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1 LEP

The Large Electron-Positron collider (LEP) at CERN came into operation in the
summer of 1989 to produce its first Z’s. The present center-of-mass energy is limited to
105 GeV. Energy upgrading is in progress, and the available energy is expected to exceed
the W*W~ pair production threshold of 160 GeV by at least 10 GeV, hopefully more,
after 1994. LEP was conceived in the late seventies, following the prediction of the Z and
W= by the new electroweak theory!) which had been experimentally established by the
discovery, in 1973%, of the neutral current it had predicted. Perhaps the first suggestion
for such a machine was that of Richter®). It was hoped that it might enable discovery
of the Z, but fortunately for physics the Z as well as the W were found earlier, in pp
collisions?).

The design luminosity is 1.6 x 10! cm™2 57! at the Z mass, and it has already been
nearly (within a factor of 2) reached: in 1990 about three quarters of a million Z’s were
observed, hundreds of times more than had been seen in pp colliders, and under much
cleaner conditions. The analysis of these Z decays is proceeding along several lines:

i) The study of the electroweak interaction at a higher energy and with higher precision

than was possible before.

_ii) Searches for new particles such as different varieties of Higgs bosons, supersymmetric
particles, new quarks or leptons, excited leptons, and others.

iii) Studies of QCD in hadronic Z decay.

iv) Studies of heavy quarks, in particular the b quaxk which is produced in interesting
quantities in Z decay.

Substantial results in all four of these fields have already occasioned of the order of

one hundred publications. Here we limit ourselves to the first topic, which has provided

excellent evidence that there are just three fermion families, given an accurate value of

the electroweak mixing angle through the precise measurement of the Z mass, and allowed

substantially more precise checks on the electroweak theory than were possible previously,

as well as, through its virtual effects, put limits on the mass of the top.

2 THE FOUR DETECTORS

Four of the eight collision points in LEP are equipped with detectors. These are
constructed to measure the momenta of charged particles by magnetic tracking, and the
energies of these as well as of neutral particles in electromagnetic followed by hadronic
calorimeters, over as much of the 47 solid angle as possible. All four detectors empha-
size the identification of electrons and muons. With respect to previous 4 detectors
they present new levels of completeness of coverage, and precision in energy and angular
measurement, especially in the calorimetry. The four collaborations each number several
hundred physicists from dozens of institutions, distributed over the globe.

2.1 ALEPH

The ALEPHS detector is shown in Fig. 1. Tracking is done in three steps: a silicon
strip microvertex chamber to reconstruct secondary vertices (this was not yet operational
when the data reported here were taken), an inner drift chamber with an important
event trigger function, and the main device, a 3.6 m diameter, 4.4 m long time projection
chamber, which also furnishes ionization-density information for particle separation. The
electromagnetic calorimeter is a 45 layer lead-proportional wire plane sandwich. The
signal is read out from 72,000 three-storey towers which project to the collision zone,
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Fig. 1 The ALEPH detector.

as well as from each of the 45 wire planes in each of the 36 modules. Space resolution
is ~ 0.8° x 0.8°, energy resolution 0.19/4/E{GeV) + 1.1%. The superconducting coil
produces a field of 1.5 T. The return yoke serves as a hadron calorimeter. Sampling is
by means of streamer tubes, every 5 cm of iron, with a total iron thickness of 1.2 m.
The signal is read out in 4500 projective towers as well ‘as on strips, every centimeter.
The strip readout of the hadron calorimeter, together with two outer double layers of
streamer tubes which are read out every 5 mm, serves to identify muons. A reconstructed
Z decay into tau leptons is shown in Fig. 2. The main emphasis in ALEPH has been on .

N ALEPH

Fig. 2 Anefe™ — 7%+~ eventin ALEPH. Thesingle track is due to the decay 7~ — =~ 4v,+vy,
the three-track decay to 74+ — 27% 4+ »~ 4 v,.
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Fig. 4 Spatial resolution of the ALEPH electromagnetic calorimeter and its usefulness in the
identification of electrons and photons. Part of a typical hadron jet is shown. Photons and elec-
trons are identified by the lateral and longitudinal (not shown)

development of the shower. Electrons must have, in addition, an associated track

whose momentum matches the energy.

the precision of momentum measurement, with Ap/p = 0.08% - p(GeV), corresponding to
a resolution of 3.6% for 46 GeV muons (see Fig. 3), and also on the fine granularity of the
electromagnetic calorimeter, essential in the identification of electrons as well as photons
immersed in hadronic jets (see Fig. 4).

2.2 DELPHI

The DELPHI® detector is shown in Fig. 5. The inner tracking proceeds in three
steps: a silicon microstrip detector to reconstruct secondary vertices, an inner jet drift
chamber, and a time projection chamber, 2.4 m in diameter and 3 m in length, which also
furnishes ionization-density information. A special feature of the DELPHI detector is the
ring-imaging Cherenkov system, pioneered by that collabor ition, and which, using both
liquid and gas radiators, will permit e~ separation in the interval 0 to 4 GeV and =-K
‘separation in the interval 0.5 to 7 and 9 to 25 GeV when it becomes fully operational (see



Fig. 5 The DELPHI detector. 1 = microvertex detector. 2 = inner detector. 3 = time projec-
tion chamber (TPC). 4 = barrel ring-imaging Cherenkov counter (RICH). 5 = outer detector.
6 = high-density projection chamber (HPC). 7 = superconducting solenoid. 8 = time-of-flight
counters {TOF). 9 = hadron calorimeter. 10 = barrel muon chambers. 11 = forward chamber A.
12 = small-angle tagger (SAT) = luminosity monitor. 13 = forward RICH. 14 = forward cham-
ber B. 15 = forward electromagnetic calorimeter. 16 = forward muon chambers, 17 = forward
scintillator hodoscope.

