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ABSTRACT 

To go beyond the LEP 1 programme, one can 

1. increase the c.m. energy; 

2. increase the luminosity, an option technically related to the previous one; 

3. increase the sensitivity to possible deviations from the Standard Model by 
polarizing the beams. 

These upgrades open up the way to many possibilities for. physics concerning 
accurate measurements as well as searches for new effects. They also require, 
from the theoretical and experimental points of view, several improvements and 
changes. These various topics and their interrelatedness are reviewed and dis- 
cussed. 

1 INTRODUCTION 
In these lectures I would like to discuss how the standard CERN LEP pro- 

gramme, which started one year ago, could be developed’and improved. In spite 
of its rich potential, which has been thoroughly explored during the course of sev- 
eral workshops, the LEP 1 era has limitations for several domains of interesting 
physics. These limitations are due either to the insufficient available energy, or to 
a lack of statistics, or to a non-optimal intrinsic sensitivity of the measurements. 

Before embarking on physics (in Section 2), a few basic facts about the LEP 
machine, its present performances, and its use are reviewed, so that the problems 
encountered in the various options can be better understood. In Section 3, I do 
the same for the experimental and instrumental aspects, focusing on a few critical 
items. 

In Section 4 the LEP 1 programme [1,2] is summarized, with its dual aspect of 
accurate measurements and direct searches for new pheno’mena; emphasis is laid 
mostly on new ideas or computations that have occurred since the first Workshop 
[l]. The results obtained so far are briefly reviewed. 
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In Section 5, after giving a short description of what could be the pretzel LEP 
(i.e. multibunch operation), I discuss what should be the impact on physics if 
the luminosity were to be increased by an order of magnitude, on or near the Z 
peak, with respect to accurate measurements, rare decays of the 2, and fermion- 
antifermion physics, especially beauty-antibeauty. The experimental implications 
afe also briefly discussed. 

Section 6, inspired mostly by Ref. [3], summarizes the physics that will be 
accessible at LEP 200: W pairs, potential discoveries [in particular, in the su- 
persymmetric (SUSY) Higgs sector], and accurate measurements. Some technical 
aspects of the required RF system are described. The effect of the actual choice 
of the energy end-point on the physics potential is briefly discussed. ’ 

Section 7, after recalling that spin is at the heart of electroweak interaction, 
describes how longitudinal polarization of LEP beams could improve the qual- 
ity of our test of the Standard Model (SM) [4]. By combining different types 
of measurements, deviations from the SM can be unambiguously attributed to 
specific sources of new physics. However, building up, maintaining, rotating, and 
exploiting polarization properly is certainly a non-trivial enterprise: the problems 
encountered and their possible solutions are described, as well as the recently 
started R&D programme that led to a first observation of transverse polarization 
at LEP. 

2 SOME ASPECTS OF THE LEP MACHINE 

2.1 Synchrotron Radiation and its Effects 
Synchrotron radiation has both positive and negative aspects for circular e* 

machines. The negative side is due to energy dissipation. About six photons are 
emitted per tesla metre and per electron, with a spectrum governed by the critical 
en-u [51, 

where 7 I E/m. and p is the radius of curvature. For LEP at the Z peak, E,,,, 2 
100 keV. The loss per turn is a -y’/p. Although this loss amounts to only 130 MeV 
at the Z peak, it becomes 2.8 GeV at fi = 200 GeV: it is therefore hopeless to 
think of getting much beyond this energy witha circular machine whose radius and 
cost would grow as E*. Synchrotron radiation is sharply collimated (0, z l/y), 
which helps when designing protection against it. A 100 keV photon flux is 
attenuated by a factor of - 200 through 1 mm of lead. In 1 m of a typical gas for 
a time projection chamber (TPC), the probability that such a photon interacts, 
giving a small ‘spot’, is O(l%). We can go quite far in ‘guesstimating’ the fluxes 
and effects of synchrotron radiation by applying a few rules of thumb: for instance, 
by adopting an albedo of - 1 for scattering at grazing angles, and of - 1Yo for 
large-angle (more than a few milliradians) or backward scattering. 

