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ABSTRACT 

The most relevant LEP electroweak measurements obtained during the 
LEP-I and LEP-II operation phases are briefly reviewed, and their internal 
consistency, as well as their agreement with the Minimal Standard Model 
(MSM) predictions, are discussed. 
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l Mz and l?z are the only measurements sensitive to the energy scale and they are 
strongly affected by common LEP energy uncertainties which, thanks to the use 
of the resonant depolarization technique for the determination of the LEP energy, 
have been reduced to 1.7 MeV and 1.3 MeV respectively.3 The present LEP 
averages are Mz = 91.1867 f 0.0021 GeV and I,a = 2.4939 f 0.0024 GeV. 

l u: is the only lineshape observable in which the overall normalization, and hence 
the luminosity measurement uncertainties, enter. Presently this measurement is 
already dominated by the common systematical error due to the theoretical un- 
certainty in the low-angle Bhabha cross section, which presently is estimated to 
be of 0.11% (Ref. 4). Since & is a ratio of cross sections, the luminosity mea- 
surement cancels and there is, so far, no relevant source of common systematics 
affecting it sizably. The present LEP averages are al = 41.491 f 0.058 nb and 
Rl = 20.765 f 0.026. 

The forward-backward asymmetry is defined as 

AFB - ~F-~B 
C++uB’ 

(5) 

where F and I? indicate the forward or backward hemisphere. Normally it is obtained 
by fitting the measured angular distribution to the formula 

-g&(S) = +ys, ( 1 + co? 0 + ; A:,(s) cos 0 
> 

(6) 

In the case of the e+e- final state, the t-channel contribution is either subtracted from 
the observed asymmetry or added to the previous expression. 

Once the different AbB(si) are obtained, they are fitted together with the lineshape 
data to get the lineshape parameters mentioned above and the peak asymmetry, AyB: 

from which the effective weak mixing angle is measured. The main error in this mea- 
surement is still statistical. Experimental systematics can only come from simultaneous 
charge and forward-backward asymmetries in the detector, which are bound to be very 
small. The present knowledge of the beam energy contributes a non-negligible 0.0005 
to LIARS. The LEP average for the peak asymmetry is AyB = 0.01683 * 0.00096. 
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Fig. 1. Contours of 68% probability in the Rl-AyB 

to correspond to a massless lepton. Unless 
note the arrows showing the Standard Model 
mt = 173.8 rt 5.0 GeV, MH = 300 m210 +700 GeV , 
in the direction of increasing values. 

Figure 1 summarizes the tests for lepton universality 
forward-backward lepton asymmetry analyses. 

The use of the sketched procedure does introduce 
rameterization of the lineshape and asymmetry 
contribution to the hadronic cross section, because 
dividually measured for each flavor. This term 
general approach, which is to parameterize the 
the Z exchange amplitude, has been implemented 
so-called S-matrix ansatz.5 Fitting the LEP-I 
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The main systematic errors come from the evaluation of the efficiency and the back- 
ground of the selection. The best option is to try to use data to estimate both. In practice, 
the techniques mentioned above can be used to tag only one hemisphere and look at the 
other one to measure the tag efficiency and the background. This is the basic idea of 
the “double tag” methods, in which these quantities are obtained from the measurement 
of the number of the tagged hemispheres Nt and double-tagged events Nrt through the 
following equations: 

Nt = zNhad(RbEb + &c + (1 - Rb - &)&uds) 

Nt, = h&b&b A- K&c 

+(I - Rb - &)Ef,d$uds) , (12) 

where ci stand for the efficiencies [&b is of 0(25%) with lifetime tag, & typically 
0(0.5%) so that the typical b purity is of 0(95’?‘) o an &,& are negligible] and c, are the d 
tagging efficiency hemisphere correlations [typically (3(l)]. To solve these equations, 
Rb and cb are taken to be the unknowns while the rest of the quantities are computed 
using Monte Carlo simulation. Given the high purity of the lifetime tags, 

(13) 

and therefore, the uncertainty in the additional quantities determined with Monte Carlo, 
enters Rb in the following way: 

A&,/& X -1.5 A&,/&, 

A&/R,, %  A& (14) 

so that, for instance, an absolute error of 1% on cb translates directly into a 1% relative 
error on Rb. Given the fact that disentangling in the Monte Carlo the different correla- 
tion sources and their actual size is a rather difficult task, the estimation of their actual 
systematic uncertainty is being reanalyzed in some detail and, its final understanding 
might produce still sizable changes in the actual measurements. The present results 
from the four collaborations are shown in Fig. 2. 