Fig. 6). There follows an outer tracking of 5 layers of drift tubes. The momentum resolution
achieved for the muons from Z decay is 7%. The barrel electromagnetic calorimeter is a
heavy projection chamber, in which the ionization produced in the gas between lead layers
is drifted to the ends of the 90 cm long modules. This technique also has been pioneered
by DELPHI and offers excellent spatial resolution. The superconducting coil produces a
field of 1.2 T. It is surrounded by a scintillator hodoscope for time-of-flight information.
The return yoke is instrumented as a hadron calorimeter with streamer tube layers every
% ¢m of iron, for a total iron thickness of I m. The signals are read out in ~ 4000 projective
towers. The whole set-up is surrounded by three layers of muon detectors. An exceptional
hadronic event is shown in Fig. 7.
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Fig. 7 Rare hadronic Z decay in DELPIHI. The inset shows the decay of a neutral particle after
a trajectory of 1.5 mm, on the basis of the very precise silicon strip measurements. The two

secondaries are identified as muons. From their momenta and included angles, it is identified as
a J/%, probably from B decay.
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2.3 L3

The L3 detector”) is shown in Fig. 8. It is remarkable in its sheer physical size,
and in the fact that the general tracking is minimized in favor of precise outer tracking
for muons only. The central tracking chamber is a jet-type time expansion chamber with
18 cm inner diameter, 80 cm outer diameter, and 105 cm length, designed to measure

. 12180 mn
8235 . i
R MAGNET _YOKE
4 coit
5425 % — —
MUON CHAMEBERS -
4610 -
530 _
= , = —
: ! g Hadren Calorimeter. ] Muon Filter ) !
j ¥ TEC BGO Luminosity Monitor  {

- B ! *
b Tk —te
L — e - L J—’i16° T i) I 1IN

: ] 7 E | > N { I T
21l " kS
; ;i l L ISR
35
Free passaqe for %
RFQ - insertion
o
[
- };’i!
......... E .‘
B ~f— " [Eaperment & on 9 tiope of 1.39% |

Fig. 8 The L3 detector.
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Fig. 9 The energy resolution cbserved in the L3 electromagnetic calorimeter for electrons of
Bhabha events, 0( Ee )/ Eveam 15 1.4%.

the direction and the sign of the electric charge of charged particles up to 50 GeV. The
electromagnetic calorimeter is constructed of 10,752 bismuth germanium oxide scintillator
prisms, corresponding to an angular resolution of 2° x 2°. The energy resolution is excep-
tional, particularly at low energy. At 45 GeV it 1s 1.4%, entirely limited by systematics
(see Fig. 9). For the results reported here, the barrel part was in place, but not the two
end-caps. The hadron calorimeter is a 58 layer uranium-proportional wire plane sandwich,
arranged in 144 modules, read out on the wires with a high granularity. The momenta
of the penetrating muons in the polar angle interval 40°-140° are measured with high
precision in the very large (inner diameter = 4.8 m, outer diameter = 11 m) solenoidal
magnet with a field of 0.5 T. The momentum resolution for the 45 GeV muons of Z decay
is 2.2 to 3%. A hadronic event is shown in Fig. 10.
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Fig. 10 Hadronic Z decay in L3 with muon.



2.4 OPAL

The OPAL detector® is shown in Fig. 11. Tracking is by means of jet-type drift
chambers, at a pressure of 4 atm, to gain in both space and ionization-density resolution.
The inner ‘vertex’ part covers the radial interval between 9 and 22 ¢cm and is 1 m long;
the outer, main chamber has an outer diameter of 3.7 m and is 4 m long. There are
altogether 177 wires in the combined radial interval. The jet chamber is surrounded by a
layer of chambers which drift the ionization along the z direction, in order to measure the
z coordinates with higher precision than possible by the charge division used in the jet
chamber. The warm solenoid provides the axial field of 0.44 T. The momentum resolution
for 45 GeV muons is 6.8%. A layer of scintillation counters is used to measure the time of
flight and in the trigger. An electromagnetic ‘presampler’, a double layer of streamer tubes,
is used to measure the positions of photons and electrons which have showered in the 2
radiation lengths of the coil. The electromagnetic calorimeter is made of 11,700 projective
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Fig. 11 The OPAL detector.

lead-glass blocks, corresponding to a granularity of 1.9° x 1.9°. Energy resolution is 3%
for 45 GeV electrons. The return yoke consists of eight 10 cm slabs of iron, with layers
of streamer tubes in between, serving as a hadron calorimeter. These are read out in 976
projective towers and on strips every centimeter. The whole apparatus is surrounded by
four layers of muon detectors. Figure 12 shows a typical hadronic event. One of the great
successes of OPAL is the tracking precision. Figure 13 illustrates the precision achieved
in reconstructing the impact parameter of a track near the vertex, using the muons of Z
decay as an example. The result, 40 pum, is truly excellent. Figure 14 shows the particle
separation obtained in the ionization measurement.
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Fig. 12 Hadronic Z decay in OPAL.
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3 PHYSICS AT THE Z RESONANCE

The center-of-mass energy available at LEP, 105 GeV at present, is clearly much
less than the 2000 GeV at the Tevatron pp collider, even after allowance is made for the
fact that the quark-antiquark center-of-mass energy is only a fraction of the pp energy.
The strength of the ete™ collider is the simplicity of the initial state which is carried over
to the final state, so that, in general, the rates for different channels can be calculated
in the frame of present theories, and can be experimentally sorted out (except that the
different quark-flavor channels can only rarely be identified).

At collision energies near the Z mass, the cross-section is enhanced through the
Breit-Wigner resonance denominator by a factor of the order of (mz/I'z)? ~ 103. Since
the non-resonant cross-section is very small, of the order of 4a?/s, the resonance presents
a very important experimental opportunity, by its magnitude alone. All the work at LEP
up to now has been on or near the Z peak for this reason. ,

3.1 Model-independent analysis of the Z line shape |
The cross-section studies we discuss here are processes in which, in Born approxi-
mation, either a photon or a 7 is exchanged, and a fermion pair is emitted:

e f e f

e f e ¥
The fermion f may be: a charged lepton e, g, or 7; a neutrino v,, v,, or v,; or one
of five quark flavors u, d, s, ¢, or b. No novel channels have been observed.
The energy dependence of Z production is described by a relativistic Breit-Wigner

line shape, which, however, must be corrected for initial-state radiation®:

1271.I 8

m%  |s —m2 4+ i sTz/mg|

oefs) = 7L+ &raals); - (1)

