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With center of mass energies up to 209 Ge V of LEP 111 massive W and Z bosons can be 
produced via e+e- collisions in pairs and jointly with photons. This allows to study boson
boson couplings. Since the W and Z bosons are unstable and decay into fermions, two
and four-fermion final states, accompanied possibly by photons, play an important role for 
these measurements. The couplings of the W to other bosons have been measured to be 
gf = 0.990�g:g�!1 /'i,,., = 0.896�g:��� , and ).'Y = -0.023�g:g�� · They are in agreement with the 
Standard Model expectation of gf = 1, "' = 1, and >., = 0. No sign for couplings of three 
neutral bosons, parametrized by JJ,'5z and hj,';,3,4, and for anomalous couplings of four gauge 
bosons1 parametrized by ao, an and ac has been found. 

1 Couplings of the W to other b osons 

The SU(2)L xU(l)y symmetry of the Standard Model predicts the pair production of W bosons 
through Abelian and non-Abelian graphs. On the left side of Fig. 1, the three Standard Model 
feynman diagrams for W pair production are shown. 

As has been measured by the LEP experiments, all three diagrams are needed to describe 
the data. This can be seen on the right of Fig. 1. Using only the single Abelian graph (the 
neutrino exchange) or neglecting the non-Abelian Z exchange graph, data and theory disagree. 
But still the contribution of the graphs could differ from the Standard Model prediction, and 
therefore a more sophisticated method is performed to analyze the non-A belian gauge sector. 

To study possible other contributions, the Lagrangian for the VWW vertex (V=Z,'y) can be 
written in the most general Lorentz invariant form 1 
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Figure 1: Feynman graphs (left) and measured cross-section (right) for the pair production of W bosons. 

where C, P and CP-violating terms are not shown and assumed to vanish in the following 
discussion. To further reduce the parameter set from six to three free couplings, firstly U(l)em 
gauge invariance is required, fixing the charge of the W boson to qw = ± 1 ,  which is equivalent 
to g{ = 1 .  Secondly, the requirement of SU(2)L xU(l)y symmetry of the Lagrangian leads to 
the two constraints Kz = gf - (K,, - 1) tan2 Ow and Az = >..7. The three parameters left are 
gf, K'l' and >..'1" In the Standard Model, their values are predicted to be g'f = 1 ,  K7 = 1 and 
>..7 = 0. Often one finds in the literature also the differences to the Standard Model expectations: 
6.gf = gf - 1 and 6.K'l' = K,, - 1 .  

The couplings are not only accessible i n  W pair production, but also i n  single W and single 
photon production, which also involve the 7WW vertex, as can be seen from Fig. 2. The W pair 
production is most sensitive to the couplings g'f and >..,,, and its sensitivity to K-'1' is comparable 
to the single W production, which in turn is most sensitive to �· From all processes, the single 
photon production is least sensitive. 

Deviations from the couplings as they are predicted by the Standard Model would lead 
to changes of the total cross section, of the production and decay angles and of the average 
polarization of the bosons. 

In the W pair production process, all information about production and decay is contained in 
five variables: The production angle Ow- of the w - ,  the polar and azimuthal angles 0, ¢ of the 
decay products in the rest frame of the decaying w- and w+ relative to the W flight direction. 
If a W decays into a charged lepton and a neutrino, 0 and ¢ are taken from the charged lepton, 
and if a W decays into two quarks, the angles are symmetrized to compensate the missing charge 
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Figure 2: Other processes that are used in the determination of the VWW couplings. 
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Figure 3: Distribution of the production angle of the W boson and of the decay angles of the lepton in the rest 
frame of the decaying W in the semileptonic case. The angles for the quarks are not shown. 

determination. The distributions of cos 81, ¢1 and cos 8w- in the semileptonic case are shown in 
Fig. 3 as they have been measured by the L3 experiment and together with the expectations for 
g'f = 0, 1 ,  2. From the shape of these distributions and the total rate, constraints on the value 
of the couplings are derived. 

The shape of the cos 8w- distribution shows stronger distortions than the shape of the 
cos 81 and ¢1 distributions, if the couplings are changed. Therefore, a reliable calculation of 
these distributions is necessary. Until recently, the theory error was 23 on the rate and larger 
for the differential distributions like cos 8w- , thus deteriorating the measurement of the gauge 
couplings. By using the predictions from the newly developlid Monte Carlo generators YFSWW32 
and RacoonWW 3, a theory error of .53 on >.-y has been achieve&. The two generators take 
into account O(a)-corrections, i. e. diagrams with internal and external photon lines, in the 
Leading Pole Approximation (LPA) and the Double Pole Approximation DPA, respectively. Some 
example diagrams of these corrections are shown in Fig. 4. 

By using the predictions from YSFWW3, measurements of the couplings are performed by 
each experiment, and combined with a log-likelihood method 5•6 . The likelihood curves of the 
combined fit are shown in Fig. 5. The measurement of K-y agrees within two standard deviations 
with the Standard Model, and both >.-y and g'f agree within one standard deviation with the 
Standard Model. The fitted values with the errors corresponding to f;L = 0.5 an?: 

For this combination, both the L3 and OPAL experiments did not submit the e+e- -+ 
w+w- -+ q1<i.2q3q4 channel. By adding these channels, the statistical accuracy of the mea
surement will improve. As far as systematic uncertainties are concerned, the 0 (a) corrections 
are the largest correlated ones (±0.039 on K-y, ±0.015 on >.'Y and ±0.015 on g'f) .  For the result 
shown above, they have been set to the full difference between the Monte Carlo prediction with 
and without O(a) corrections. More refined numbers will be used in the future, but are not 

Figure 4: Some example diagrams for CJ(a)corrections. 
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Figure 5: Result of the triple gauge coupling fit. 
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available yet. Also, updates on the fits of higher dimensionality relating two or three couplings 
are planned. 

