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The precise electroweak measurements obtained from LEP and SLD
Z data are presented. Since 1996 LEP has been running above the W
pair threshold, and results on the mass and couplings of the W boson are
also given. The LEP results are combined with the SLD, Tevatron and
v-nucleon results to infer the mass of the Higgs boson. This is especially
interesting in light of recent improvements in the calculation of the radiative
corrections.

PACS numbers: 12.15.—y, 14.80.Bn7
1. Introduction

In this review, physics results on three fundamental bosons: the Z boson,
the W boson, and the as-yet-undiscovered Higgs boson, are presented. The
results on the Z are derived from measurements of the cross-section as a
function of center-of-mass energy (the “Z-lineshape”), the forward-backward
asymmetries, tau polarization, and heavy flavor properties. An important
measurement of the left-right asymmetry is provided by SLD.

The properties of W bosons are now also measured by LEP experiments,
as LEP has been running above the W pair production threshold since 1996.
The direct measurement of the W mass at LEP is now as precise as that
from the pp collider experiments. LEP also provides several measurements
of the W coupling constants.

Through the effects of radiative corrections, these measurements can be
used to infer the mass of the Higgs boson in the framework of the Standard
Model. In this context, results on the top quark mass from the Tevatron
experiments and on the weak mixing angle, sin? fy, from neutrino-nucleon
experiments are used as additional constraints.

The results presented here are those presented at the Moriond 1998 con-
ferences. Most are still preliminary.

* Presented at the DESY Zeuthen Workshop on Elementary Particle Theory “Loops
and Legs in Gauge Theories”, Rheinsberg, Germany, April 19-24, 1998.
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2. The Z boson

The measurements performed using Z decays can be roughly divided into
two classes: cross-sections and asymmetries.
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Fig. 1. The hadronic cross-section as a function of center-of-mass energy as mea-
sured by L3. The curve is the Standard Model fit to the data points. As the errors
are very small, the ratio of the data to the fit is shown below on an expanded scale.

As an example of a cross-section measurement, Fig. 1 shows the hadronic
cross-section as a function of the center-of-mass energy. The cross-section
is essentially the Breit—Wigner of the Z pole convoluted with initial-state
radiation (as well as interference between Z and photon exchange). From
the full set of LEP data [1-4] (14.8 million hadronic and 1.6 million leptonic
Z decays), the following have been determined:

my = 91.1867 & 0.0020 GeV, (
Iy, = 2.4948 + 0.0025 GeV, (1b
(
(

op) = 41.486 %+ 0.053 nb,
Ry = 20.775 £ 0.027.

The mass and the width are those based on a running-width Breit-Wigner
denominator (s — m2 + isI;/myz) [5]. The hadronic pole cross-section is
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defined as O'g = ﬁ—g&ep—l;ghad, where ¢, and I},q are the partial widths of the

Z into electrons and hadrons. The ratio Ry = Ihaq/I e is the ratio of the
partial widths into hadrons and a pair of massless leptons, and is derived
assuming lepton universality. This set of parameters was chosen to minimize
the experimental correlations.

The other class of Z measurements are the asymmetries. The forward-
backward asymmetry is defined as Apg = (”;, ;(:B where op and op are the
cross-sections for events with the out-going fermion going in the direction
of the incoming electron or positron, respectively. The asymmetries are
corrected for effects of initial-state radiation, and, in the case of electron

final states, for ¢-channel exchange and s-t interference. The resulting pole

. 0,f . .
asymmetries, App can be expressed in terms of the vector and axial-vector
coupling constants:

0,f 3
AFB = ZAeAf; (2&)
2
Ay = AL (2b)
9ve t Jag

From these coupling constants, the effective weak mixing angle is defined:

sin” 4" = i(l — gvi/gae). (3)

Parity violation both in the production of Z bosons as well as in their

decay produces polarized final states even if the incoming electron and

positrons are unpolarized. At LEP, only the 777~ final states can be ana-

lyzed, using the tau decay products as a polarimeter. The angular depen-
dence of the polarization is given by

A (14 cos?6) + 2A.cos b
14 cos?20 +2A,A.cos0 ’

Pr(cosf) = — (4)
where 6 is the tau production angle. From a measurement of the tau polar-
ization, A, and A can be independently determined. In addition, as the
measurement is linear in A, and A, the relative sign of g4y and gy, can
also be determined. An example of a measurement is shown in Fig. 2.

