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Introduction

Electroweak interactions at LEP are a subject based on a wealth of data,
given the success of the CERN ete- storage ring. I will report on the results from the
four experiments, ALEPH, DELPHI, L3 and OPAL after the analysis of about 1/2
of the data collected in 1989 and 1990,

The review will cover the electroweak aspects of the process ete-—Z"—>ff
where the fermions can be either quarks or leptons. The analysis of experimental
data is based on the determination of the cross section integrated on the solid angle
and on the asymmetry of forward-backward leptons in the final state,

In this game the knowledge of the center mass energy is fundamental as the
determination of the luminosity by which the event rate is normalized to compute the

absolute cross section. Therefore a specific attention is given to these subjects.
Absolute energy of LEP
The dominant systematic errors influencing the Z° mass and total width

derive from the knowledge of beamn energy and luminosity. Beam energy is given in
first instance from the field integral at the central orbit:

) This review is updated with the results available at the time of Singapore Conference.

© B. Borgia 1991
-453-



Ep= | Bdl

2rR
AE AB AR
Then F=F*R

The length of the circumference, 2nR, is derived with high precision from
the RF acceleration frequency and from the determination of the central orbit. The
error estimated on the circumference is about 0.6 mm while the frequency is known
with a considerable better accuracy. Therefore the energy scale is determined by the
magnetic field measurement and the relative erroris ~ 5 - 104.

A second method uses protons trapped by the RF cavities in a different
harmonic number hp and in the same orbit of positrons, at the injection energy of 20
GeV. [1]

The speed of protons is simply given by

B= %fk—ﬁ where the revolution frequency is f= ihgf .
P

The momentum error is

bp _ o 88

P B

and results to be < 1 - 104 at 20 GeV.

The main contribution to the final error comes from scaling the result from
20 GeV/c to 45 GeV/c. This correction is given by the flux difference at the two
energies measured in the dipoles of the ring. Once all effects are considered, the
absolute energy scale is known within + 30 MeV. {2]

The best accuracy on the absolute energy will be obtained by the spin
resonance method. After the transverse polarization of the electrons is built up and
measured, depolarization is induced at the resonant frequency of spin precession by
a perturbing field. Polarization is measured by the asymmetry in backscattered laser
beam. The error is estimated to be £ 5 MeV, considering all possible systematic

uncertainties and instabilities. 3]
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Once the absolute energy of one setting is determined, it remains to evaluate
the point to point reproducibility since each filling can be at a different nominal
energy. A conservative upper limit to this systematic uncertainty of the central value
is 10 MeV. The effect on Mgz is estimated to be £ 5 MeV and on the total width I'z is
1 6 MeV, depending from the actual sharing of luminosities between each energy.

The intrinsic beam energy spread also introduces a small smearing of the
resonant Z° cross section. At the accelerator operating conditions the beam has an
energy dispersion of G/Ep = 7.5 - 10-4 [4] the effect of which is a systematic
widening of I'z by 5 MeV.

Finally one should consider possible systematic differences in center mass
energies between the four interaction regions. This uncenainty is estimated to be of
the order of 1 MeV.

In conclusion the absolute energy scale of LEP will be eventually determined
with an error of £ 7 MeV, directly applied on the Z* mass. All other uncertainties
will contribute with a smaller scale error and with a systematic error on the total
width I'z of 6 MeV after the correction of -5 MeV is applied. It means that the
relative error on the Z° mass can be as small as 104, perhaps less, and on the total
width of the order of 10-3. At this level of accuracy, the interpretation of the
measured Z° parameters should be undertaken with extreme care.

Luminosity measurements

All four experiments normalize the event rate by measuring the Bhabha cross
section at small angles. The advantage of this method relies on the absolute
prediction of the cross section in terms of QED graphs only, as the t channel at small
angles is dominated by one photon exchange.