Here mgz is the Z mass, [e, [t are the Z partial decay widths to the electron and final-state
fermion respectively, s = E2_, the square of the center-of-mass energy, and &raa(s} is the
effect of the initial-state radiation correction. In Eq. (1) the contribution of small terms
due to photon exchange and its interference with Z exchange have been omitted for clarity.
In the analysis of the experimental results these terms are, however, always included. The
correction for the initial-state radiation, &.4{s), Is large, as can be seen in Fig. 15. It

"ﬂl= 90 GeV

2 4 6

-E -; 2 -]
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Fig. 15 Z line shape without and with initial-state radiative correction.
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is 40% on the Z peak, but is known with a precision adequate for the present levels
of experimental accuracy. Fits of expression (1) to the experimental line shapes of the
different channels furnish model-independent values for mz, I'z, Iy, and of ek where o}mk
is defined as the cross-section at the peak of the resonance for channel f after unfolding

the initial-state radiation:
lQn‘Feff

peak __

Ty = ;;;g'*i:%— . (2)
3.2 Electroweak Born approximation and radiative corrections .
The three parameters of the electroweak theory can be fixed at low energies through
measurements of the electromagnetic fine structure constant «, the Fermi constant Gg
obtained from the muon lifetime, and the weak mixing angle sin? #,, obtained in the mea-
surement of the ratio of charged- to neutral-current cross-sections in neutrino scattering.
The masses of the fermions and of the Higgs particle are not predicted by the theory and
can be considered as additional parameters. The masses of the W% and Z are instead

directly related to the three coupling parameters of the theory through

2
—@%L = cos® b, (3)
mz
and o
— = m2cos?f, sin?f, = A2 = (37.2802 £ 0.0003 GeV)~. 4
o= ( ) )
In Born approximation the differential cross-section for the reaction e¥e™ — 1 is
do, o®M! ) 5
0" s {F1(s)(1 + cos®* 8) + 2F5(s)cos b} . | {5)
Here

# is the center-of-mass production angle,

N is the colour factor, 3 for quarks, otherwise 1,

Fi(s) = QF — 2vevQsRe x + (v7 + al)(vf + af) X[,

Fy(s) = ~2acarQRe x + 4veacvear|x,

@s is the electric charge in units of the charge of the positron,

x = 8/(s —m% + imz['z} is the Breit-Wigner resonance denominator,

vr = (I8 — 2Q;sin®8,)/(2sin b, cosb,.) is the weak vector coupling constant,
as = I£/(2sin 8, cosb,) is the weak axial-vector coupling constant,

I3 is the third component of weak isospin, and

I'z = 2y is the total width of the Z.

The first term in F) is pure photon exchange, the last term is pure Z exchange, and
the central term is the interference between the two.

The integrated cross-section at and near the peak is dominated by the Z exchange,
Ix|? term:

4m o?
of = Nj—?}- — (v +ac)(vf + ag)Ix[*. (6)
Since the partial widths are:
£
Iy = —59- o myz(vf + a}, (7}
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the Born approximation cross-section (5), when integrated over the solid angle, near the
Z pole, has the Breit—-Wigner form for spin 1 exchange:

_ IQWI‘eFf S
 mi |s—mi+imglz|?’

(8)

~-

The Born approximation is not adequate for the analysis of the LEP experiments;
it is essential to include higher-order radiative corrections. These include initial-state
photon, and final-state photon and gluon radiation corrections, vertex and propagator
corrections, and other even smaller corrections. They have been very much studied, and
a summary of information and references to other papers are given in the Proceedings of
the 1989 CERN Workshop on Z Physics at LEP 1 9. The initial-state radiation can be
factored out as shown in expression (1).

The other corrections are small and calculable in the Standard Model. However,
they depend on the unknown Higgs and top masses, as well as on the value of the strong
coupling constant o, which is not yet very precisely known. The dominant effects of these
corrections can be summarized by replacing sin? 8, by an ‘effective mixing angle’ sin’ 4,
at the Z mass, by replacing « by its renormalized value at the Z mass:

84

a(ms) = = 1.064a

1 - Aa

by inserting the factor p = 1/(1 — Ap) in the relationships between mw and mz and
between Gy and mz:

2
m—\: = p cos? b, (9)
Z
2
ralmy) = p m% sin® 8, cos? b, , (10)

V2Gr
with
Ap = 3Gpm?/8v27% — 11Gpmsin® 0., In(mu/mw)/121%V/2
0.0026m?Z/m% — 0.0015 In(mp/mw) ,

and, for the quark channels, including the second-order QCD correction, by replacing Nf
byll)
N1+ a /7 + 142 /7%) . (11)

Finally, x in Eq. (3) should be replaced by

s

s—m3)+1slz/mg (12)

=1

These changes give the major radiative corrections for all channels ete™ — ff 12), except
the bb channel, which requires an additional term that takes into account relatively large
t-b amplitudes in the vertex corrections. To give some feeling for the magnitude of the
corrections, the top mass, Higgs mass, and «, dependences of I'g, 'y, and 'z are shown in
Fig. 16.
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3.3  Asymmetries
The forward-backward asymmetry in the angular distribution (5), as well as the

polarization asymmetries, measure the vector-axial-vector coupling ratios for the different
channels.

3.3.1 Forward-backward asymmetries Arg
The forward-backward asymmetry App is defined as the difference between forward .
and backward cross-sections divided by their sum:

f3(doy/d cos@)d cos 8 — [°,(day/d cos §)d cos b
Jd(dog/d cos §)d cos 8 + [0, (dor/d cosf)d cos §

A%‘B =
From Eq. (5), Ar = %Fz/Fl. Above and below the Z peak, the asymmetry is dominated
by the interference term in Fy,

a.arJr Re x
(v2 +a2)(vf +af)

3
Alp o =
FB 9

but exactly on the peak this term vanishes, and

VeleUrdy

(v2 + a2)(vf +af)

App =3 (13)

For leptons, ve/as = 1 — 4sin?8,, is very small, leading to the small asymmetry
at the peak ARE™* ~ 3(vs/a,)?. This asymmetry at the peak furnishes a direct measure
of ve/ae, but the sensitivity is compromised by the smallness of v,/a; together with the
quadratic dependence.

