
1Charged Current Gauge CouplingsG. BellaaaSchool of Physics and Astronomy,Raymond and Beverly Sackler Faculty of Exact Sciences,Tel Aviv University, 69978 Tel Aviv, IsraelThe LEP measurements of charged current triple and quartic gauge couplings are described. LEP combinedlimits for anomalous quartic gauge couplings are presented. The combination of LEP triple gauge coupling resultsis pending full understanding of the recently calculated O(�) radiative e�ects. The W polarization has beenmeasured at LEP and the results agree with the standard model predictions.1. INTRODUCTIONThe Standard Model (SM), due to its non-Abelian nature, predicts self interactions betweenthe electroweak gauge bosons, 
, W and Z. Theseinteractions always involve the W boson and leadto the triple gauge vertices WW
, WWZ and thequartic gauge vertices WW

 , WWZ
, WWZZand WWWW. To test the SM, the LEP ex-periments measure the Triple Gauge Couplings(TGC) of the WW
 and WWZ vertices and alsosearch for anomalous couplings not predicted bythe SM which could contribute to these vertices.For Quartic Gauge Couplings (QGCs) the SMcontributions are too small to be measured atLEP2 energies with the available statistics andonly much larger limits on anomalous contribu-tions can be obtained.The most general e�ective Lagrangian involv-ing the WW
 or WWZ vertices [1,2] has 14terms with the C- and P-conserving couplingsgV1 , �V , �V ; C- and P-violating couplings gV5 ;C-violating and P-conserving couplings gV4 ; C-conserving and P-violating ~�V and ~�V . In allthese couplings, V = 
;Z. According to the SM,gV1 =�V=1, whereas all other couplings vanish.Therefore, �gV1 = gV1 � 1 and ��V = �V � 1and all other couplings are considered as anoma-lous. From QED gauge invariance, g
1 = 1.Precision measurements at the Z resonance andlower energy data are consistent with the follow-

ing SU(2)�U(1) relations,��z = ���
tan2 �w +�gz1; �z = �
 ; (1)and most of the e�ort at LEP is the measure-ment of ��
 , �gz1 and �
 assuming these rela-tions. Similar relations between some of the CPviolating TGC, namely, ~�Z=~�
 tan2 �w , ~�Z=~�
 ,are also assumed in some analyses.Some of the theoretical models leading toanomalous TGC give also anomalous contribu-tions to quartic gauge vertices. However, itis much easier to constrain these contributionsby measuring the corresponding contributions toTGC. Therefore, in the study of quartic gaugevertices we consider only genuine anomalousQGCs which are not involved with any contribu-tion to TGC. There are two CP conserving cou-plings, aW0 , aWc , corresponding to the WW

 ver-tex [3] and one CP violating coupling, aWn , whichcorresponds to the WWZ
 vertex [4]. The otherquartic gauge vertices are not accessible at LEP2energies.2. TGC FROM W-PAIRSW-pair production is the main process used atLEP for the study of charged current TGC due tothe contribution from the diagram in Fig. 1a. W-pair events are selected by the LEP experimentswith all possible �nal states, namely qqqq, qq`�`and `�``0�`0 , where ` = e; �; � . The typical ef-�ciency varies between 70% for `�``0�`0 , qq��� ,
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Figure 1. Feynman diagrams including the triplegauge vertexand 90% for the other channels, with purity atthe level of 80-90%. The total W-pair cross-section, the angular distribution and the polariza-tion of the W bosons are sensitive to TGC. Con-sequently, there are �ve relevant kinematic vari-ables, namely the W� production angle, cos �w,and the decay angles of the W�, cos ��1,��1, andW+, cos ��2 ,��2, in the rest-frame of the parent W.There is, however, some ambiguity in the recon-struction of these angles depending on the decaychannels of the W bosons.The total W-pair cross-section is a second-order polynomial in the TGC, so that its mea-surement yields directly constraints on the TGC.On the other hand, the utilization of the �ve kine-matic variables is more complicated and the ex-periments are using di�erent methods. The mostdirect method is a �ve-dimensional likelihood �tin these variables, �tting the theoretical predic-tion to the data. This prediction is obtained ei-ther from Monte Carlo (MC) (L3 [5]) or from theanalytic Born-level expression (ALEPH [6]) cor-recting for initial state radiation, detector resolu-tion, e�ciency and background.Another method to extract the TGC uses Opti-mal Observables (OO) based on the second-orderpolynomial dependence of the di�erential cross-section on the couplings,d�d
 = S(0)(
) +Xi �iS(1)i (
) +Xi;j �i�jS(2)ij (
):Here 
 is the 5D phase-space point,
=(cos �w,cos ��1 ,��1,cos ��2 ,��2) and �i arethe anomalous TGC. The OO, de�ned asO(1)i =S(1)i (
)=S(0)(
), O(2)ij =S(2)ij (
)=S(0)(
)contain all the relevant information needed to