ALEPH, DELPHI and OPAL measure the scattering cross section starting
from 8y ~ 40 - 60 mrad, while L3 measures from Op;n = 24 mrad up to 70 mrad.
This geometrical acceptance gives to L3 a factor ~ 3 more counting rate than the
hadronic events at the Z* peak, while the other three experiments have a counting rate
roughly equal to the Z* events.



Table 1 summarizes the main features of the monitors, with a list of the main
systematic errors grouped under six headings.

Table 1 - Luminosity monitors

ALEPH DELPHI L3 OPAL
Bmin - Omax (m rad) 50-110 43-135 27-70 58-120
Ovisible (nb) 27 33 96 18
Systernatics (%)
Theory (BABAMC) 0.7 1.0 0.7 1.0
Triggere small < 0.6 0.1
Event selection 0.22 1.4 0.7 0.5
Geometry 0.95 0.5 0.6 1.0
Background small 0.5 small small
MC/calibration 0.6 < 0.6 0.6 0.4
Total 1.3 2.0 1.3 1.6

All four experiments use the BABAMC Montecarlo [5) to compute the

accepted Bhabha cross section, and therefore they have a common systematic
uncertainty deriving from the theoretical approximations used in this program. The
effect of higher order contributions to the 0(ax) cross section is estimated in all
experiment to be £ 1.0 % or less. No theoretical limitations exist to reduce further
this error down to 1 0.3 % [6] or even less.

The finite statistics of Montecarlo simulation introduce a not negligible
uncertainty that again can be reduced.

The next relevant error is due to the imperfect knowledge of the geometry of
the luminosity monitor. Only with time we can verify if each experiment has reached
the ultimate accuracy.

Trigger efficiency and background subtraction generally represent the
smallest contribution to the systematic error.
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To illustrate the above points, fig. 1 and 2 present detailed comparisons
between MC and data showing the excellent agreement between them. Figure 3
shows an example of background evaluation, by plotting the events versus the
collinearity angle of the two electrons. The background is evaluated by the events
outside the region limited by the cuts Ap + 10°. Figure 4 illustrates the contribution
to the cross section deriving from multiple photon emission. Only few events have
both electrons with energy less than —2§ Background starts to dominate below the
line at 45°.

To reduce the uncertainty due to the cut at Opm;n, DELPHI adopts a precise
lead collimator. However the systematic error deriving from the accurate knowledge
of the geometry is of the same order as the other experiments.

Figure 5 shows the sensitivity of the luminosity to the selection cuts for the
L3 monitor.

At the end even in the most conservative case the total systematic error is
about 2 %, while it seems possible to reduce it further at the level of < 1%.

Z° parameters and the Standard Model

The e*e- annihilation at LEP energies proceeds through a resonant process
that can be analytically described at the lowest order in general terms by a relativistic
Breit-Wigner cross section. Therefore the derivation of the resonance parameters as
the mass and total width from experimental data should be performed without
explicit intervention of any specific model. This problem was resolved by the work
of Borrelli, Consoli, Maiani, Sisto. [7] Similar results can be found in [8].

The resonant cross section can be expressed as

. 12 Tee Tgg s s-M2 T cont.
G(S): —‘"““—82 r2 M2+ Rf M2 + M I[ +07 (1)
(s-M2)2 + 2
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Comparison between data and MC for the luminosity monitor of
ALEPH. )

a) Distribution of the difference in the azimuthal angle of e* and ¢-.

b) Distribution of the total ¢+ + ¢~ energy before (open dots) and after
(full dots) background subtraction.

¢) Distribution of the polar angle of accepted events.
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Fig. 2:

Distribution of the polar angle for Bhabha events in one side of the

luminosity monitor of L3.
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Distribution of the azimuthal angle between ¢* and e- for L3 monitor.
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Fig. 5:  Percentage change of luminosity from variation of cuts used in event
selection for the L3 monitor.
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where M =Z° mass,

I =27’ total width,

o§°m' is the contribution from the one photon exchange diagram,
and Rf and if are small terms.

