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MEASUREMENT OF TRILINEARGAUGE BOSON COUPLINGS AT LEP2�Borut Paul Kersevanon behalf of the DELPHI CollaborationCERN, Geneva CH-1211, Switzerlandand�Joºef Stefan� Institute, Hungary(Reeived Marh 29, 2001)The preliminary results of harged trilinear gauge boson WWV; V �Z= oupling values presented in this paper were obtained by the fourLEP2 experiments ALEPH, DELPHI, L3 and OPAL by analysing thedata olleted at LEP energies ranging from ps = 183GeV to ps =202GeV . At these energies, signi�antly above the kinemati thresholdfor W+W� boson pair prodution, eah of the four experiments olleteddata equivalent to more than L � 500 pb�1 of integrated luminosity. Theestimation of trilinear gauge boson ouplings based on this data providesan independent hek of the gauge nature of the Standard Model.PACS numbers: 12.15.�y, 12.60.Cn, 14.70.�e1. Anomalous ouplingsThe preditions of the Standard Model seem so far to agree remarkablywell with preision measurements (see e.g. [1℄). One must however stressthat the tests were done predominantly in the fermioni setor of the theorywhile the pure gauge interations, whih would diretly on�rm the Yang�Mills struture of the theory, are only beginning to be explored. So far thelow energy measurements, preision tests at the Z0 peak and initial mea-surements at LEP2 exlude only very drasti modi�ations of the simplegauge struture SU(2)L �U(1)Y as given by the Standard Model, while theknowledge about the trilinear and quadrilinear gauge boson ouplings is stilllaking the desired preision. Furthermore, the salar setor of the theory,� Presented at the Craow Epiphany Conferene on b Physis and CP Violation,Craow, Poland, January 5�7, 2001. (1735)



1736 B.P. Kersevaninvolving the Higgs �eld is still ompletely untested and the dynamis in thissetor are so far totally unknown. In addition, some undesirable features ofthe Standard Model, as the naturalness problem (see e.g. [2℄), impliatethat the Higgs �eld might only be an e�etive desription or that extensionsof the present model are needed (o�ered by various super-symmetri mod-els, tehniolour and so on). Thus, an attempt to desribe the weak bosonW+W�Z0 / interations in form of a more general e�etive theory, whihextends the preditions of the SM, should be onsidered.The most general phenomenologial Lagrangian that desribes the tri-linear W+W�Z0 = boson vertex and still satis�es the Lorentz invarianehas been shown to be [3�5℄:iLWWVe� = gWWV �gV1 V ��W���W+� �W+��W���+ �VW+� W�� V ��+ �Vm2W V ��W+�� W��� + igV5 "�����(��W��)W+� �W��(��W+�)�V �+igV4 W�� W+� (��V � � ��V �)� ~�V2 W�� W+� "����V��� ~�V2m2W W���W+�� "����V���; (1.1)where V � Z0 or  , mW is the nominal W� boson mass and the �eldtensors are given as W�� = ��W � � ��W � and V�� = ��V � � ��V �. Apartfrom the overall oupling strength gWWV , whih an be set to g WW = eand gZWW = e ot �W , there are 14 unknown oupling parameters that havebeen shown to form a omplete set [3, 4℄. Terms with higher derivatives inEq. (1.1) add only a dependene of the parameters on the vetor boson mo-menta in a manner analogous to a form�fator behaviour enountered e.g.in low energy QCD. It should be stressed at this point that the given La-grangian desribes non-renormalisable and unitarity violating interations,sine the unique anellation mehanism of the SU(2)L � U(1)Y gauge in-variant Standard Model does not apply in this general ase.The symmetri properties of the given ouplings are listed in Table I.Within the Standard Model, at tree level, the ouplings are set to g1 = gZ1 =� = �Z = 1 while all the other ouplings vanish. Thus, it is ustomary toexpress the parameters in terms of the deviations from the Standard Modelas e.g. �gV1 = gV1 � 1 and ��V = �V � 1, with V � Z0 or  .It should be noted that the C and P onserving terms in LWWe� give theharge QW , magneti dipole moment �W and eletri quadrupole momentqW of the W� bosons:QW = eg1 ; �W = e2mW (g1 + � + �); qW = � em2W (� � �); (1.2)



