3(P�l ; P+l ) = (�80%;�60%) 1.1 0.97 0.14 0.13 0.29 0.24 0.97 0.82(P�t ; P+t ) = (80%; 60%) 1.8 1.5 0.27 0.35 0.28 0.23 1.7 1.3
Table 10: Same as Table 6, but for ps = 800 GeV.Im gL1 Im�L Im�L Im gL5 ~h� ~h+ Im�R Im gR5no polarisation 1.5 0.74 0.18 1.5 6.0 | 1.2 9.0(P�l ; P+l ) = (�80%; 0) 1.5 0.60 0.17 1.3 2.4 | 0.54 2.7(P�l ; P+l ) = (�80%;�60%) 1.2 0.48 0.14 1.0 1.3 | 0.29 1.4(P�t ; P+t ) = (80%; 60%) 1.5 0.60 0.17 1.3 2.1 2.0 0.39 2.8

Table 11: Same as Table 5, but for ps = 800 GeV and symmetry (
).Re g
4 Re gZ4 Re ~�
 Re ~�Z Re ~�
 Re ~�Zno polarisation 4.1 3.4 1.1 0.92 4.5 3.3(P�l ; P+l ) = (�80%; 0) 2.0 1.7 0.54 0.44 2.1 1.6(P�l ; P+l ) = (�80%;�60%) 1.2 1.0 0.30 0.24 1.2 1.0(P�t ; P+t ) = (80%; 60%) 1.8 1.6 0.28 0.23 1.9 1.5
Table 12: Same as Table 5, but for ps = 800 GeV and symmetry (d).Im g
4 Im gZ4 Im ~�
 Im ~�Z Im ~�
 Im ~�Zno polarisation 3.8 2.8 0.72 0.60 4.0 2.9(P�l ; P+l ) = (�80%; 0) 1.6 1.3 0.34 0.28 1.8 1.4(P�l ; P+l ) = (�80%;�60%) 0.93 0.79 0.19 0.16 1.1 0.86(P�t ; P+t ) = (80%; 60%) 1.7 1.3 0.25 0.21 1.7 1.4
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Table 13: Averages over the absolute values of the o�-diagonal elements in the 
orre-lation matri
es (27) in %, for symmetry (a) with ps = 500 GeV and di�erent beampolarisations. Apart from the average over all 28 
ouplings (last 
olumn) we list theaverages over the 
orrelations between L-
ouplings (LL), between R-
ouplings (RR)and those between one L- and one R-
oupling (LR).LL RR LR allno polarisation 22 42 14 22(P�l ; P+l ) = (�80%; 0) 22 41 4 16(P�l ; P+l ) = (�80%;�60%) 22 37 2 13(P�t ; P+t ) = (80%; 60%) 20 26 8 15A Appendix: Phase 
onventions of the heli
itystatesTo make the dis
rete symmetry properties of the initial state (
f. Se
t. 3) more appar-ent, we present in detail our phase 
onventions of the heli
ity states in this appendix.The resulting 
riteria for CP and RCP ~T invarian
e of the spin density matrix areshown in Appendix B. Our starting point is a Wigner basis of ele
tron and positronstates (see Chapter 16 of [19℄) de�ned in the e�e+ 
.m. system:je�(p; �)iW; je+(p; �)iW (� = �1): (29)Here p is an arbitrary three-momentum in the e�e+ 
.m., given in the 
oordinatesystem �xed by the e�e+ !W�W+ s
attering plane (
f. Fig. 1), and �=2 is the spin
omponent along the positive z-axis (we follow the notation of [8℄ and normalise allspin and heli
ity indi
es to 1). We setk� := (0; 0;�jkj); jkj = 12qs� 4m2e ; (30)where ps is the 
.m. energy of e�e+. We de�ne the heli
ity states with momentumk+ to be the Wigner states je�(k+; �)iH = je�(k+; �)iW: (31)We de�ne the heli
ity states with momentum k� by a rotation of +� around they-axis, i.e. we setR = exp(�i�Jy); je�(k�; �)iH = U(R)je�(k+; �)iH; (32)where Jy is the angular momentum along y. The transformation formulae for theWigner states (see Appendix J, 16.3 of [19℄) giveje�(k�; �)iH = �je�(k�; �)iW ��� (33)17