R¢ is due to the interference of the resonance with the continuum due to
photon exchange, and is affected by the presence of heavy states with mass larger
than the Z* mass.

Ir represents the absorptive contribution in the imaginary amplitude due to
the known vector particle spectrum up to the Z° mass. Its value can be computed
and is of the order of 10-2. Therefore the equation for the cross section of the
process ete- — ff depends only from the parameters M, ", Fee Tgr and Ry. Its
precision is limited only by the truncation of the series expansion in (s-M2)/M2.

Finally the computation of the observed cross section is obtained by
convoluting the expression (1) of the cross section with the initial center of mass
energy spectrum after the photon radiation by the incoming electron or positron:

1-x
Oobs(s) = [ H(x) o [s(1-%)] dx
X =s/sQ ¢

where Vsg is the minimum c.m. energy necessary to observe the final state, and
H(x) is the initial state radiation spectrum.

The partial width I'y; in the Born approximation, assuming the exchange of
one photon and of the Z°, is simply given by:

3
oMz, o
24 N2 ( v M)

where g4 and gy are the coupling constants for the axial and vector currents.
Their values are further specified in the Standard Model in terms of the

neutral current parameter sin Oy as

gvi=1-41Qsin2 By ; gar=1



However the Born approximation is totally inadequate since higher order
terms give a contribution larger than the present experimental accuracy.

: These higher order graphs can be grouped in "QED corrections” having an
additional real or virtual photon and in "Weak corrections.” The last class includes
propagator and vertex modifications to the Born diagram and box terms. The
presence of the virtual top exchange gives a dependence from its mass to the
radiative corrections. A smaller effect is due to the Higgs mass.

The consistency of all quantities computed by the Standard Model by using a
unique value for the top mass is a very strong test of the renormalizibility of the
theory.

In most cases the effect of radiative corrections can be accounted by a
simplified expression of the complete theoretical formulae. This approach is known
as "improved Born approximation.” {9] The main features of this approach consist in
replacing the couplings with effective quantities, and fixed constants with the
running values at s = M; As an example the partial width g is

NcGep M), [ :
Mg = —————— {1 + (1 - 41Q(l s2)2 2
ff 24 73 Qs @
3a
where Nc=1 -(1 + _Qf) for leptons
4ar
- (M)
=3. (l + ——Q;) 1+ for quarks
4n n
3GF m‘2
and =z1+8p=14+ ———
P P 8n2+2

52 = sin28w = sin20y + cos20w Sp

2
My,

having defined sin28w = 1 - — [10].
M,
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Asymmetry

The next physical quantity to consider beside the total cross section is the
forward-backward or charge asymmetry. This quantity condenses the information
given by the angular distribution of the process.

Recalling that the differential cross section derives its form by the exchange
of a virtual Z°, a photon and by their interference, its analytical expression in terms

of the current couplings is:

do
dcosO

2
- ;LS [1 +2g% Re(x) + (gg + 81)2 ,x,z] (1 + cos26)

+{2 gi Re (x)+4g%, gi}icose

S

with = —5— .
S-M;+iMzrz

Therefore summing events with the final fermion having cos 6 > 0 and

events with cos 8 < 0, we can measure the asymmetry
OF-C

ApB = _OF-9OB
OF + OB

It is easy to see that while the total cross section is proportional to

22 . .
g%, + g4 the asymmetry is proportional to the product g‘z, . gi. The two

asureménts then can provide these constants up to a sign ambiguity.

Experimental results and fits

Inclusive hadronic cross section and individual leptonic cross sections are

measured by all four experiments [11] as shown in figures 6-9.