A very similar physics result has been obtained by the SLD collaboration
at the SLC [6]. In their case, the incoming electron beam is given either
right- or left-handed polarization. A straight-forward measurement of the
hadronic cross-section for right and left polarized electrons is then used to
determine A.:

Ap= = ZETOR _ 4 (5)
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Fig. 2. The measurement of the tau polarization as a function of the tau production

angle by the ALEPH collaboration. As can be seen, the average yields information
on A,, whereas the forward-backward asymmetry depends on A..

The physics is the same as in tau polarization. However, at SLC the electron
beam is polarized to 77%, whereas the natural polarization of Z decays is
only 14%.

Using the results of the lepton asymmetries, the tau polarization, the
Apr measurement, and the determinations of Iy, the values of the vector
and axial-vector coupling constants for leptons can be extracted (I, o g‘2/€+
9?4@)- The result, assuming lepton universality, is:

gve = —0.03770 + 0.00053, (6a)
gar = —0.50104 + 0.00031. (6b)

This is shown graphically in Fig. 3. As can be seen from the Figure, the
latest SLD results are in much better agreement with the LEP results than
they were last summer |7].

The analysis of hadronic final states containing heavy quarks, especially
b quarks, also yields important information. Because of the large t-b mass
splitting, the decay Z — bb has large vertex corrections involving loops with
t quarks. The ratio Ry, = I/l had therefore has a unique sensitivity to my.
In addition, because the b quark has charge 1/3, the forward-backward bb
asymmetry is very sensitive to A, and thus sin? H‘IS?t.

A couple of years ago, the measurement of R}, was the cause of some con-
cern, as it was several standard deviations away from its Standard Model
prediction. However, with the addition of significantly more data, greatly
improved analysis techniques, and some new measurements of auxiliary
branching ratios, the situation has changed considerably. This is shown
in Fig. 4, which shows the evolution of the measurements over the past 3
years.
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Fig.3. The 68% contours in the gy, ga¢ plane. The shaded areas represent the
results from the Summer 1997 conferences, and the open areas the latest results.
The solid ellipses are for the assumption of lepton universality.
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Fig. 4. The 68% contours for the measurements of R}, and R.. The arrow represents
the Standard Model prediction for a top quark mass of 175+ 5 GeV.

The summary of all the asymmetry results from the Z data, interpreted in
terms of sin® Hi?t is shown in Fig. 5. Also here there has been a significant
change since last year. The x? per degree of freedom for the average is
8.6/6. Last summer it was 12.5/6. The major differences are from AOF’];
which moved down by about 0.6 standard deviations due to a new result by
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ALEPH, and Apgr, which has moved up by about 0.7 standard deviations
due to the new 1997 SLD data. Although the LEP and SLD results still
disagree by 2.3 standard deviations, the situation is considerably improved
compared to previous years.

Effective Electroweak Mixing Angle
sin®8P= 1/4 (1 - g,/ §))

AY —e— 0.23102 + 0.00056
A —=—  0.23241 £ 0.00080
A, —r—®%——  0.23193 + 0.00090
AP —a— 0.23211 + 0.00039
AYS —n 0.2316 + 0.0010
<Qp> —— 0.2321 + 0.0010
Average(LEP) -o- 0.23185 + 0.00026
X2/d.0f:3.3/5
A(SLD) —*— 0.23084 + 0.00035
Average(LEP+SLD) 0.23149 + 0.00021

X2/d.0.f.:8.6/6

1034

EEE 1/a= 128.896 + 0.090
HHa,=0.118 +0.003
BRim=174.1+5.4 GeV

T T
0.23 0.232 0.234 0.236
i 2nlept
SiN“B4

Fig. 5. The measurement of sin® HL?t from asymmetry measurements at LEP and

SLD.

3. The W Boson

Since 1996, LEP has been running at energies in excess of 160 GeV, i.e.,
above the threshold for the production of a pair of W bosons. We have thus
moved from the Z physics era to the W physics era.

The W properties which have been measured to date include the decay
branching ratios, the mass, and the W couplings to the Z and photon (triple
gauge boson couplings, or TGC for short).