with � =  0 1�1 0 ! : (34)Here and in the following summation over repeated indi
es is understood. Our sign
onvention in the exponent of (32) together with the pres
ription to rotate around êyby +180 degrees is 
onsistent with the spinors5 (103) and (104) of [8℄. For the spindensity matrix � of the e�e+ system in the heli
ity and Wigner bases we obtain therelationHDe�(k+; �)e+(k�; � )���� ���e�(k+; � 0)e+(k�; � 0)EH= WDe�(k+; �)e+(k�; �)���� ���e�(k+; � 0)e+(k�; �0)EW �� � ��0� 0 ; (35)or, in shorthand notation, �H(�� )(� 0� 0) = �W(��)(� 0�0) �� � ��0� 0 ; (36)where �H is the spin density matrix in the heli
ity basis and �W is the one in theWigner basis. The matrix �H is therefore the same as � in (5). If the spin densitymatrix in the Wigner basis fa
torises, i.e. if�W(�� )(� 0� 0) = �W�� 0 �W� � 0 ; (37)it also fa
torises in the heli
ity basis, with fa
tors�H�� 0 = �W�� 0 ; �H� � 0 = �W� �0 �� � ��0� 0 : (38)We parameterise �W and �W as usual:�W�� 0 = 12 �1+ ~p � � ~���� 0 ; �W� � 0 = 12 �1 + ~p+ � ~��� � 0 ; (39)where ~p� are the ve
tors de�ned in (15). This results in the following form of thespin density matri
es in the heli
ity basis:�H�� 0 = 12 �1+ ~p � � ~���� 0 ; �H� � 0 = 12 �1� ~p+ � ~���� � 0 ; (40)as given in (14).5Note that, 
ompared with the 
oordinate system used here, the spinors in [8℄ are de�ned in asystem rotated by � around the y-axis.
18



B Appendix: CP and RCP ~T invarian
e of theinitial stateFor a symmetry operation that is de�ned by a unitary operator U a
ting on the spa
eof state ve
tors, invarian
e of � under this symmetry is expressed as� = U y� U: (41)We have to reformulate this matrix equation in 
omponent notation in the heli
itybasis for the symmetries CP and RCP ~T . The transformation of the Wigner statesunder CP is de�ned by the unitary operator [19℄U(CP )je�(p; �)iW = �je�(�p; �)iW: (42)Hen
e, for an e�e+ state in the heli
ity basis we haveU(CP )je�(k+; �)e+(k�; �)iH = �je�(k+; �)e+(k�; �)iH �� � ��� ; (43)where the sign due to the inter
hange of fermions is taken into a

ount. Invarian
eof � under CP then 
orresponds to:�H(�� )(� 0� 0) = �H(��)(�0�0) �� � ��� ��0� 0 ��0� 0 ; (44)whi
h leads to the 
onditions (24) on the polarisation parameters.We de�ne the dis
rete symmetry ~T by a unitary operator that a
ts on the Wignerstates as follows: U( ~T )je�(p; �)iW = �je�(�p; �0)iW ��0� : (45)For the 
ombined symmetry U(CP ~T ) = U(CP )U( ~T ) we then obtainU(CP ~T )je�(k�; �)iH = �je�(k�; � 0)iH �� 0� : (46)Together with a subsequent rotation around the y-axis by +180 degrees (32) we haveU(RCP ~T )je�(k�; �)iH = �je�(k�; � 0)iH �� 0� : (47)The transformation of the 
ombined e�e+ state is thenU(RCP ~T )je�(k+; �)e+(k�; �)iH = �je�(k+; �)e+(k�; �)iH �� � ��� ; (48)where again the inter
hange of two fermions is taken into a

ount. Invarian
e of �under RCP ~T then again leads to (44). So, as for CP , full invarian
e of � requires(24), whereas invarian
e of the redu
ed matrix ~� (26) is trivially ful�lled.19
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