ALEPH
27 2
.75 e'e” 175 f7af7Tnd
BLw® it
125 128
Lo -
©0.75 ©o7s
0.5 05
0.25 0.25
] - o
B7 88 89 90 91 §2 93 94 95 87 88 89 90 91 92 93 94 95
Energy (GeV) Energy (GeV)
2
1.78 T
1.5 (¢)
125
)
2
©0.73
05
0.25
c
87 88 89 90 91 92 93 94 95
Energy (Gev)
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Final state: a) e*e-, b) p*p-, ¢) t+1°, d) hadron.
Full lines are the results of the fit with Burgers formula.
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The fit is performed with D. Bardin program.
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Since an excellent agreement exists between all measurements, the
understanding of systematic errors is crucial to assess the impact of the present
experimental results on the validity of the Standard Model. This consideration is
even more relevant if one wants to combine the four experiments when all 1990
results will be available.

Table 2 summarizes the number of events collected in the leptonic and
hadronic channels with some relevant features, while table 3 gives a list of

systematic errors.

Table 2 - Main characteristics of events collected by LEP experiments

ALEPH | DELPHI L3 OPAL p>

§ Ldi(pbl) 2.5 33 2.9 5 13.7

hadrons 56K 68 K 62K 112K 300 K
€% 97.5 92.7 97.8 97.7

ce 2404 1389 2642 3270 9705
c0sBpmin (&) 0.9 0.64 -0.74 0.7
c0sOmax (¢ 0.7 0.64 0.74 0.7

Hp 1973 1618 1244 4642 9477

T 2169 1019 1169 3412 7769

Table 3 - Systematic errors for the various final states (%) and for the

luminosity
ALEPH DELPHI L3 OPAL

e e theory 0.5 1.0 0.7 0.5
eetotal 1.0 . L3 1.2 1.0
Hu 0.9 1.9 1.3 0.9

Tt 1.7 2.7 3.0 1.9
hadrons 0.4 1.1 0.7 0.8
luminosity 1.3 2.0 1.3 1.6
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All experiments have collected and analyzed so many events in the hadronic
channel that the statistical error on the peak value of the cross section is considerably
smaller than the systematic uncertainty. The contribution of the two types of error on
the Z° parameters will be best appreciated after fitting the cross section to the
experimental points.

Each collaboration fits the experimental data in a model independent way
using only the hadronic cross sections or all three leptons and hadrons results in a
global fit. The most straightforward comparison among the four experiment is given
by the result of the fit to the hadronic cross section only, where the statistics is the
highest and systematic errors are the smallest among the four possibie channels. The
free parameters usually are the Z* mass, the total width and the peak cross section
og. An equivalent choice is Mz, I'z and the product of the partial widths ee I'y. We
can derive the three leptonic partial widths by also using the individual leptonic cross
sections, and imposing the universality, we obtain the leptonic partial width,

ALEPH collaboration quotes results obtained by fitting the cross section
with Burgers formula, DELPHI and OPAL use Bardin formula, while L3 uses Cahn
or Borrelli. Differences in the results by using different formulas on the same data
are smaller than the present individual experimental errors.

The ee(y) channel requires a special treatment because of the presence of the
t exchange diagram. L3 uses the improved calculation of Aversa, Greco et al. [12}
This new calculation has a better factorization scheme and contains two-loop QED
corrections. Hard photon emission is always computed in the collinear
approximation. The partial width I is extracted by fitting the experimental points
with [12]. This procedure requires some kinematical cuts to i'eject events containing
non collinear hard photons. L3 uses an acollinearity cut of A = 5° between ¢* and e,
and the emitted photon should be in a cone with an angle from the final et not larger
than 6 = 5°.

DELPHI and OPAL compute the t channel contribution with the program
ALIBABA of Beenakker et al. [13] that includes all one loop and box terms with
leading log summation for photonic corrections. Non collinear hard photon emission

is also explicitly computed.