The c quarks can be tagged in two different ways: 

l using b tag techniques (lepton tag, event shape), extending them to the lower p 
and pt regions, and then fitting simultaneously the b and c information, 

l through the reconstruction of charmed meson decays. The cleanest one is D*+ -+ 

rb/rhad 

ALEPH mull 0.2159 : 0.0009 -f- O.OOIl 

DELPHI mult 0.21625 k 0.00067 f 0.00061 

0.2179 -+O.OOlSf 0.0026 . . . . . . . ...*..... 

LEP+SLC 

0.2176 I 0.001 1 ?c 0.0011 

0.21594 kO.00139 k 0.00140 

0.21656 10.00074 

corrected fororyexchange 

loo’....‘...‘.l~...‘.I 
0.2125 0.215 0.2175 0.22 

rb/l-,,a, for 1-&,, = 0.172 

Fig. 2. The ratio of the Z partial width to b hadrons to the one to all hadrons measured 
by the four experiments, together with the mean and the MSM prediction as a function 
of the top quark mass. The error bars reflect the full uncertainty. 
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ACE at 4s = m, 
FB 

LEP 
S"l"nux9X 

0.0965 t 0.0044 -1- 0.0026 

0.0998~0.0065~0.0029 

0.0963 + 0.0065 + 0.0035 

0.0910 f 0.0044 + 0.0020 

0.1040 It 0.0040 + 0.0032 

0.0979+0.0047f0.0021 

0.0855 + 0.0118 k 0.0056 

0.1004 L 0.0052 i 0.0044 

0.0990 rt 0.0021 

Include Total S s 0.0010 
With Common ys 0.0007 B 

m, = 175.6 f 5.5 GeV 

a.' = 128.896 rk 0.090 

Fig. 4. The b-quark forward-backward charge asymmetry measured by the four exper- 
iments, together with the mean and the MSM prediction as a function of the top quark 
mass. The error bars reflect the full uncertainty. 

the D** meson. The results obtained by the four LEP collaborations with the different 
methods explained can be seen in Fig. 5. 

The LEP results are combined at the “raw” asymmetry level, as measured at the 
average LEP energy and therefore, they have to be corrected for QED, QCD, and energy 
effects to obtain AyB as appearing in Eq. (15). After the corrections, and including the 

0.063 L o.ow + 0.no.w 

0.0658 f 0.0093f 0.0042 

0.0630 . 0.0 I20 _ n.noi5 

0.0709i 0.0044 
IncludeTotal S ~0.0022 
With Common ys 0.0011 B 

H m, = 175.6k5.5 GeV 

(1.' = 12X.X% I o.wn 

Fig. 5. The c-quark forward-backward charge asymmetry measured by the four exper- 
iments, together with the mean and the MSM prediction as a function of the top quark 
mass. The error bars reflect the full uncertainty. 

relevant data from SLD as well, the results are 

A&b 
FB = 0.0990 zt 0.0021 

= 0.0709I-t 0.0044. (16) 
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Fig. 7. One-sigma constraints in the A* versus Al plane coming from the leptonic and 
hadronic asymmetry measurements. 
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Fig. 8. One-sigma constraints in the A, versus Al plane coming from the leptonic and 
hadronic asymmetry measurements. 
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3.1.4 Quantities Derived from Ratios 

The ratios of partial widths, due to the cancelation 
numerator and denominator, allow the direct determination 
the theory without relying, in principle, too 
tensions of the MSM which would manifest themselves 
polarization would produce very similar predictions 

Rl depends little on mt and MH whereas 
coupling constant, Rl N RF( 1 +cu,(Mz)/r). Therefore, 
of as(kfz) with minimum theoretical uncertainties. 
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Table 1. The LEP center-of-mass energy and luminosity after the LEP-I phase. 

Year 

Nov. 1995 130/136 (LEP 1.5) 

June-Aug. 1996 16 1 (WW threshold) 

Oct.-Nov. 1996 172 

July-Nov. 1997 183 

Nov. 1997 1301136 

1998 189 

G (GeV L(pb-‘)/exp. 