extract the couplings [7]. As an example, Fig. 2shows the O(1)�gz1 distribution for qqqq events at189 GeV measured by DELPHI.
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Figure 2. DELPHI O(1)�gz1 distributionIn a �t where only one coupling, �i, is ex-tracted, assuming all other anomalous TGC tovanish, only two optimal observables, Oi, Oii areneeded. However, when n couplings are �ttedsimultaneously, the number of relevant observ-ables increases according to n+n(n+1)=2 and forn > 2 the whole method becomes impractical.For n=2 (5 OO) a multi-dimensional clusteringtechnique is used by DELPHI [8] for the �t. An-other approach is based on the assumption thatthe anomalous couplings are small, in which case,they can be extracted just from the mean valuesof the OOs rather than the full OO distributions,as done by ALEPH [9] and OPAL [10].A third method to extract the TGC is basedon the measurement of the Spin Density Matrix(SDM) elements which will be discussed in thenext section.On summer 2000 a combination of the LEPresults have been performed [11] using data atcentre-of-mass energies up to 202 GeV and tak-ing into account correlations between systematic



3errors of the four LEP experiments due to theuncertainty in the theoretical total cross-sectionvalue (2%) and in the fragmentation models. Theerrors obtained for ��
 , �gz1 and �
 were 0.066,0.026 and 0.028 respectively. Since then, new MCprograms [12] which include an almost completetreatment of O(�) radiative e�ects and an im-proved Coulomb correction have become avail-able. These programs predict a total W-paircross-section lower by 2.5% than the old predic-tions, in agreement with the LEP measurements,with an improved precision of 0.5%. On the otherhand, the cos �w distribution in the new MC pro-grams is steeper by 1{2% compared with the oldones, yielding a signi�cant e�ect on the TGC re-sults. This e�ect is still under investigation bythe LEP collaborations.Table 1ALEPH TGC resultsCoupling TGC result 95% C.L.��
 �0:020+:078�:072 [�0:164; 0:132]�gz1 0:015+:035�:032 [�0:048; 0:080]�
 �0:001+:034�:031 [�0:059; 0:065]Preliminary results based on the new MC pro-grams were available this summer by ALEPHonly [6] and no new combination have been per-formed since summer 2000. The ALEPH resultsfor ��
 , �gz1 and �
 , using their full LEP2 datasample and including also information from thesingle W and single photon �nal states (see be-low), are listed in Table 1. The correspondinglog-likelihood plots are shown in Fig. 3. Aleph ob-tains also results for the 10 C- or P-violating cou-plings without using the SU(2)�U(1) constraints.All results are consistent with zero according tothe SM predictions.3. W-POLARIZATIONMeasurement of the W-polarization is a model-independent way to test the SM. L3 [13] usesthe cos ��̀ distribution in qq`�` events to mea-sure the fraction of W-bosons produced at each
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c)Figure 3. Preliminary log-likelihood plots for��
 , �gz1 and �
 obtained by ALEPHhelicity state. The results are consistent withthe SM expectations as listed in Table 2. L3also obtains evidence for spin correlations be-tween the two W-bosons. Looking separately atsamples where the hadronically decaying W is en-riched (requiring 0:66 < jcos ��q j < 1) or depleted(0 < jcos ��q j < 0:33) in transversely-polarized Wa di�erence at a level of 3.6� is found between thecos ��̀ distributions of the two samples, as shownin Fig. 4Table 2Preliminary L3 W-polarization results atps=206.6 GeV and SM predictionsData SM��/�tot 0:647� :066 0.623�+/�tot 0:137� :034 0.157�L/�tot 0:216� :053 0.220OPAL [14] and DELPHI [15] measure the ele-