The W-pair production cross-section has been measured now at three
different energies: 161.3 GeV and 172.1 GeV in 1996 and at 182.7 GeV in
1997. The cross-sections from the combination of the four LEP experiments
is shown in Fig. 6. The measurement of the cross-section serves two different
purposes. Near threshold (161 GeV) the cross-section depends strongly on
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the W mass, and the first measurement of the mass at LEP resulted from the
cross-section measurement. Above the threshold, the cross-section depends
on the values of the TGC’s. This is shown in Fig. 6, where the dashed and
dotted lines are for “extreme” values of the couplings, i.e., for the case of no
ZWW coupling, and for the case where only the t-channel neutrino exchange
takes place. As can be seen from this figure, the Standard Model describes
the data very well (as usual!).

W*W~ cross section at LEP

PRELIMINARY
7207 ® LEPA A
» verage . -
218 F— Standard Ngllodel,:" o
g b no ZWW vertex”
16 — v%ﬁi(change//ﬁ_.-’
14 Y ‘
12
10}
8F
6F
4t
2¢F.
0 L. 1 " " " " 1 " " " " 1 " " " "
160 170 180 190
Vs [GeV]

Fig. 6. The WTW ™~ production cross-section as a function of center-of-mass energy.

TABLE 1
The measurements of the W decay branching ratios in percent (results are prelim-
inary) [8-11]. The hadronic branching ratio is determined assuming lepton uni-
versality. There are large correlations between the individual leptonic branching
ratios, which have been taken into account in determining the hadronic branching
ratio.

Br(W— uv)

Br(W— tv)

Br(W—hadrons)

Experiment Br(W—ev)
ALEPH 11.24+ 0.8+ 0.3
DELPHI 9.9+ 1.14+0.5

L3 10.7 £ 0.9 £ 0.2
OPAL 11.7 £ 0.9 £ 0.3

9.9+ 0.8+ 0.2
11.4+1.1£0.5
10.3£0.9+0.2
10.1 £0.84+0.3

9.7+ 1.0+£0.3
11.2+ 1.7+ 0.7
9.2+1.2+0.3
10.3£1.04+0.3

69.0 £ 1.2 £0.6
67.5+1.5+0.9
69.5+1.3+0.4
67.9+1.2+0.6

LEP Average 11.0 £ 0.5

From the measurements of the total WW production cross-section, along
with the measurements of specific channels, e.g., ete™ — WTW~ — qquv,

10.3 £ 0.5

10.0 £ 0.6

68.6 + 0.8
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the W branching ratios can be determined. The ratios for the individual
lepton species are shown in Table I, as well as the hadronic branching ratio
assuming lepton universality. It should be noted that the branching ra-
tios are not independent: there is about 25% anti-correlation between the
tau branching ratio and those of the other two leptons, and the hadronic
branching ratio is 100% anti-correlated with the leptonic average. The mea-
surements are in very good agreement with the Standard Model expectations
of 10.8% per lepton species and 67.6% for the hadronic channel.

The measurements of the total and differential cross-sections have also
been used to determine the TGC’s, typically in terms of anomalous cou-
plings which are zero in the Standard Model. The most general Lorentz
invariant Lagrangian which describes the triple boson interaction vertex has
fourteen independent terms, seven describing the WW~ vertex and seven
describing the WWZ vertex [12-17]. As this set is rather large to be mea-
sured simultaneously, models which reduce the number of free parameters by
making additional assumptions have been considered. A common assump-
tion is to consider only CP-conserving operators which neither affect the
gauge-boson propagators at tree-level, nor generate anomalous Higgs cou-
plings. In this case, there are operators that give rise to C- and P-conserving
couplings, with deviations from the Standard Model denoted by awg4, aw
and apg [17]. These can also be expressed in a somewhat more familiar
form:

awe = 0z cos by sin by, (7a)
aw = Ay, (7b)
apy = Aky — 0y cos bw sin Oy, (7c)

where d7 is the deviation of the ZWW coupling from its Standard Model
value of cotfw, and Ak, and A, parameterize the deviations of the W
magnetic dipole and electric quadrupole moments: pw = 2WELW (24+Ary+Ay)
and Qw = —ﬁ(l—l—Amy —Ay). The results are shown in Fig. 7 for the « set,
where not only the LEP results, but also results from the D0 Collaboration,
have been combined. In no case is the Standard Model value of 0 excluded.