For quarks,

q =32 T4

ae aq{l + Ua/ag)

where

12



Vg/tq =1 — %sin2 8. for up-type quarks,

and

4
3

In contrast to leptons, vq/aq is not very small compared to one. This itself would facilitate
the measurement of v/a in the quark asymmetries, but at least at the present technical
level, this advantage is outweighed by the difficulty of separating the individual quark
channels and identifying the quark jet relative to the antiquark jet in hadronic decays.

ve/tq = 1 — 3sin’ 6, for down-type quarks.

3.3.2 Polarization asymmetries

We consider here the case where the polarization of one of the four particles is
measured. The case where this is the incident electron or positron is potentially very
interesting, but this is not yet possible at LEP.

At present the only possibility is offered by the 7, which can sign its polarization
in its decay. The polarization dependence of the cross-section is

do
dcosé

where p is the helicity of the 7.
At the Z pole:

(cos 8, p) o (1+cos® 8) Fy(s)+2 cos F5(s) +p[(14cos® ) F3(s)+2 cos OF,(s)], (14)

Fi(m3) = (vi+ad)(vf +af)
Fy(m2) = 4veacvag
Fy(m}) = 2(vl+ al)vrar
Fy(m2) = 2vea.(vi + af).
The polarization asymmetry Apq is defined by
Tp=1 — Tp==1 F3
Ay = = P TPem L=
P (p> 0}_—,:1 + Up=_1 Fl
Quras
= —_— 15
v + af (15)
and the forward-backward polarization asymmetry Agﬁ is defined by
AFB = .
pol .

fol d cos f[da,_1/d cos §—dop=_1/d cos 8] ~f91 d cos f[dop=1 /d cos @ —dop,—_1/d cos 0]
St dcos §[dop=1/d cos §+dop=_1/d cos ]
3Fy

2Vl
2 2
v + a;

(16)

4 CROSS-SECTIONS AT THE Z PEAK

The experimental results reviewed here are the cross-sections for the four channels:
qd, ete, ptu~, and 7t~ as a function of the center-of-mass energy, production angle
and, in the case of the 7, its polarization. The aims are the measurement of the Z mass,
the check of predictions of the electroweak theory, and the detection of effects of the top
and/or Higgs in the small radiative corrections. Since there are now nearly one million
7 decays, and many more are expected, systematic precision at a level well below 1%
becomes necessary. This enters in the triggering of events, their selection and acceptance,
the measurement of the luminosities, and in the calibration of the beam energy. During
this first period, LEP was operated in cycles lasting about one week; about one half of
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the luminosity of each cycle was devoted to the energy of the Z peak; the rest was divided
roughly equally among the six energies, 1,42, and £3 GeV from the peak energy, for a
total luminosity of ~ 10 pb™'. The data-taking efficiencies of the four experiments varied
between 60 and 80%.

In the following discussions on triggering, event selection, acceptance, and luminos-
ity determination, it would be too lengthy and tedious to give the details for any, much
less all four, of the experiments. We limit ourselves to some more general remarks that
we illustrate using ALEPH. Results will be given for each of the collaborations and then
combined to give a LEP result.

4.1 Event triggers

Highly efficient triggering on all four event classes turned out to be relatively easy
at LEP because of low background rates. All detectors use multiple ORed triggers. The
trigger redundancy (25 in the case of ALEPH) not only serves to obtain high efficiency,
but, and perhaps more important, it makes it possible to measure the efficiency. Triggering
efficiencies of very nearly 100% for each of the four event types, and with uncertainties of
less than 0.1%, are obtained.

4.2 Event selection

The four channels have very distinct characteristics, as can be seen from Fig 17.
The dominant channel is the q channel, with 88% of the observed events. These events
have typically many charged tracks, on the average 20, and large energy deposits in
both calorimeters, with total energy near the center-of-mass energy. The efe™ events are
characterized by two back-to-back tracks, each with the momentum equal to the beam
energy, with the full energy in the electromagnetic calorimeter. The ut ™ events have two
back-to-back tracks which penetrate the hadron calorimeter, with very little calorimetric

Fig. 17 Typical events for each of the four channels. (From ALEPH.)
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energy. The 7's, depending on their decay, each have one or three tracks, typically with
substantial missing energy, and are also back-to-back. These characteristics can be modi-
fied by initial- or final-state radiation, and by the interaction of the outgoing particles in
the beam pipe and detector, but it is, in general, possible to separate the channels with
purittes exceeding 99%, with little loss in efficiency. The dominant background, the ete”
inelastic scattering (the two-photon channel) with the production of additional particles,
can be dealt with on the basis of the typically small energy and the forward-backward
energy imbalance of these events.

The selection efficiencies and purities are determined using Monte Carlo simulations
of the different event channels and backgrounds. The acceptances are close to unity, with a
small uncertainty for hadronic {qg) events (99.1 £+ 0.2% in ALEPH) and somewhat larger
inefficiencies and uncertainties for leptons, especially 7's (98.4 £+ 0.3% for the combined
ALEPH lepton sample). ‘

Event generators for all channels exist with a high precision and ability to reproduce
the observed events'® and all four detectors have been simulated in full detail. As an
example, Fig. 18 reproduces data and simulations for the thrust axis of hadronic events
observed in ALEPH.
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Fig. 18 Check on the validity of the acceptance calculation for hadronic events. Comparison of
simulation and data for the thrust axis distribution. (From ALEPH.)

4.3 Luminosity measurement
The luminosity is measured, as has always been the case at eTe™ colliders, with the
help of Bhabha scattering, at angles small enough so that the cross-section is dominated
by the t channel, and the contribution of Z-exchange interference is a small correction. The
luminosity detectors of the four collaborations work in the angular region between 40 and
120 mrad. It is interesting that the theoretical uncertainties in the Bhabha cross-section'¥
contribute non-negligibly to the error as the experimental precision improves. The experi-
mental challenge is that of defining the geometrical accepta-:ce with high accuracy. In the
case of ALEPH, the luminosity detector is a lead-proportional wire sandwich calorimeter
‘covering the small-angle region on each side. It is read out with high angular resolution in
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Fig. 19 Disposition of the luminosity calorimeter in ALEPH.