6 

10 

10 

55 

- 200 

W  pairs -I 

,-” 30 

- 100 

- 850 

l After that, the increase in the LEP energy allowed the study of the W W  cross 
section and asymmetries, independent of the direct measurement of their mass, 
by fitting the invariant mass distribution of their decay products. 

These last two regimes are the relevant ones for the study of the W  properties, which 
is the main electroweak subject of the LEP-II run. The other electroweak analyses with 
that data (mainly related to the Z events) are not going to be covered in this note. 

The Ws are pair produced at LEP and, given the large W  width, only their decay 
products can be detected. Ws are expected to decay into a lepton and a neutrino 33% 
of the time, and hadronically into jets 67% of the time. Therefore, the events observed 
at LEP can be classified into three categories: 

. Fully Leptonic: (BR = ll%), in which both Ws decay leptonically, leaving just 
two visible leptons. The events are characterized by a low multiplicity, high miss- 
ing pr, and large acoplanarity. Selection efficiencies are typically of about 70% 
for purities of about 90%. For this channel the backgrounds are not a big issue and 
come mainly from two-photon events and from radiative return Z leptonic decays 
(especially into taus) and at energies above the ZZ threshold from 22 + 1!+2-vV 
events. 

. Semileptonic: (BR = 44%) in which one W  decays leptonically and the other 
decays hadronically. These events have large multiplicity, large missing pi, and 
an isolated energetic lepton which should be rather antiparallel to the missing 
momentum direction. The selection efficiency is typically of the order of 85% 

for the lepton being an electron, 90% if it is a muon, and about 60% when it is 
a tau lepton, for purities well above 90%. The backgrounds for this channel are 
very low and come mainly from qq events, from Zee, and from other four-fermion 
processes. 

l Fully hadronic: (BR = 45%), in which both Ws decay hadronically, leading 
basically to four-jet events. The signature in this case is the high multiplicity 
and the nonexistence of missing mass. The background for this channel is rather 
severe, especially the one due to the process QQ + 4jets and therefore, the se- 
lection requires the use of the most sophisticated multivariable techniques (linear 
discriminant analyses, neural networks, etc.). The use of all sorts of kinematical 
variables, together with the use of variables related to lifetime tagging within these 
techniques (unlike the Zs, the Ws do not decay into b quarks), allow efficiencies 
above 80% for purities above 80%. 

In the following sections we are going to describe how these different samples are 
used to determine the W  boson parameters. 

4.1 W W  Cross Section and Branching Ratios 

As already said, due to the extremely short W  lifetime, only the four fermions coming 
from the W  pair decay are observed in our detector. Therefore, in practice, all the possi- 
ble ways in which these identified four fermions could come from the e+e- interaction 
should be considered as interfering channels to produce our detected final state. This 
interference which in principle could be large, can be drastically reduced by requiring 
the four fermions to be well inside the detector and well separated. Nevertheless, one 
needs a precise prescription to define what the W W  cross section is and how can it be 
obtained from the measured four fermion cross section. The definition agreed among 
the four LEP collaborations corresponds to the diagrams depicted in Fig. 11 with the 
subsequent decay of the produced Ws: 

c7~~ E  a(e+e- + W+W- --t 4f) , 

that is, the cross section through only the double W  resonating diagrams (technically 
called CC03 diagram subset after the LEP-II workshop).g 

The actual cross section measured by the LEP collaborations is corrected to this 
definition either by applying a correction factor or just by subtracting the remaining 
contributions estimated with a Monte Carlo simulation. 
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W Leptonic Branching Ratios Br(W + hadrons) 

ALWII !V+a 
DELPHI W+ev 

L3 W+ev 
OI’Al> \v+ev 

LEP W+ev 

l-u- 

+- 
-A- 

11.20 t 0.85 
9.9Of 1.21 
10.50 + 0.92 
11.70 rt 0.97 
10.92 f 0.49 

Y.90 i 0.84 
11.4Of 1.21 
10.20 + 0.92 
10.10 rt 0.86 
10.29 + 0.47 

Y.70 ir 1.06 
11.20f 1.84 
9.00 f 1.24 
10.30 ri- 1.05 
9.95 2 0.60 

10.40 zk 0.26 

Fig. 13. The LEP measurements of the W leptonic branching ratios. 

and fully hadronic events. In the first case, the events are forced to a two-jet config- 
uration after excluding the lepton candidate. In the second case they are forced to a 
four (or more)-jet configuration using the jet algorithm giving the best invariant mass 
resolution. 