2 Couplings of three neutral bosons 

Couplings of three neutral bosons do not exist in the Standard Model. By imposing only Lorentz 
and U(l)em invariance, and for final states with equal bosons Bose symmetry, one ends up with 
possible anomalous vertices shown in Fig. 6. The corresponding Lagrangians 1•7 describing these 
anomalous vertices are 

e,vzz - e [ 
NP - �  e,VZ'Y _ e [ 
NP - ffi1" 

f{(8µVµiJ)Za (8"Z!!) + ftWVaµ)zµ!!z!!] 
hf(8°Vaµ)ZiJFµiJ - h¥{80 V0P)Z" Fpa 
3- [8a81J (D + mi)Vµ]Z"FP.iJ + 2,-2hv [(D + mi) 8°VP"]ZaFpa] , mz mz 

with Vµv = l/2 <µvpa VP0 and V = Z, 'Y· The Lagrangians are of higher order than those for 
the gauge couplings of the W boson, so that one would expect either to detect deviations more 
easily with the W boson couplings or the scale of New Physics (which is artificially set to mz 
in the above formulae) to be close. The couplings J:(, hf and h"{ are CP violating, whereas 
the couplings Ji;', hY and h.j conserve CP. One interesting option for the future, which has not 
been followed yet, is to relate the couplings through SU(2)L xU(l)y symmetry 8.  This relates 
the couplings from the Z7 and from the ZZ final state in the following way: fj = hj tan Ow 
and ff = hr tanllw. 

The measurement of the f couplings proceeds by selecting events from all visible ZZ final 
states and then reweighting the distributions for different values of the anomalous couplings /}57. 
In the presence of anomalous couplings, the total cross-section, the production angle of th� Z 
boson and the average polarization of the Z bosons would change. In Fig. 7 the distribution of 

Figure 6: Couplings of three neutral bosons: Anomalous vertices. 
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Figure 7: ZZ production angle measured by DELPHI compared to the Standard Model prediction and f{; = ±1.5. 

the Z boson production angle cos {}z as predicted by the Standard Model and for ff: = ±1.5 is 
compared to the data, as they have been measured by the DELPHI experiment. 

Since in all LEP data no evidence for the presence of anomalous f couplings has been found, 
limits at the 953 confidence level are set. These limits are derived either one-dimensional by 
fixing all other couplings to zero, or two-dimensional by fitting couplings with the same CP 
behavior at the same time. The one-dimensional limits ar.f: 

-0.17  < n < 0.19 - 0.31 < ff < 0.28 - o.36 < n < 0.40 - 0.36 < Jf < 0.39 

For the h-couplings, events of the reactions e+e- --+ Zh* --+ qq7 and e+e- --+ Zh* --+ VV'f 
are selected. The photon energy E7, the angle cos °'-y-jet between the photon and the nearest 
jet, and the photon production angle cos (}7 are sensitive to the anomalous couplings. In Fig. 8, 

distributions of these variables from the OPAL experiment are.shown, for the Standard Model 
prediction and for hj = ±0.5. No evidence for anomalous h couplings has been found, and one
and two-dimensional limits are derived. The one-dimensional limits ar.f: 

-0.056 < hi < 0.055 -0.045 < h; < O.Q25 -0.130 < hf < 0.130 

-0.049 < hj < 0.008 -0.002 < hJ < 0.034 -0.200 < h� < 0.070 

3 Quartic boson self couplings 

-0.078 < hf < 0.071 

-0.050 < hf < 0.120 

Starting from U(l)em gauge invariance and requiring a custodial SU(2)c symmetry, genuine 
quartic couplings (i. e. quartic couplings that are not introduced to counteract the trilinear 
gauge couplings to achieve SU(2)L xU(l)y symmetry) arise through the Lagrangians9•10 
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Figure 8: Distributions of E'Y, cos n..,-jet and cos B-r for the qq-y final state. Predictions from the Standard Model 
and for h� = ±0.5 are compared to the data. 
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Figure 9: Anomalous contributions to quartic gauge couplings. 
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The couplings ao and ac conserve CP, the coupling an violates CP. Figure 9 shows the 
relationship between the vertices and the anomalous couplings. In principle, the couplings of 
the W can be different from the couplings of the Z, hence the different superscripts. 

These couplings are accessible either through boson fusion with two bosons in the final state 
or through the production of three gauge bosons. The fusion processes become important only 
at Linear Collider energies and are negligible at LEP. Recent results11 from L3 for the process 
e+e--; w+w-,, which would dominate a possible LEP combination for aif', a':1 and an, allow 
to set the following limits at 953 CL: 
-0.02 < a'g' /A 2 • GeV2 < 0,02 -0.05 < a':1/A2 • GeV2 < 0.03 -0.14 < an/ A 2 • GeV2 < 0.13 

The energy of the least energetic photon in the process e+e---; Z11 is especially sensitive to the 
presence of anomalous quartic couplings and used as a test distribution. Since no evidence for 
such couplings is found, limits are set at 953 CL by L3 as12: 

-0-02 < a�/A2 • GeV2 < 0.03 -0.07 < a�/A2 · GeV2 < 0.05 
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