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ouplings between the ele
troweak gauge bosons may 
ontribute to various�nal states arising from e+e� 
ollisions. Event topologies in
lude a
oplanar photonpairs together with two neutrinos or the produ
tion of three gauge bosons, su
h asW+W�
 or Z

. Constraints are presented on anomalous quarti
 
ouplings usingthe LEP-2 OPAL data sample at 
entre-of-mass energies up to 209 GeV.1 Introdu
tionThe SU(2)�U(1) gauge invariant form of the Standard Model (SM) spe
i�es theform and strength of the self-intera
tions of the ve
tor boson �elds, in
luding thequarti
 gauge 
ouplings (QGCs) WWWW, WWZZ, WW

 and WWZ
. Studyingpro
esses to whi
h these QGCs 
an 
ontribute may yield further 
on�rmation ofthe non-Abelian stru
ture of the SM or signal the presen
e of new physi
s at as yetunprobed energy s
ales. At LEP energies it was possible to probe only the QGCswhi
h produ
e at most two massive ve
tor bosons in the �nal state, through thepro
esses shown in Fig. 1.The formalism for the extra genuine quarti
 terms relevant at LEP has beendis
ussed widely in the literature [1,2,3,4,5℄. Genuine quarti
 terms refer to thosethat are not asso
iated with any tri-linear 
ouplings, whi
h are already 
onstrainedby analyses using the e+e� ! W+W� pro
ess. The two lowest dimension termsthat give rise to quarti
 
ouplings involving at least two photons are [4℄ :L06 = �e28 aW0�2 F��F��W+�W�� � e216 
os2 �W aZ0�2F��F��Z�Z�;L
6 = � e216 aW
�2 F��F��(W+�W�� +W��W+� )� e216 
os2 �W aZ
�2F��F��Z�Z�;
e+

e-

γ

γ

νe

νe

W

W
e+

e-

Z Z

γ

γ

f

f e+

e-

Z/γ γ

f1

f2

f3

f4

W

WFigure 1. Diagrams with anomalous quarti
 gauge 
ouplings (AQGCs) 
ontributing to the (a)e+e� ! ��

, (b) e+e� ! ff

 and (
) e+e� ! W+W�
 �nal states. No ZZ

 vertex ispresent in the SM.
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2 P. J. Bellwhere F�� is the photon �eld strength tensor. Both L06 and L
6 generate W+W�

and ZZ

 
ouplings, governed by the parameters aW0 ; aZ0 and aW
 ; aZ
 , respe
tively.The strengths of the 
ouplings are also proportional to 1=�2, where � is interpretedas the energy s
ale of the new physi
s and is 
onventionally set equal to MW.Limits on AQGCs are presented here using the ��

, q�q

 and W+W�
 �nalstates re
orded by the OPAL dete
tor [6℄ at LEP.2 A
oplanar Photon Pair AnalysisThe e+e� ! ��

 pro
ess is dominated by the SM doubly radiative return to theZ and is 
hara
terised by an a
oplanar photon pair in the �nal state. Following aninitial sele
tion of these events, the two highest energy photons were required topossess energies and polar angles satisfying E
 > 10 GeV and j 
os �
 j < 0:9 [7℄ inorder to suppress the SM ba
kground. In the energy range 180 < ps < 209 GeV20 data events are a

epted.The ��

 pro
ess is sensitive to the anomalous W+W�

 and ZZ

 verti
es(Fig. 1(a) and Fig. 1(b)) and thus all of the four 
oupling parameters introdu
edabove. Reweighted and fully simulated Monte Carlo (MC) samples generated withNUNUGPV [8℄ were used to model both the SM and the AQGC 
ontributions.Good sensitivity to the AQGCs was obtained from the distribution of the invariantmass of the system re
oiling against the photons,Mre
, and the energy of the se
ondhighest energy photon, E
2. These are plotted in Fig. 2, illustrating the good SM
ompatibility of the data, and possible anomalous e�e
ts.Constraints on the AQGCs were derived from a maximum likelihood �t employ-ing bins in Mre
 versus E
2, in seven 
entre-of-mass energy ranges [7℄. Systemati
e�e
ts were in
luded, the main sour
e arising from the a

ura
y of the modellingof the energy s
ale and resolution of the ele
tromagneti
 
alorimeter.
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tor Boson Produ
tionThe pro
esses e+e� ! q�q

 and e+e� !W+W�
 are sensitive to the anomalous
ouplings ZZ

 and W+W�

, respe
tively (Fig. 1(b) and Fig. 1(
)). The q�q

events were sele
ted from 
andidates passing the e+e� ! qq sele
tion by demandingtwo photons with E
 > 5 GeV and j 
os �
 j < 0:95, isolated from the jet a
tivity [7℄.Similarly, the W+W�
 event sele
tion required an isolated photon with E
 >2:5 GeV and j 
os �
 j < 0:975 in those events passing the usual W+W� 
riteria [9℄.In the energy range 130 < ps < 209 GeV, 176 q�q

 data events were a

epted. ForW+W�
 the number was 187 in the range 180 < ps < 209 GeV. Both numbersare 
onsistent with the SM expe
tations in those 
hannels.Using the q�q

 events, limits on the AQGC parameters aZ0 and aZ
 were assignedthrough a binned maximum likelihood �t to the observed distribution of E
2. Thee�e
ts of the anomalous 
ouplings were introdu
ed by reweighting events generatedwith KK2F [10℄ using the WRAP program [5℄. From the W+W�
 events, limitson aW0 and aW
 were extra
ted from the measured di�erential 
ross-se
tion as afun
tion of the photon energy and polar angle. In both analyses, photon identi�-
ation and isolation, the photon energy s
ale and resolution, the photon angulara

eptan
e and un
ertainty in the modelling of the SM ba
kground were 
onsideredas systemati
 un
ertainties.4 Limits on AQGCsThe one-dimensional likelihood 
urves for the parameters aZ0 and aZ
 from the q�q

and ��

 �nal states were summed, negle
ting the small e�e
t of 
orrelated system-ati
 un
ertainties. The 
orresponding 95% 
on�den
e level (CL) limits on possibleanomalous 
ontributions to the ZZ

 vertex are�0:007 GeV�2 < aZ0=�2 < 0:023 GeV�2;�0:029 GeV�2 < aZ
 =�2 < 0:029 GeV�2:Similarly, the 95% CL limits on the anomalous 
ouplings at the W+W�

 vertexhave been obtained by 
ombining the results from the W+W�
 and ��

 analyses:�0:020 GeV�2 < aW0 =�2 < 0:020 GeV�2;�0:052 GeV�2 < aW
 =�2 < 0:037 GeV�2:When both parameters asso
iated with the same AQGC vertex are allowed to varysimultaneously the 
ombined likelihood 
ontours of Fig. 3(a) and Fig. 3(b) areobtained. Compatibility with the SM is illustrated.Under an additional assumption that aZi = aWi = ai [3℄ an overall 
ombinationof the likelihood 
urves from the ��

, q�q

 and W+W�
 �nal states 
an be made,yielding 95% CL intervals of+0:002 GeV�2 < a0=�2 < 0:019 GeV�2;�0:022 GeV�2 < a
=�2 < 0:029 GeV�2:The 
orresponding two-dimensional �t is shown in Fig. 3(
).
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