754 projective towers (see Fig. 19). One side, which alternates from event to event, is geo-
metrically more restrictive and defines the fiducial acceptance. The angular uncertainty in
the fiducial boundary, event by event, is about 0.08 mrad, and the total systematic uncer-
tainties in the luminosity are 0.4%. The L3 experiment also uses a segmented calorimeter,
which however is not projective and gives an experimental uncertainty of 0.7%. Figure 20
shows the precision with which the angular acceptance is understood in this detector. The
DELPHI experiment uses masked calorimeters and quotes an error of 0.8%. The OPAL
experiment uses proportional tubes inserted into a segmented calorimeter after the first
four radiation lengths, to define the geometrical acceptance for the absolute cross-section
measurement with a precision of 0.7%.

The theoretical uncertainty in the most recent Bhabha calculations'® is believed
to be ~ 0.5%.
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Fig. 20 Check on the validity of the acceptance calculation for lumiriosity

events. Comparison of simulation and data for the polar angle distiibu-
tion. (From L3.)
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4.4 LEP beam energy

One of the important results of these first measurements at LEP is the measurement
~of the Z mass: mz is the energy of the center-of-mass collision, twice the beam energy at
the pole of the Z resonanc' The precise knowledge of this energy is therefore essential
to this measurement. The calibration of the LEP beam energy is at present based on the
measurement of the frequency difference between protons and positrons circulating in the
same LEP orbit at ~ 20 GeV. The relative increase in beam energy from 20 to 45 GeV
is established using flux loops on each of the LEP magnets. The present uncertainty 1s
20 MeV in the c.m. energy (0.22 parts per thousand)!®). In the future it is expected
that even higher precision will be achieved, using the precession frequency of transversely
polarized beam electrons.

4.5 Results on the Z line shape and the number of fermion families

The most comprehensive results which can be included in this review are those
presented by the four collaborations at a recent conference in Aspen!”. They are based
on all data obtained in 1989 and 1990. They are preliminary, but substantial changes are
not expected before publication. They are based on the event numbers and accepiances
of Table 1. Major parts of these results have been published previously!®),

Table 1
Numbers of selected events (N, ), angular acceptances, as well as acceptance efficiencies
for the four experiments and the four dominant Z decay channels

Channel | Parameters ALEPH DELPHI L3 OPAL
Ny, 175,000 120,000 115,000 166,000
qq Ang. accept. in dr 4r 4T

Efficiency (%) | 99.1+0.2 96.940.5 99.00.4 98.410.6
Ney. 6942 2615 4175 5413

ete™ | Ang. accept. cosf 7 92 |cosf] < 0.7 | |cos8] < 0.7} |cos8| < 0.7
Efficiency (%) | 98.8+0.4 97.3+0.7 99.240.6 99.3+0.7
Ney. 6691 2489 1 3245 7240

utu~ | Ang. accept. | |cosf| < 0.9 | |cos8} <0.93 | |cosf| < 0.8} |cost|<0.95]
Efficiency (%) | 99.6x0.6 91.54+0.8 78.34£0.6 91.6+0.5
Ne.. 6260 2039 2540 5559

7= | Ang. accept. | |cos8| < 0.9 | |cos@| < 0.73 | [cosf| < 0.7 | [cosf] < 0.9
Efficiency (%) | 85.440.7 8T+1.4 754416 | 861+ 1.1
Ne.. 24757 9676

g Ang. accept. | |cosf] < 0.9 | |cosd| < 0.69
Efficiency (%) | 98.4+0.3 90.1£0.6

The basic results on the line shape are the cross-sections for the four channels:
qd, ete”, putp~, and 7*7~ as a function of the center-of-mass energy. Figure 21 shows
the OPAL result for the hadronic channel, and Fig. 22 the ALEPH results for the leptonic
channels. From these, the parameters mz, I'z, and ¢?**¢ can be found by fitting the model-
independent resonance expression (1) !¥), It is common practice now to obtain mz and I'
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Fig. 21 Cross-section for the reaction ete~ —
qq — hadrons as a function of the center-of-mass
energy. The electroweak expectations for 2, 3,
and 4 families are shown, with one fitted free
parameter, the Z mass. (From OPAL.)
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Fig. 22 Cross-section as a function of the center-of-mass energy for each of the three lepton
channels, as well as the combined channel. The t-channel contribution for the electron channel
has been subtracted. (From ALEPH.)

from a combined fit to all channels. The partial widths are derived from I'z and the peak
cross-sections as follows: '

'y = mzlz Roﬁeak/lgﬂ‘,

/ peak
Fe,g= szz O':,_; /12?,
ak
pr = mzlgoPk/\/12702"
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and

Fiw = [z - -3 =12 (1 - \/Raﬁeakm%/l%r - SJaﬁeakm%/IQwR) ,

where R = oP** /6P**, The subscript ¢ denotes the average of the three leptonic channels,

assuming universality.

The results of the four collaborations are given in Table 2. There are no significant
disagreements. The errors quoted include both statistical and systematic errors. In the
combined results, the common theoretical uncertainty in the luminosity Bhabha cross-
section, taken to be 0.5%, has been included. Other possible sources of common systematic
errors include the t-channel treatment in wide-angle Bhabha scattering and a point-to-
point error in the LEP energy calibration affecting the width measurement. We believe
that, at present, these common errors can still be neglected.

Table 2
Results of the four LEP experiments on the Z line shape and partial decay widths

Result ALEPH | DELPHI L3 | OPAL Combined
LEP result
mz, GeV 91.182 | 91.175] 91.180 | 91.160 91.174
+0.009 | 4£0.010 | £0.010 | £0.009 | +0.005 +0.020 LEP
Tz, MeV 2488 2454 { 2500 | 2497 2487
+17 +20 +17 +17 +9
aP*™, nb 41.76 4198 | 4092 41.23 41.46 + 0.29
+0.39 +0.63 | +£0.47{ +0.47
Th, MeV 1756 1718 | 1739 1747 1744
+£15 +22 | 419 +19 +10
T., MeV 84.2 81.6 | 83.0 83.5 833 £ 05
+0.9 +1.3| 10| =10
T,, MeV §0.9 884 | 343 83.5 83.3
+1.4 £24 | £20| =+15 +0.9
I,, MeV §2.9 849 833 83.1 83.3
+1.6 +27 1 £26] +1.9 +1.0
Ty, MeV 83.3 834 833| 834 83.3
30.7{ ~ +1.0{ 08| 407 +0.4
R=Ty/T;| 21.07 20.61 ] 20.85| 20.94 20.94
4+0.19] +0.33{ +0.28| +0.24 +0.12
Tinv., MeV 481 486 511 499 493
+14 +21 +18 +17 +9.5
N,, MeV 2.90 293 3.08] 2.99 T 2.96
+0.08| £0.13| +0.10} +0.10 +0.06

The three lepton partial widths are equal at their level of precision of ~ 1%, in
agreement with the universality of the weak interaction.