TGC Measurement at LEP2 1737TABLE ISymmetry onservation of trilinear gauge boson ouplings (TGC). In the table thesymmetries that are onserved by the ouplings are listed, e.g. gZ5 violates C andP but onserves CP symmetry.Parity  W+W� Z0W+W�C;P;CP g1 ,� ,� gZ1 ,�Z ,�ZCP g5 gZ5none ~� ,~� ,g4 ~�Z ,~�Z ,gZ4whih in turn means that the Lagrangian of Eq. (1.1) an also be interpretedas a simple multi-pole expansion of the W�V interations.Given that at LEP2 the measured statistis on the order of thirty thou-sand events does not enable one to estimate all the 14 parameters to areasonable auray, one has to resort to imposing additional restritions onthe e�etive desription presented above. An initial redution an be madeby requiring the operators to be U(1)QED invariant, with a further assump-tion of C, P and CP onservation in the interations of the bosoni setor ofthe Standard Model, whih redues the number of independent parametersto �ve. Finally, one an assume that the possible new physis sale �NP ,whih limits the validity of the given e�etive desription, is high enough(at least of the order of a few TeV) to indue a high suppression of operatorswith higher dimension [6, 7℄ and onsequently retain only the operators oflowest dimensionality in the Lagrangian1. With this assumption only threeindependent parameters (�� , �gZ1 , � ) remain; the given set is the oneused in the prinipal analyses of the four LEP experiments.2. Estimation of trilinear gauge ouplingsThe anomalous trilinear gauge boson ouplings diretly a�et the heli-ity frations of the di�erential ross-setion d�TGC=d
 , where �TGC denotesthe ross-setion of a proess ontaining trilinear boson diagrams and 
a set of independent kinemati variables of the proess [7℄, as shown inFig. 1(a). Simulation studies demonstrate that both the di�erential ross-setion as well as the total one exhibit a quadrati dependene on the valuesof the anomalous TGC parameters (an example is shown in Fig. 1(b). Conse-quently, the measurable quantities sensitive to the values of TGC parametersare:1 This assumption also further justi�es the omission of the terms ontaining CP vio-lating parameters, sine it an be shown that these terms an be onstruted usingSU(2)L�U(1)Y invariant operators of dimension eight or higher and are thus highlysuppressed, .f. [6℄
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(b)Fig. 1. (a) � Normalised partial wave (heliity) frations of the di�erential ross�setion for the proess e+e� !W+W� with respet to the W� prodution angleare shown. The heliity ontributions are drawn for the Standard Model values ofthe TGC parameters at ps = 190GeV . (b) � The di�erential ross-setion for theproess e+e� ! W+W� as a funtion of the �gZ1 parameter at ps = 190GeV .The paraboli dependene on the TGC parameter is manifest. The ross-setionin the plot is normalized to the Standard Model value.



TGC Measurement at LEP2 1739� The total ross-setion of the proess (�TGC).� The kinemati distributions of the measured events 1�TGC d�TGCd
 .� The W� boson polarization frations (determinable e.g. by measuringthe angular distibutions of the W� deay produts in the W� bosonrest frame).The event seletion and reonstrution e�ieny and thus the subsequentsensitivity of the measurement depend on the interation proess seletedfor the analysis. Therefore, the approahes and kinemati variables used inthe analyses are tailored to the spei�s of the analysed proesses and varyonsiderably. The prinipal ones are skethed in the following subsetions.2.1. W+W� pair prodution at LEP2With the LEP ollider working above the kinemati limit forW+W� pro-dution (ps � 161GeV ), the trilinear gauge ouplings an be diretly de-termined by observing the vetor boson pair prodution e+e� ! W+W� .The three Feynman diagrams representing the dominant tree level ontribu-tions are shown in Fig. 2, two of them desribing the trilinear vertex, whereW+W� are produed via  or Z0 and the third diagram representing theW+W� prodution through a t-hannel neutrino exhange.