4
cos θ*

l

1/
N

 d
N

/d
 c

os
 θ

* l  
 / 

0.
4

DATA, W→qq
_
 (±1) depleted

DATA, W→qq
_
 (±1) enriched

MC, W→qq
_
 (±1) depleted

MC, W→qq
_
 (±1) enriched

W→lν     L3 preliminary       183 - 208 GeV

0.3 ≤ cos ΘW
− ≤ 0.9

0

0.1

0.2

0.3

0.4

0.5

0.6

-1 -0.5 0 0.5 1

Figure 6: Corre
ted and normalized 
os ��̀ distributions for W ! `� de
ays for the entiredata sample and the KORALW Monte Carlo in the interval 0:3 < 
os�W� < 0:9 at ps=183{208GeV. The distributions are shown for the subsamples of hadroni
 W de
ays with�1 heli
itiesdepleted or enri
hed.

12

Figure 4. L3 evidence for WW spin correlations(see text)ments of the SDM de�ned by,���� 0��+� 0+(s; cos �w) = P� F (�)���+ (F (�)� 0�� 0+ )�P��+�� jF (�)���+ j2where F (�)���+ are the helicity amplitudes to pro-duce W�W+ with helicities ��, �+ respectively,and � is the helicity of the incoming electronbeam. This is a 9�9 complex Hermitian matrixwith trace=1, but usually one considers the one-sided SDM, �W���� 0� =P�+ ���� 0��+�+ which is a3�3 matrix with the same properties. CPT in-variance at the tree level corresponds to the re-lation �W��1�2=(�W+��1��2)� and CP invariance yields�W��1�2=�W+��1��2 . This allows to check in a model-independent way for CPT or CP violation in W-pair production. Fig. 5 shows the various SDMelements vs. cos �w as measured by OPAL us-ing the leptonically decaying W in qq`�` eventat 189 GeV. These are used to constrain the CP-violating TGC, which are found to be consistentwith zero, as expected by the SM. Averaging thediagonal SDM elements over cos �w, using bothW bosons from qq`�` events, OPAL obtains the

W-polarization results listed in Table 3. Usingalso the two-side SDM elements, OPAL obtainsthe probabilities for the two-W polarization statesTT , LL and TL (Table 3).
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cosθWFigure 5. SDM elements measured by OPALTable 3OPAL W-polarization results at ps=189 GeVand SM predictions Data SM�T/�tot 0:790� :033� :016 0.743�L/�tot 0:210� :033� :016 0.257�TT/�tot 0:781� :090� :033 0.572�LL/�tot 0:201� :072� :018 0.086�TL/�tot 0:018� :147� :038 0.3424. TGC FROM SINGLEWAND SINGLEPHOTONThe processes e+e�!We� and e+e�!��
have some sensitivity to TGC due to the contribu-