One of the important consequences of these results concerns the number of fermion
families. In the Standard Model, each light neutrino family contributes 166.5 £ 0.5 MeV
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(assuming the top mass to be 90 < m, < 160 GeV and the Higgs mass to be 50 < my <
1000 GeV) to the ‘invisible width’ I'iny = I'z —I'n — 3I'¢. There is no evidence for fermions
other than those of the three known families, but fermions with masses exceeding the
reach of present-day accelerators can be postulated. However, for the known families, the
neutrino masses are, if not zero, much less than the masses of their charged counterparts,
at least by a factor of a hundred. In the absence of a theory of the masses, it is at least
very plausible to assume that the neutrinos of higher families would still have masses
well below one-half the Z mass. They would then contribute to the invisible width. So
would any other non-detected neutral channels, such as other weakly interacting particles
emitted in the decay of the Z.

From the experimental result 'y, = 493 +9.5 MeV, and with the above theoretical
value of the neutrino partial width, I',,

N, =296 10.06.

The result leaves no room for a fourth fermion family, and little room for any other
new neutral weakly interacting particle. If one wants to imagine a fourth neutrino family
with mass only slightly less than mgz/2, the error on the result for Iy, corresponds to a
lower mass limit of 45.5 GeV for a Dirac type of neutrino, and of 42.3 GeV for a Majorana
type, at 95% confidence level.

The fact that the result is 3 and not 2 is striking confirmation of the separate iden-
tity of the 7 neutrino, although strong evidence for this already exists in the experimental
results on 7 decay, which are in good agreement with the electroweak theory. Finally,
the fact that N, is, with good precision, compatible with an integer is an interesting
confirmation of the Standard Model.

4.6 Lepton forward—backward and = polarization asymmetries

In principle, the forward-backward asymmetries can be measured for all eight
types of charged fermions, and so the v?/a* ratio measured independently for every
one. Measurements of each of the three lepton channels have been reported by all four
collaborations'®); the statistical significance is however still limited. The results are in
agreement with universality. Here we content ourselves with reporting only the combined
lepton results. The quark flavors are not, in general, separable; however, with limited
efficiency and purity, the b channel can be separated; the b-quark asymmetry has been
reported by the ALEPH and L3 collaborations?®). A global quark forward-backward asym-
metry, based on the overall charges assigned to the jets, has been reported by ALEPH?Y.

In the determination of polarization asymmetries, only the effects of initial beam
polarization and the 7 polarization are measurable. The former, which offers the possibility
of very precise measurements of v/a, waits for the development of longitudinaly polarized
beams. However, the 7 polarization can be measured using the energy distributions of the
decay products in various decay channels. A first result has been reported by ALEPH?2).

A typical result on the lepton angular distribution is shown in Fig. 23. It illustrates
also a particular problem of the e*e™ channel: the important contribution of the t-channel
photon exchange at small angles. This is a QED process, calculated? and subtracted.
Figure 24 shows the dependence of the asymmetry on the center-of-mass energy, together
with a two-parameter (v, a) electroweak fit. The interesting point is the very small asym-
metry on the resonance peak. The much larger asymmetries, away from the peak, are due
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Fig. 23 Angular distribution of the combined leptonic channels on the Z resonance peak. The

calculated t channel ete™ = ete™ contribution is also shown. (From ALEPH.)
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“to the interference of the axial weak current with the electromagnetic (vector) current. As
already noted in Section 3.3.1, the asymmetry on the peak measures the ratio of vector
to axial-vector current strengths: A&g ~ 3v?/d?.

This result can be combined with the measurement of the partial leptonic width to
obtain both leptonic vector and axial-vector couplings independently of the details of the
electroweak theory. For this purpose, it is customary to introduce the coupling constants
gv s and ga ¢, incorporating the Fermi constant, by rewriting expression (7), using Eq. (10}):

\/iG'fm?’N‘
[e = mﬁ(g% +ghg) -
In the electroweak theory gv and g, are related to the mixing angle:
gvg = \/.5(1’5 —2Q sin?6,) = /P vr - 2 sinf,cosd,
and
gasr = P = /P as-2sinf,cosb, .

Of course, gv¢/gas = vi/as. In the electroweak theory ve/a; = 1 — 4 sin?#,, so
that the leptonic forward-backward asymmetry (for that .aatter the other asymmetries
as well) provides a measure of the ‘effective’ mixing angle without complication of top or
Higgs corrections.



Table 3
Result of the combined lepton sample for the asymmetry Afg on the
7 peak, the ratio of vector to axial vector coupling strengths, and g3 , and ga

ALEPH | DELPHI 13| OPAL Combined
LEP result
Afg 0.024 0.008 0.024 0.007 | 0.016 + 0.005

+0.008 +0.013 | +0.014 | +0.008
ve/as 0.0082 0.0028 0.0080 0.0023 | 0.0054 + 0.0016
+0.0026 | +0.0044 | £0.0048 | £0.0028

7% ¢ 0.0020 0.0007 0.0020 $.0006 | 0.0014 £ 0.0004
+0.0007 | +0.0014 | £0.0012 | £0.0007
Gie 0.2454 0.2510 | 0.2490 0.2509 | 0.2498 £ 0.0012

+0.0022 | £0.0028 | £0.0030 | £0.0022

sin? 0\ 0.
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The results for the lepton asymmetry, ve/a;, and gv and ga ¢ are given in Table 3
for the combined lepton sample.