The W mass has been measured at LEP using two different methods.
The first, mentioned earlier, was performed by measuring the production
cross-section at 161.33 GeV. From the LEP average of the cross-section,
3.69 £+ 0.45 pb, the mass was determined to be 80.40 £ 0.22 GeV.

The more interesting, and more model-independent, method is from the
direct reconstruction of the W decay products [8-11|. Here, the masses of
the two W bosons are reconstructed from their decay products. There are
two general classes of events that are used: those where both W’s decay
hadronically (qqqq) and those where one W decays hadronically and one
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Fig.7. The log-likelihood curves for the combination (solid lines) of the LEP
(dashed lines) and DO (dotted lines) results on aywy, aw and ap, [18-22].
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Fig. 8. The reconstructed mass distribution for qqqq events from the OPAL Col-
laboration.

leptonically (qqfv). The third category, fully leptonic events are not used
because the two neutrinos carry away too much information. For both event
classes, a kinematic fit is used to improve the resolution on the mass. Also,
typically an equal mass constraint is used, so that there is only one mass

reconstructed per event. An example of a mass distribution is shown in
Fig. 8.
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TABLE II
Summary of the W mass measurements by direct reconstruction in the semi-
leptonic and hadronic channels. The x?/d.o.f. for the combinations is 1.7/3 and
5.9/3, respectively.

Experiment mw (GeV)

qqtv 9999
ALEPH (prel)  80.20+£0.20 80.57 +0.21
DELPHI (prel.) 80.50+0.24 80.01 +0.22
L3 (prel.) 80.00+0.24  80.59 = 0.23
OPAL (prel.) 80.29 +£0.19 80.40+0.24

LEP Average 80.27+0.11 80.40+0.15

The results from the 172 and 183 GeV data is shown in Table II. The
four LEP experiments are in excellent agreement with each other. In addi-
tion, the masses measured in the qqqq channel and the qgfv channel agree
very well. Of course, in principle, they should agree; however final state
interaction in the fully hadronic final state (Bose-Einstein correlations and
“color-reconnection”) could cause a flow of energy between the two W bosons,
and could thus affect the reconstructed mass. Although no indication of a
mass shift has been observed, 100 MeV has been assigned as systematic error
on the qqqq channel. Including this error, the combined W mass result from
the LEP results (including also the cross-section measurements) is

mw = 80.35 % 0.09GeV. (8)

4. The Higgs Boson

Via radiative corrections, particles that are not produced at LEP en-
ergies can nevertheless make their presence be felt. Within the framework
of the Standard Model, the two most important are the top quark and the
Higgs Boson. For most processes, the leading dependence of the radiative
corrections is quadratic in the top quark mass and logarithmic in the Higgs
mass. One exception is the quantity R}, which due to cancellations has
almost no dependence on the Higgs mass. A careful comparison of the the-
ory with the measurements can thus yield interesting information about the
structure of the radiative corrections as well as the mass of the Higgs boson.
This is especially true since the discovery of the top quark at the Tevatron.

The measurements used in the following Standard Model fits are shown in
Table III. In addition to the measurements at LEP and SLD, measurements
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TABLE III
The experimental input values to the Standard Model fits. Note that many of the
results are correlated. Although not shown in the table, the correlation matrices,
where appropriate, have been used in the fits. The numbers in brackets give the
error in the last digits.

Gr 1.16639(2) x 1075 sin?6.P" Arg  0.23084(35)
a(mz)~! 1.2896(90) R 0.2173(9)

myz (GeV) 91.1687(20) R? 0.1731(44)
Iy (GeV) 2.4948(25) AL 0.0998(22)
a? (pb) 41.486(53) AY%S 0.0735(45)
Ry 20.775(27) A, 0.899(49)

AL 0.0171(10) A 0.660(45)
A, 0.1400(63) sin? Oy vN 0.2198(21)
Ae 0.1438(71) mw (GeV) pp  80.40(9)

sin? 01P" Qpp 0.2321(10) my (GeV) pp 174.1(5.4)
mw (GeV) LEP 80.35(9)

of G from muon decay, my [23] and mwy [24] from pp colliders, sin? Oy from
neutrino-nucleon experiments [25], and the determination of a(m32) [26] from
low energy eTe™ interactions are also used. The main differences between
now and the Summer 1997 Conferences on the experimental side are:

e As mentioned earlier, both the value of sin’ 9§’t from the SLD Argr
measurement and the value of the bb asymmetry have increased. The
net effect is that the value of sin? Hi?t is essentially unchanged; how-

ever, the x? of the fit improves significantly.

e The error on the LEP value for mw is significantly smaller due to the
183 GeV data. It is now the same size as the Tevatron result.

e Both the error and the central value of the sin? Oy result from the vN
experiments (dominated by NuTeV) are smaller!.