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Fig. 2. The three main tree level diagrams ontributing to theW� pair prodution.The third t-hannel neutrino exhange diagram does not involve a trilinear bosonvertex but gives a major ontribution to the amplitude and interferes strongly withthe two s-hannel diagrams.The preision measurements of the e+e� ! W+W� prodution ross-setion give strong evidene for the existene of the WWZ and WW ver-ties [8℄. As shown in Fig. 3(a) the analysed LEP2 data indeed favour theStandard Model preditions. Five independent kinemati variables desribethe e+e� ! W+W� proess. They are usually given as theW� produtionangle and the polar and azimuthal angles of the W� deay produts (f.Fig. 3(b)), with theW� prodution angle being the most sensitive one to the
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TGC Measurement at LEP2 1741anomalous TGC values. The reonstrution e�ieny and thus the informa-tion whih an be retrieved depends on the deay modes of theW+W� bosonpair and an be grouped as follows [9�12℄:� The hadroniW+W�! q1�q2q3�q4 deay hannel (BR�46%):The average seletion e�ieny of the prinipal analyses performedat LEP2 amounts to about " ' 90%, with the purity of P ' 80%.The four hadroni jets produed in the fragmentation proess hide the�avours of the primary quarks; onsequently one is left with a three-fold pairing ambiguity in assigning the jets to an originalW� boson. Inorder to resolve the ambiguity di�erent methods are applied, rangingfrom simple kinemati uts to neural networks; the resulting pairing ef-�ieny is in the range between 75�85%. Subsequently, the W� bosonharge is determined using the di�erene of the jet harges of theseleted pairs of jets, the harge assignment e�ieny amounting to"p = 75�85%. The �avour assignment of individual jets is generallynot attempted, thus the reonstruted polar angles of the W� deayproduts still ontain a twofold ambiguity eah.� The semileptoni W+W�! q1�q2l��l (l = e; �; � ) deay han-nel (BR � 44%):The applied analysis methods reah a seletion e�ieny in the range" ' 70� 80% with a purity on the order of P ' 90%. This hannel isnot burdened with any pairing ine�ienies and the W� boson hargeassignment is e�iently done by using the harge of the lepton pro-dued in the leptoniW� deay. As suh, this hannel is most adaptedto an e�ient estimation of the TGC parameter values and indeed ex-hibits the highest sensitivity. The only unresolved kinemati ambiguityremains in the angles of the hadronially deaying W� boson, sinethe �avour of individual quarks remains unknown.� The leptoni W+W�! l1��1l2��2 (l = e; �; � ) deay hannel(BR � 10%):The event seletion proedures ahieve an e�ieny of " ' 60�80%with a high purity P ' 90%. In this hannel the W� boson hargeassignment is also done by using the harge of the produed leptons;the kinemati reonstrution of the events, however, gives a twofoldambiguity in os(�W�) , ��1 and ��2 beause of the additional degreesof freedom introdued due to the two unobserved neutrinos.The estimates of the values of anomalous TGC parameters are derivedusing various statistial approahes [9�12℄, all aiming at the optimal sensi-tivity of the analysis. Generally, the information ontained in the measured



1742 B.P. Kersevantotal ross�setion of the seleted hannel is used to evaluate the point es-timates and the on�dene intervals of the unknown parameters by usingthe maximum likelihood method, i.e. maximisation of Poisson probabilityas a funtion of TGC parameters with respet to the observed number ofevents in the seleted data samples2. The derivation of the estimates on theTGC values from the angular distributions (1=�WW)(d�WW=d
), where 
represents a set of up to �ve of the above-mentioned angles, an prinipallybe divided into two approahes:� Maximum likelihood �t to the kinemati distributions of mea-sured events: The performed �ts are both binned (using the multi-nomial probability) and unbinned ones. The probability density fun-tions are extrated either diretly from simulation or from the theo-retial predition onvoluted with the estimated detetor resolution.� Optimal observables method: The method is based on the opti-mal projetion of the initial �ve variables onto a smaller subspae ofparameters whilst minimising the loss of sensitivity [14℄. The methodis very e�ient in the ase of TGC measurements due to the parabolidependene of the di�erential ross-setion on the TGC's. Writing thisdependene in the form:d�(
 ; �)d
 = S0(
) +Xi S1i (
)�i +Xi�j S2ij(
)�i�j ; (2.1)a set of optimal observables is determined to be:O1i = S1i (
)S0(
) ; O2ij = S2ij(
)S0(
) : (2.2)The estimates on the values of the TGC parameters are onsequentlyderived by performing either a �2 �t to the averages of the distributionsof optimal observables obtained from the measured events, or by usingthe distributions of events w.r.t. the optimal observables in an binnedmaximum likelihood �t.The prinipal analyses [9�12℄ derive the values of the three TGC parame-ters by performing three separate one-parameter �ts, eah turn keeping twoof the TGC parameters at the Standard Model values. Two and three pa-rameter �ts are also being done, however the estimated values of the three2 This method is often oupled to the evaluation of the TGC parameters from theangular distributions whih results in the extended maximum likelihood method [13℄.