In both cases, the invariant mass resolution is improved by applying a kinematical fit 
to reconstruct four objects using the energy and momentum constraints. The invariant 
mass resolution is further improved by constraining the two masses of the event to be 
(exactly or approximately) equal. This is called two-C fit in the semileptonic channel 
and five-C fit in the fully hadronic one. 

In the fully hadronic case, the impossibility of unequivocally identifying the quark 
generating each jet introduces additional complications. Apart from the non-negligible 

.\l.EPH 69.0 + 1.f 

DELPHI 67.5 t 1.7 

L3 70.1 f 1.4 

OPAL n 67.9 f 1.3 

LEP -o- : i 68.8 i 0.8 

,...n...1..:n..., 
64 66 68 70 72 

Br(W + hadrons) [ %] 

Fig. 14. The LEP measurements of the W hadronic branching ratios. 

physics background already mentioned, the need for pairing the jets to determine the 
two W invariant masses introduces a non negligible combinatorial background which 
is reduced by the use of dedicated pairing algorithms. 

After these steps, the invariant mass distributions have a Breit-Wigner like shape as 
can be seen in Figs. 15 and 16, but which is sizably distorted by several effects such 
as initial state radiation, phase space boundary, detector resolution, misassignment of 
particles to Ws, backgrounds, event selection, etc. Therefore, to get a precise determi- 
nation of the W mass, elaborate fitting techniques should be applied to the reconstructed 
events. Out of the different techniques tried by the LEP experiments, one of the most 
popular is the use of Monte Carlo reconstructed mass distributions to compare directly 
with the data mass distributions. The idea is to have many large Monte Carlo template 
distributions generated with different W parameters to see which one fits the data best. 
Technically, instead of generating large MC samples at different W parameters, only a 
large sample is generated at a reasonable value of the W parameters (M$‘, I$‘) and 
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The detailed analysis of all the event properties should allow to discriminate between 
these models and to adjust their parameters independently from the W  mass determina- 
tion. Unfortunately, so far the statistical power of the data has been too limited to make 
any conclusive statement, although the preliminary results are encouraging and show 
the potential of the methods with the forthcoming statistics. 

4.2.4 Results 

The LEP results for the W  mass determination, using the techniques explained above, 
are shown in Fig. 17. As can be seen, the most precise determination comes from the 
direct reconstruction and is in perfect agreement with the cross-section determination. 
Figure 18 shows that the LEP measurement is in good agreement with all the direct and 
indirect determinations of the W  mass performed so far and that its accuracy is already 
comparable to the one obtained in the proton colliders, which so far were giving the 
best direct measurement. 

In the direct reconstruction result, the uncertainty can be split as follows: 

Mw = 80.32 f 0.08 f 0.05 (FSI) 3~ 0.02 (LEP) GeV , 

where the first term is the experimental uncertainty, FSI stands for the theoretical un- 
certainty due to Final State Interactions, and LEP stands for the uncertainty in the 
LEP center-of-mass energy. The direct reconstruction results for semileptonic and fully 
hadronic channels separately are: 

~semileptonic 
W = 80.313~ 0.11 f 0.02 (LEP) GeV 

@adronic 
W = 80.39 + 0.10 f 0.09 (FST) f 0.02 (LEP) GeV 

so that no discrepancy pointing to an eventually large FSI effect is observed. 

4.3 Triple Gauge Couplings 

Since the couplings ZW+W- and yW+W- do enter at tree level in the prediction of 
the e+e- + W+W- cross section (see Fig. 1 l), LEP-II allows for the first time the 
direct study of the non-abelian structure of the electroweak SM in e+e- collisions. 

The most general structure of the Lagrangian describing each one of these triple 
gauge couplings (TGC) which would preserve Lorentz invariance would have seven 
different terms, while in the Standard Model at tree level, just two terms for each cou- 
pling are predicted. Nevertheless, out of these seven terms, just three conserve C and P, 

Vancouver 98 - Preliminary - 161+172+183 GeV 

M, (GW 

80.0 a1 a 

M, (GW 

Fig. 17. The LEP determinations of the W  mass. 

while the other three violate CP and the last one just conserves CP For several reasons 
to follow we will consider only those terms that conserve C and P, namely gt. K, and 
X, which are related to the static electromagnetic moments for the W+ in the following 
way: 