On the theoretical side, there have also been significant improvements.
Although many of the new calculations have been available for a while, they
have only recently been incorporated into the analytical programs that the
experimentalists use to perform the fits, e.g., the ZFITTER and TOPAZO0
packages. The most important of the corrections are the O(g*m?2/MW?)
corrections [27], which reduce the theoretical uncertainty on the prediction

1 Since the time of the conference, a mistake was discovered in the result. The central
value changed from 0.2198 to 0.2255. However, this has only a small effect on the
final results.
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of the Higgs mass (and at the same time reduce the predicted mass!). The
other important contribution is the nonfactorizable QCD-EW corrections
[28] which have the effect of increasing as(m2) by about 0.001.

In addition, there have been several recent evaluations of a(m2) [29-
31], which are somewhat more theoretically motivated than the evaluation
currently used. Because of this, the error is significantly reduced. As the
error on a(m%) is one of the dominant sources of uncertainty on the Higgs
mass, the use of the newer evaluations significantly improves any limit on
the Higgs mass. The fits shown here use the more model-independent result
given in Table III; however, the effects of using the value of a(mz)~! =
128.923 + 0.036 [30] are also shown.

In the Standard Model, relations exist between all masses. Thus, in
addition to extracting limits on the Higgs mass, one can test the consistency
of the Standard Model. As an example, indirect measurements of my and
mw using all the data except the direct LEP and pp measurements can
made. The results are

my = 16175 GeV (9a)
mw = 80.351 +0.040 GeV, (9b)

which can be compared with the direct measurements of my = 174.1 &+ 5.4
GeV and mw = 80.375 £+ 0.064 GeV. This is also shown in Fig. 9 where the
68% confidence level contours are given.

As can be seen, the agreement is very good.

Now that the consistency of the data has been checked we can go the
next step to investigate the limits on the Higgs mass. In the final fit, all of
the data are fit to the Standard Model expectations. This results in

my = 171.1£5.1 GeV (10a)
my = 6675 GeV, (10b)
as(mZ) = 0.120 % 0.003. (10c)

The x2/d.o.f. is a very good 16/15. As pointed out earlier, the dominant
Higgs mass dependency is logarithmic, so some care must be taken in inter-
preting the Higgs mass result.

In order to extract the mass limit, we plot the Ax? of the fit as a function
of the Higgs mass. This is shown in Fig. 10. In this rather busy figure, there
are several things that can be noticed:

o the fits using ZFITTER (solid curve) and TOPAZO (dashed curve)
agree very well with each other, especially at high Higgs masses. How-
ever, this should be considered a test of the technical precision of the
two programs, rather than an estimation of the theoretical uncertainty.
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Fig.9. The 68% C.L. contours for the indirect measurements of myw and my (solid
curve) and the direct measurements (dashed curve). The shaded band shows the
Standard Model prediction as a function of the Higgs mass.

6 g3 T T
i —ZFITTER ;

no O (g* m?/ m2)
corrections
= 1/0= 128.923+0.036

0 Excluded Sl

10 10
m,, [GeV]

Preliminary

3
10

Fig.10. The Ax? curve of the Standard Model fit to the data. See the text for a
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e The prediction using the new radiative corrections gives a much smaller

Higgs mass than the previous prediction (dotted curve).

e The error on a(m%) gives an important contribution to the mass limit,

as can be seen if a value with a smaller error is used (dashed-dotted
curve).

e The central value for the Higgs mass is excluded by the latest LEP

search limits (myg > 88GeV) [32].

The 95% C.L. lower limit on the Higgs mass is 215 GeV. This does not

take

into consideration the direct search limit.

I would like to thank the organizers for a very well run conference. This

talk

would not have been possible without the support and contributions

from my colleagues and friends in the LEP experiments and in the LEP
Electroweak Working Group.
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