TGC Measurement at LEP2 1743parameters turn out to be in some ases strongly orrelated. In addition, theobserved nonlinearities in the on�dene interval estimation (see e.g. [15℄)make the proper estimation of systemati unertainties in multidimensional�ts extremely di�ult.The W� polarisation measurements [16, 17℄, used to determine the he-liity frations of the �(e+e� !W+W�) ross-setion, were also performedin the analyses of the hadroni and semileptoni hannels of W+W� deays.The heliity frations of the polarised W� bosons are evaluated either bysplitting data in os(�W�) bins and analysing os �� distributions or by eval-uation of spin density matrix elements whih are diretly related to theheliity frations of the total ross-setion. The main advantage of theseanalyses is that they do not employ any assumptions about the underlying(e�etive) model but measure the disrepany from the Yang-Mills theory ofthe Standard Model diretly. In addition, the analyses also present a direttest of the CP invariane in the reations e+e� !W+W� [16, 17℄.2.2. Single W and single  eventsAdditional sensitivity in estimation of the trilinear gauge oupling pa-rameters is gained by analysing the e+e� ! e�W� �e (single W ) ande+e� ! �e��e (single ) proesses [9�12℄, whih inlude trilinear WWoupling diagrams, as shown in Fig. 4.
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1744 B.P. Kersevanase of single W hannel, or energy and polar angle E ; � of the �nal statephoton in the analyses of the single  hannel).3. Results and onlusionsThe preliminary results of the four LEP experiments [9�12℄ inludingdata taken at energies up to 202 GeV are presented in Fig. 5 together withthe orresponding (negative) log-likelihood urves. The ombined resultswere obtained by the ombination of these results performed by the LEPEW working group [18℄; the estimated systemati unertainties are alreadyinluded in the values shown.
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TGC Measurement at LEP2 1745TABLE IIThe prinipal ontributions to the systemati unertainty in the estimation of thetrilinear gauge boson ouplings, as estimated in the ombination of the four LEPexperiments [18℄. Systemati soure �gZ1 � ���(WW )� 2% �0:012 �0:014 �0:055Fragmentation �0:013 �0:014 �0:051Colour reonnetion �0:003 �0:005 �0:012Bose�Einstein e�et �0:006 �0:006 �0:020�(We�)� 5% � �0:049 �0:067The results show a good agreement with the Standard Model preditions.The statistial unertainty will in the future be further redued by inludingthe data olleted by the LEP experiments in year 2000 at the energiesreahing up to 210 GeV. REFERENCES[1℄ Z Physis at LEP1, eds. G. Altarelli, R. Kleiss, C. Verzegnass et al., Vol. 1,CERN 89-08, 1989.[2℄ J.F. Donoghue, E. Golowith, B.R. Holstein, Dynamis of the Standard Model,Cambridge University Press, Cambridge 1992.[3℄ K. Gaemers, G.J. Gounaris, Z. Phys. C1, 259 (1979).[4℄ K. Hagiwara, R.D. Peei, D. Zeppenfeld, K. Hikasa, Nul. Phys. B282, 253(1987).[5℄ G.J. Gounaris et al., BMT Collaboration, Proeedings, e+e� Collisions at 500GeV, Munih/Anney/Hamburg 1991, p. 735.[6℄ G.J. Gounaris, F.M. Renard, Z. Phys. C59, 133 (1993).[7℄ G.J. Gounaris, J.-L. Kneur, D. Zeppenfeld, in Physis at LEP2, Vol. 1, eds.G. Altarelli, T. Sjöstrand, F. Zwirner, CERN 96-01, 1996, p. 525.[8℄ The LEP Collaborations ALEPH,DELPHI,L3,OPAL and the LEP WWWork-ing Group, LEPEWWG/XSEC/2000-01 (2000). See also:http://www.ern.h/LEPEWWG.[9℄ ALEPH Collaboration, ALEPH Note ALEPH 2000-055 (2000). ALEPH Col-laboration, Conf. Note ICHEP 2000 abstrat 304 (2000).[10℄ DELPHI Collaboration, DELPHI Note DELPHI 2000-139 (2000). DELPHICollaboration, DELPHI Note DELPHI 2000-146 (2000).
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