5tions from the diagrams in Figs. 1b and 1c respec-tively. In both processes, the sensitivity is only tothe WW
 couplings, whereas in W-pair produc-tion there is also a contribution from the WWZvertex, and both contributions cannot be sepa-rated. However, in the case of e+e�!We� thereis high (�50%) background which is mainly fromW-pair events, resulting in some sensitivity of theevent sample to the WWZ vertex. In this process,the �nal state electron escapes undetected intothe beam-pipe and only the single W leaves a sig-nature in the detector. In the case of hadronicW-decays, two jets are visible, whereas for lep-tonic decays only a single lepton is observed. Inboth cases, there is large missing energy and mo-mentum. The main sensitivity to TGC comesfrom the total event rate, but also some infor-mation from di�erential distributions is used. Allexperiments assume the SU(2)�U(1) relations (1)between the WW
 and WWZ couplings, and theresults [8,16] are listed in Table 4. These resultsare less precise than those from W-pair events,but they still have some non-negligible e�ect inconstraining the upper limit for ��
 .Table 4LEP results (95% C.L. limits for ALEPH) onTGC from single W eventsExp. Data ��
 �
ALEPH 161{202 [{0.54, 0.15] [{0.57, 0.44]DELPHI 189,lept. 0:23+0:33�0:39 0:48+0:39�1:29DELPHI 189,hadr. 0:19+0:36�0:58 0:42+0:39�1:21L3 161-202 0:10� 0:13 �0:20+0:60�0:19OPAL 189 0:06+0:17�0:19 �0:44+0:43�0:24The process e+e�!��
 is even less sensitiveto TGC than the single W production. The mainsensitivity is for energetic photons with large an-gle to the beam-pipe. Therefore, in addition tothe total rate, the experiments use also the en-ergy spectrum and the angular distribution of thephoton to constrain the TGC. Here the sensitivityis only to ��
 and �
 without any contributionfrom the WWZ vertex. The results [5,6,8,17] are

listed in Table 5.Table 5LEP results (95% C.L. limits for L3) on TGCfrom single photon eventsExp. Data ��
 �
ALEPH 183{208 �0:05+0:30�0:25 0:10+0:35�0:35DELPHI 189 0:70+0:77�0:99 0:65+1:03�1:79L3 189-202 [{2.7, 0.8] [{1.6, 1.7]OPAL 189-202 �0:15+1:07�1:03 �0:18+1:38�1:34The experiments combine their results fromthe single W and single photon productionswith those from W-pair production by summingthe corresponding log-likelihood functions. TheAleph results on ��
 and �
 in Table 1 includealready the information from these two processes.
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Figure 6. Feynman diagrams including the quar-tic gauge vertex5. QUARTIC GAUGE COUPLINGSThe Feynman diagrams in Fig. 6 contain thequartic gauge vertex. The process e+e�!WW
is sensitive to all three couplings, aW0 , aWc andaWn . Most of the sensitivity is for energetic photonwhich is away from the beam-pipe direction, incontrast to initial state radiation which gives thedominant contribution to the WW
 �nal state,where the photon tends to be along the incoming



6beams with low energy. Therefore, in addition tothe total yield of WW
 events, the photon spec-trum is also used and OPAL uses the photon an-gular distribution as well.Table 6LEP 95% C.L. limits on QGCaW0 =�2 aWc =�2 aWn =�2ALEPH [{0.029, 0.029] [{0.079, 0.080]L3 [{0.017, 0.017] [{0.03, 0.05] [{0.15, 0.14]OPAL [{0.065, 0.065] [{0.13, 0.17] [{0.61, 0.57]LEP [{0.018, 0.018] [{0.033, 0.047] [{0.17, 0.15]The process e+e�!��

 involves only theWW

 vertex and is then sensitive only to aW0and aWc . This sensitivity is lower than the previ-ous process. A cut is imposed onM�� to be belowthe Z0 region in order to reject Z

 events. Re-sults from both channels and from three LEP ex-periments, ALEPH, L3 and OPAL, are combinedby adding the corresponding log-likelihood func-tions. Fig. 7 shows the resulting log-likelihoodcurves and Table 6 lists the corresponding 95%C.L. limits [18]. All the results are consistent withthe absence of anomalous QGC.REFERENCES1. K. Hagiwara et al, Nucl. Phys. B 282 (1987)253.2. Physics at LEP2, edited by G. Altarelli et al,CERN 96-01 Vol. 1, 525.3. G. B�elanger and F. Boudjema, Phys. Lett. B288 (1992) 201.4. O.J.P. Eboli et al, Nucl. Phys. B 411 (1994)381.5. L3 Collaboration, L3 Note 2567.6. ALEPH Collaboration, ALEPH 2001-060,CONF 2001-040.7. G.K. Fanourakis, D. Fassouliotis and S.E.Tzamarias, Nucl. Instrum. Methods A 412(1998) 465; Nucl. Instrum. Methods A 414(1998) 399.8. DELPHI Collaboration, Phys. Lett. B 502(2001) 9.
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