Since the ALIBABA program is too slow to fit the data, only the t-channel
contribution and its interference with the s-channel is evaluated and then subtracted
from the measured cross section. The remaining cross section is then fitted as a pure
s-channel contribution with Bardin formula. A similar technique was adopted by
ALEPH collaboration, but since neither the improved Greco formula nor the
ALIBABA program was available at the time of their publication, the t channel term
was computed with the program of Caffo and Remiddi based on Greco previous
work published in 1988, see reference 12.

From the above description clearly the ee(y) final state should be studied
further by comparing the results obtained by different kinematic cuts and theoretical
approaches. Presently the statistical errors of each individual experiment are larger
than the systematic ones.

Only one collaboration, OPAL, includes the asymmetries of the three lepton
channels in the global fit. The other three collaborations derive from the asymmetry
the gi g‘z, combination and with the leptonic width I" /7 a ga gv contour is obtained.
In the framework of the Standard Model the parameters p and sin297v arc also
explicitely computed. The value sin29_w in the minimal Standard Model is listed in
table 4. Figures 10-13 illustrate the asymmetry measurements and fig. 14-15 give the
contour piots ga versus gy whiie fig. 16 shows p versus sinZ8w.

Table 4 - sinzezv in the minimal Standard -Model from the LEP

experiments
ALEPH DELPHI L3 OPAL
0.2291 0.2309 0.230 0.2315
+ 0.0040 1 0.0048 1 0.004 1 0.0028

Several authors combine the results of the four experiments either by
computing weighted averages of the physical quantities [14] or fitting directly the
cross sections. [15] The simple average of the final results does not consider that
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Fig. 10: Forward backward asymmetry Arp from ALEPH.
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a) e¥e’, b) p+u-, ¢) t*1°, d) the flavour of the final state is ignored
therefore "leptons” include electrons, muons and taus.
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each collaboration uses different model independent formulae. Systematic errors and
correlations must be treated ad hoc. It is evident that fitting directly the cross section
points has the merit to use a consistent procedure for all experiments, provided the
common systematic uncertainties are subtracted.

M. Diemoz and E. Longo performed this fit either using only the hadronic
cross section or the hadronic, muon and T cross sections. The electrons are not
included because of the theoretical uncertainties explained above. The details of the
procedure are discussed in [16]. They also evaluate carefully the effect of systematic
errors of various origins, especially from the beam energy definition. The paragraph
"Absolute energy of LEP" quotes in fact some of their results. Table 5 shows the
results of this fit compared with the values published by each experiment under

similar conditions.

Table § - Z° parameters

Mz Iz Iy Iy
(GeV) (GeV) MeV) MeV)
h onty honly
ALEPH 91.193 2.497 1754 84.3
+ 0.016 1 0.031 +27 +13
DELPHI 91.190 2.466 1756 83.7
+ 0.014 + 0.029 +30 +14
L3 91.161 2.492 1748 84.0
+0.013 + 0.025 +35 +1.2
OPAL 91.164 2.496 1778 83.6
+0.011 + 0.021 +26 10
“4 exp." 91.171 2.485° 1756 8338
(hur) + 0.006 1 0.012 16 +0.7
+0.030
SM 2.486 1735 83.6
m= 80200GeV | 10028 +21 +07
my= 40-100 GeV
as= 0.11210.10

* corrected by -5 MeV.
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Standard Model interpretation

Among all possible quantities derived from the model independent fit, the
peak cross section cg and the ratio of the partial widths Ry = I'n/T')1 are two of the
least sensitive parameters to the top mass my and the Higgs mass my. Therefore they
constitute an excellent test of the Standard Model. As shown in [17] the theoretical
predictions for these are

o 12=m Ry

O, = —
"TOMZ (34 3TWI) + Rp)?

=41.31%0.15nb for Mz =91.171 GeV

3
Rh =TT =20.75+0.12

when the unknown parameters are allowed to vary between the following limits

my = 80 - 200 GeV
my = 40 - 1000 GeV 4
as=0.11210.010.