For the measurement of the b-quark forward-backward asymmetry, the b channel is
selected using electronic and muonic b decay, which together account for 20% of b decay.
The main backgrounds are due to the leptonic decay of charm quarks and to hadrons
misidentified as leptons. The requirement of high lepton momentum as well as transverse
momentum increases the purity of the sample at the expense of efficiency (see Fig. 25).
Typical values are 80% and 10% respectively.
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Fig. 25 Purity of the b-quark channel as a function of =
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As seen in Section 3.3.1, on the Z pole:

v Slvefar)(v/av)]
BT+ (vefac))1 + (wo/an)?]

Since v,/ay, = 1 — £ sin’ 8, =~ 0.69 is about ten times larger than v/a,, the b asymmetry
would be potentially more sensitive to sin’ 0, than the leptonic asymmetry. But this is
more than compensated, at present, by the combined effect of selection inefficiency and
impurity of the b sample.

In addition, there is the effect of bb mixing. In first approximation the b (b) is
identified by a positive (negative) lepton, and this is always valid for the charged B
mesons. However, the neutral B® (B®) meson can transform into its charge conjugate
before decay, and so falsify the signature. The BB mixing parameter, x = number of
charge conjugate decays/total number of b decays, is measured using events with two
leptons, one associated with each jet. After background corrections, x is obtained from
the number of like-sign double-lepton events, normalized to the total number of double-
lepton events. _

The observed asymmetry must be corrected for this mixing. The experimental
results for the mixing?®!) are included in Table 4, which gives the b-asymmetry results for .
the ALEPH and L3 collaborations®?.

Table 4
The observed bb forward-backward asymmetries ARg,
the observed mixing parameter x, the corrected forward-
backward asymmetry APg .., as well as the corresponding
weak mixing angle, for the ALEPH and L3
collaborations, as well as the combined result

ALEPH L3 Combined
result
AP 1 0.104 £0.025 | 0.084 £0.025 | 0.094 £0.018
y | 0132 T 0.7 TSR T 0144 T35

ABp v | 0.141 £ 0.044 | 0.130 T 953 | 0.135 +0.031

sin? 6, |0.225+0.008 | 0.226 + 0.008 | 0.226 + 0.006

The 7 polarization on the Z peak is a measure of v, /a, [see Eq. (15)}:

. =2v./a,
(Pf) = “lpa T 1+(v,/a,)2 )

It can be inferred from the energies of the decay products, which in turn reflect the angle
of decay in the 7 rest system.

The sensitivity to the polarization varies substantially {rom one decay channel to
another. The hadronic decay channels 1 — v, 47 and 7 — v, +p are more useful here than
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" the leptonic channels. The only result at present is that of ALEPH?. Figure 26 shows
the energy spectrum of the pion in the channel 7 — v, + 7. Positive helicity corresponds
to a linear distribution that is zero at F, = Enax, negative to a distribution going to zero
at E, = 0. The slope of the observed distribution gives the 7 polarization. In addition the
pv, ayv, and leptonic decay channels have been studied, with the result

72 = {P;) = —0.157 £ 0.055 (Ref. 22).
This corresponds to sin® 8, = 0.231 £ 0.007.

Some measure of the forward-backward asymmetry of the sum of all quarks can
be obtained from the asymmetry in the momentum-weighted charges of the jets. Such a
study has been performed by ALEPH?). The hadronic events are divided into two jets
by a plane perpendicular to the thrust axis. The ‘charge’ of each jet is determined by
summing the charges of individual tracks multiplied by a power of their momentum. By
simulation it is found that the power 1 maximizes the sensitivity, and it is thus chosen.
Still on the basis of simulation, the charge asymmetries expected for each of the five quark
flavors are determined. These differ substantially from flavor to flavor, and are negative for
up-type, and positive for down-type quarks. Only a small net charge asymmetry remains,
but the statistical error is correspondingly small, because of the large number of hadronic
events:

AFB,Q = (Qfm“d — Qbackwud) = 0.0084 £+ 0.0016 .

This net asymmetry is the flavor average of the forward—backward asymmetries multiplied
by the product of the production fraction pe(Zpe = 1), times the average jet charge
expected for a given quark, g™

ve  ufa jet

Arpq = L —
e =300 T/

An uncertainty of 18% is assigned to the determination of the @ on the basis of
_ quark hadronization programs. The result, in terms of sin®é,, is
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sin® @, = 0.2300 4+ 0.0053 .

combining all asymmetry measurements available at present, this value is: sin? 6, =
0.2306 + 0.0022.

5 COMPARISON OF THE RESULTS ON THE Z RESONANCE WITH
THE STANDARD MODEL

~ The electroweak theory is defined by two couplmg constants, the mixing angle, the
masses of the fermions, and the mass of the Higgs. The coupling constants can be taken to
be the fine structure constant a and the Fermi constant Gp. Instead of the mixing angle,
it is convenient to use the Z mass mz. One of the important results of these experiments
is therefore the more precise value of mz = 91.174 £ 0.021 GeV as compared with the
most precise previous results:

UA2  mgz = 91.49 +099 GeV (Ref. 25)
CDF  my; =90.9+04 GeV  (Ref. 26)
SLAC my = 91.144£0.12 GeV (Ref. 27)

Fermion masses and the Higgs mass enter through the radiative corrections to
the partial widths, cross-sections, and asymmetries. The precise measurements of these
quantities at the Z peak therefore permit some insight into the as-yet-unknown top and
Higgs masses. As pointed out in Section 3.2, the dominant but not exclusive correction
involving the top and Higgs masses is through Ap, where they occur approximately in
the combination:

Ap = 0.0026m2/m3 — 0.0015 In (mu/mw) .

In order to separate the effects of m, and my it is therefore necessary, at least until the
top is seen and its mass measured, to use the fact that some parameters, such as I'y,
have m, dependences not contained in p. This separation is not possible at present levels
of precision at LEP. However, for the mass interval imagined as possible for the Higgs,
50 < rag < 1000 GeV [a lower bound of ~ 50 GeV has been established by the LEP
experiments®!], the top-mass efféct dominates. The main measured quantities relevant
to a determination of this radiative correction and the top mass are mz, mw, 'z, ¢, and
sin® @, as measured in the asymmetries. Four of these are measured at LEP, the fifth, mw,
is obtained from the ratio mw/mz, measured in the pp collider experiments® and in the
ratio of neutral- to charged-current deep-inelastic neutrino scattering®. The combined
result for my, given the LEP result for mgz, is mw = 80.05 £ 0.22 GeV.