Qw= es: Electric charge 

PW= && (g: + n7 + X,) Magnetic dipole moment 

qw = -$+r - 4) Electric quadrupole moment 

and the same for the weak charge and moments by just substituting y by Z. Any theory 
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plings contribute at tree level only linearly to the process amplitude, they show up 
in the differential cross section as a quadratic effect: 

where oi stands for the couplings and R stands for the observed kinematical vari- 
ables. From this simple equation it can be shown that the optimal observable for 
coupling “i” can be defined as: 

ooi = &  (@gQ) Lo _ Sl.@ ) 
* la,=0 -$iiy 

In practice, the Monte Carlo do/d0 is used to account for the backgrounds and 
experimental effects, and the parameters are extracted by computing the value of 
the probability of the observed value of the OOi for each event and then maxi- 
mizing their combined likelihood function. 

By now, given the limited statistical power of the measurements, the results from 
the different LEP experiments are provided as likelihood curves for a single parameter 
fit while the other parameters are zeroed. These likelihood curves are then combined, 
as can be seen in Fig. 19. From the results collected in that figure, no significant dis- 
crepancy with the SM is observed. 

5 Standard Model Fits Fig. 19. Summary of the LEP constraints on the triple gauge couplings. 

The results presented in the previous sections can be interpreted in the context of the 
MSM, allowing a check of its validity in describing all the observations, and enabling 
the inference of some of the fundamental MSM parameters. 

The comparison is made through a fit of the measurements shown in Table 2 to their 
MSM predictions in terms of the top quark mass mt, the Higgs boson mass MH, and 
the value of cy, (1Ms). 

The most up-to-date MSM calculations have been used and their estimated theoret- 
ical uncertainties14 have also been propagated in the fitting procedure. The uncertainty 
in l/a(Mz) = 128.878 f 0.090, i5 due to the contribution of light quarks in the photon 
vacuum-polarization, is the one that dominates by far. 
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The results of the fit with different data sets are presented in Table 3. It is clear from 
these results that the data prefers a rather light Higgs boson mass as can be seen also in 
Fig. 20. In that figure, the impact of taking l/cy(i@) = 128.905 f 0.036, as advocated 
in Ref. 16, is also shown. 

In addition, from Table 3 one sees that there is a nice agreement between the direct 
measurement of mt and M W  and their indirect determination through their effect in the 
precision electroweak measurements. This fact constitutes a successful deep test of the 
Standard Model predictions beyond the tree level structure. This agreement can also be 
seen in Fig. 21 which also illustrates the fact mentioned above: in a completely inde- 
pendent manner, the precision electroweak measurements and the direct determinations 
of mt and A& point to a rather light Higgs boson mass. 
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6 Summary 
Table 3. Results of fits to LEP and other data for mt, MH, and a,(Mi). No external 
constraint on cy, (1Mz) has been imposed. 

LEP No Mw,no mt No Mw All data 

mt (GW 160 2;” 158 ‘; 171.0 f 4.9 151.1 & 4.9 

MH WV) 60 'ii7 32 +41 -15 82 2;; 76 +85 -47 

4MZz) 0.121 f 0.003 0.120 f 0.003 0.120 f 0.003 0.119 * 0.003 

X2/@.0.f.) 49 13/12 15/13 1505 

sin281ePt 
eff 

0.23182 f 0.00023 0.23157 zt 0.00018 0.23159 f 0.00020 0.23157 f 0.00019 

MW GeV) 80.314 f 0.038 80.332 f 0.037 80.367 f 0.029 80.371 irO.026 

80.6 8 " ,I 8 I 'I c I ' 
-LEPi,SLD,vN Data 
.... LEP2, pf~ Data 
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Fig. 21. The direct and indirect determinations of mt and MW compared with the SM 
predictions. 

The precision electroweak measurements at LEP-I have been a big success, even be- 
yond the most optimistic expectations. Thanks to these measurements, the Z boson 
properties are known today with very high precision. 

The LEP-II electroweak precision program started just a few years ago and is now 
reaching maturity. The most precise measurement, n/r,, has already reached the same 
precision as in collider experiments. The statistics accumulated during 1998 and the 
ones foreseen in the coming years should also allow precision measurements of the rest 
of the W boson properties. 

Altogether, these measurements allow an unprecedented test of the good health of 
the MSM in describing the electroweak data and, together with the relevant electroweak 
measurements performed around the world, open a significant window for the inference 
of the last missing piece of the puzzle: 111,. 
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