Actually all uncertainty on Ry, derives from the experimental error on o. In
fact in the ratio of the partial widths the dependence from the top and Higgs masses

cancels and the only surviving large correction derives from QCD, i.e.,
Th =1 (1.0375 £ 0.0035) .

Therefore while rff)/r ¢ = 20.00 £ 0.03, the ratio between effective quantities gives
the value (3). The values obtained by the "4 experiments" fit are

O = (41.94 + 0.13 stat + 0.35 syst ) nb
Rt =20.94 £ 0.17 stat + 0.16 syst

Mz =91.171 GeV)

in excellent agreement with the predictions.



In the minimal Standard Model the mixing parameter sin28w is a function of
measured physical quantities and of the radiative corrections. Therefore one can
compute [9] sin20w either from the Z* mass or from the partial widths. For example
formpula (2) expresses one possible relation between I'yy, sin28w and Ap. The
explicit expression of the radiative corrections depends from the sin20w definition
and is a function of the unknown masses of the top and of the Higgs.

Defining
sin2fw = 1-—3
Mz

the hadron collider results [18] give the value sin28w = .227 £ 0.007, while from
the inelastic neutrino scattering vq [19] one obtains 0.231 £+ 0.006.

In fig. 17-19 sin2@y [20] is plotted versus the top mass for the experimental
values Mz, 'z, ' and '} as derived from the 4 experiment fit.

All these quantities are consistent with a top mass my = 150 + 20 GeV.

Finally the number of light neutrino species can be obtained from the
invisible width:

Ny=TinMy=[Tz-Th-3Tn My

Assuming the widths from the minimal Standard Model, the hadronic cross
section can be fitted with the only free parameters Mz and ipy. This procedure gives
obviously the smallest error. To derive a value with the minimum assumptions from
the Standard Model, the above formula is rewritten as

N 121 Ry\1/2
Ny=—L —2 9| -~Rn-3
Iv || Mz oy

where all quantities are measured except the ratio I')) /Ty = 0.5010 + 0.0005 is taken
from the Standard Model prediction. The error is given by theoretical uncertainties
due to the unknown parameters listed in (4).
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Fig. 17: sinZOw versus my for the experimental values of Mz and I'z fitted from

the 4 experiments.
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Fig. 19: Some plot as fig. 17 for Mz and T 44.
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Table 6 shows the values measured by each of the four experiments. The
last column lists the free parameters actually used in the fit. The "4 experiments” fit
uses Mz, I'n, I'11 and Tigy as free parameters assuming from the Standard Model the
value TVV =167.3 £ 1.7 MeV. The error again is due to the unknown parameters.
The number of light neutrinos is

Ny =2.88 £ 0.06 .

Table 6 - Number Ny of light neutrinos

Ny Free parameters
ALEPH 291+0.13 Mz, op, Rp
DELPHI 2.8210.11 £0.13 Mgz, Tz, Th, T
13 3.01+0.11 Mz, Tiny
OPAL 2.86 + 0.15 Mz, Tz, T, T

Conclusions

In the first year of operation LEP has produced already fundamental results
reaching an unpredicted accuracy. The electroweak sector of the Standard Model is
now established with a knowledge of the electroweak parameters at the percent level
or better. If one combines the data from all experiments, the Z* parameters are:

Mgz = 91.171 £ 0.006 (+ 0.030) GeV
'z = 2.489  0.012 (- 0.004) GeV
I =838 +0.7 MeV

T =1756 ¢ 16 MeV

Ny = 2.88 £ 0.06

where the errors are the combination of statistical and systematic uncertainties.

-470-

LEP measurements and other electroweak results are consistent with a high
top mass of about 150 GeV.

The next significative constraint to the Standard Model will be given by the
W mass measurement at LEP 200, where it should be measured with an error of 100
MeV. At this level of accuracy, radiative corrections will be sensitive not only to the

wop but also to the Higgs mass.
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