For a particular Higgs mass, each of these quantities can be seen as a relationship
between the top mass and the effective mixing angle, as shown in Fig. 27 for my =
200 GeV. If the lower limit on the top mass, obtained in the direct search by the CDF
collaboration at Fermilab, m, > 89 GeV, at the 90% confidence level®), is included,
Fig. 27 shows everything known at present about the top mass as well as all the accurate
information on the mixing angle. It also shows much of the relevant information about the
consistency of the LEP results with the Standard Model, which is just the fact that the
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five experimental bands share a common area or, in other words, that best fits of sin 8,
and m, can be found with the correct y2. These are

sin?f, = 0.2327 +0.0008 + 0.0003(mmy)
my = 126 £30 £ 18(mpu) GeV
x? = 1.4/4 degrees of freedom.
The precision of the new value of sin® f, is dominantly due to the precision in mgz; I'¢,T',
and mw contribute comparably to the limitation on the top mass.

In Table 5 the Standard Model expectations are given for the various measured
quantities, as well as the value of sin®#@,, which follows from them. The Standard Model

Table 5
Combined LEP results and Standard Model predictions for mg, aﬁeak, Iz,
I'n,T¢, R, N, and asymmetries. In the prediction the measured values
of m, are used, as well as o, = 0.120 £+ 0.008,m, = 125 £ 35 GeV, and
50 < my < 1000 GeV. The column in sin® §,, lists the value which follows
from the particular experiment.

Experiment Standard Model sin® 8,

mz, GeV 91.174 £ 0.021 0.2327 £ 0.0012
'z, MeV 2487 + 9 2486 + 10 0.2327 4 0.0010
oP*** nb 41.46 £ 29 41.4240.05 | 0.2328 +0.0026
Th, MeV | 1744 + 10 1737+ 8 0.2320 £ 0.0012
Ty, MeV 83.5+0.4 83.6 £0.3 0.2331 +0.0014
R=Tu/Te 20.94 £ 0.12 20.80 + 0.06 0.225 + 0.010
Liny 493+ 9.5 499 £ 2 0.2356 £ 0.0037
N, 2.96 + 0.06 Integer

(v/a)? from Ay | 0.0054 £ 0.0016 { 0.0048 = 0.0007 | 0.2317 T 3363
(v/a), from Aspa | 0.079£0.028 | 0.069 £0.005 | 0.231 +0.007
Al 1 0.1354+£0.031 | 0.097 £0.007 | 0.226 £0.006
ArB,q 0.0084 £ 0.0016 0.2300 £ 0.0053
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expectations assume 90 < m, < 160 GeV, 50 < myx < 1000 GeV, and, where relevant,
as = 0.120 * 0.008. The agreement with the Standard Model can be judged both in
comparing the experimental and theoretical values and in comparing the results for sin® 8,,
with one another and with the value of 0.2327 + 0.0012 that follows from mz. The results
for 'z, I'y, and the asymmetries are largely independent of each other, and each checks
the model at a level of Asin? 6, ~ 0.001-0.002.

The predictions for o7*** and R are approximately independent of the top and Higgs
radiative corrections, since they are ratios of widths, and in the ratio these corrections
nearly cancel. They reflect however the uncertainty in as through the QCD radiative
correction of I'h. This introduces the main theoretical uncertainty, ~ 0.3% in R and
~0.1% in crf:eak. The two measurements confirm the structure of the theory at the 8.5%
level.

The strong coupling constant at the Z mass, as(m?), can be deduced from the
measured values of I'; and R, because of the QCD correction (1 + a,/7 + 1.4 o fx?) of
the hadronic partial widths. With m, = 125 £ 35 GeV and 50 < my < 1000 GeV,

o, = 0.119 £ 0.028 from [y ,
Cag = 0.146 £ 0.022 friom R ,

and, combined,
s = 0.136 +0.017 (statistical error only) .

This result is not statistically as precise as those derived from the shape parameters of
hadronic events, but is useful because it has different systematic uncertainties.

6 SUMMARY AND FUTURE

The results of the cross-section measurements on and near the Z peak during this
first year of LEP operation, based on the analysis of ~ 700,000 Z decay events by the
four experimental collaborations, have shown that there are just three neutrino families
with mass less than mz/2, and therefore very probably just three fermion families; the
mass of the 7Z has been measured with a precision of 1 part in 4000, and the predictions
of the Standard Model have been verified at a level of approximately one-half of a per
cent for the total Z widths, for partial Z decay widths, and for asymmetries in the angular
distributions. No evidence for inadequacy of the Standard Model, which might indicate
new directions in physics, has been found. A rough value for the mass of the top is obtained
through the contributions of the top to radiative corrections. Other results of this first
operation, such as new particle searches, QCD studies, and heavy-quark studies, are not
reported here. '

A program to increase the LEP energy above the WtW~ production threshold
should be completed in 1994; this will make it possible to study other electroweak pro-
cesses, such as the coupling of the Z to a WYW™ pair. Given sufficient luminosity and
time, it will also permit a measurement of the W mass with an error of about 75 MeV,
three times better than the present value.

In the meantime, before the higher energy is available, it is expected that the inte-
grated luminosity at and near the Z peak will be increased by a factor of 10 or more, with
consequent improvement in sensitivity to deviations from the Standard Model. It is also
hoped that it will be possible to implement the longitudinal polarization of the electron
beam in order to measure the polarization asynirnetry with high precision. One might
hope to achieve here a precision in v,/a. of ~ 1073, corresponding to an error in sin® 6,
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of 2.5 x 10~%. Together, the accurate W~ mass measurement, the polarization asymme-
try, and the improved precision in the cross-section and partial-width measurements will
represent a new level of sensitivity to possible new phenomena in the electroweak sector.

Here we have mentioned only the expected impact of the planned LEP improve-
ments on the electroweak theory. Of course the increased luminosity and energy will also
open up new possibilities in the areas of particle searches and B physics.
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