The loss of energy due to synchrotron radiation has to be compensated for. 
This is the role of RF cavities, which are grouped in a number of RF stations. At 
LEP 1, two straight sections (2 and 6) have RF stations symmetrically located on 
each side of the intersection point. For higher energies, the RF power will have to 
be more uniformly distributed around the machine; this implies the installation 
of cavities in the four experimental zones in order to avoid optical problems due 
to a local mismatch between the energies in both beams (Bassetti effect [S]). 

To compensate for the energy loss, an accelerating field E,, has to be present 
over a length 1. For fixed 1 the required field scales as - Et,,. The power 
transferred to the beam is 

P beam = 2IbedLls~n 4 , 

with sinb, not far from unity. It can be seen that an increase of beam current 
I- as well as of beam energy requires more power. At present, the copper RF 
cavities are at room temperature, with E,, N 2.5 MV/m and a total length 1 N 
270 m for 128 cavities. To reach higher energies and/or current, they will have 
to be replaced by superconducting (SC) ones [7], and two varieties have been 
tested: pure niobium, and copper coated with niobium. The future set of cavities 
will be of the second type. We will come back to this question in Section 6. 
The acceleration yield z %,,/P,,, should go from - 10%. (normal cavities) to 
- 50% (SC ones). 

Another important aspect of the RF cavities is their transverse impedance, 
which governs the way in which the beam acts on itself through its surroundings. 
The main limitation on the current is indeed an instability due to the transverse 
coupling mode, i.e. a short-range wake-field effect [S]. The instability is reached 
for 

1 
I ‘bresb a Eb=mC, ,&Y,(o) ’ 

where K,(o) is the factor of transverse loss for element i, and /?, is the p function 
at its location. The limitation occurs at the.lowest energy, i.e. at the energy of 
injection. Of all the beam elements, the Cu warm cavities have the biggest A’ 
factor, whereas that of the SC cavities is much smaller (five to six times). To be 
able to reach currents that are larger than the planned one (3 mA per beam), SC 
cavities are required instead of warm ones. 

On the other hand, synchrotron emission.damps the oscillations of the beams 
in all three degrees of freedom. The damping times of horizontal betatron oscilla- 
tions and synchrotron oscillations are coupled, and their ratio can be adjusted by 
varying the damping partition numbers J, and J., related by J, + J, = 3. With 
a horizontal damping number J=, the horizontal emittance leads to a size or 191: 

where Q is the tune. 
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2.2 Luminosity I 
The most important factor is the luminosity, expressed by 

. 
L=&, 

= Y 

where N is the total number of particles per beam (which is why the number of 
bunches 4 appears in the denominator), o,,v are the r.m.s. of the beam transverse 
dimensions (the shape is assumed to be Gaussian, z is horizontal, y vertical), and 
f is the revolution frequency. 

In LEP 1 with four bunches, where f = 10.8 kHz (one turn in 92 ps, one 
crossing every - 23 ps), N = 1.71 x lO’r, o, = 250 pm, and or = 15 pm, we 
find the canonical peak value of 

L = 1.7 x 103’ cmm2 s-i . 

An important parameter is the beam-beam factor c, which measures the tune 
shift (change in the number of betatron oscillations) induced by one beam on the 
other: 

C = N~.P;Ph,7w, , 

where re is the classical electron radius. 
If conditions are such that the beam-beam limit is reached, the luminosity can 

be re-exuressed as 

where Ii, is the current per bunch. An interesting point is that [ seems to have 
about the same value at various rings [lo]. 

2.3 Other Parameters 
With an average value for the vacuum already twice as good as the design 

value of 3 x lo-’ Torr, the lifetime will ultimately be dominated by beam-beam 
bremsstrahlung and be of the order of * 5 h. 

The dispersion in energy is the result of an equilibrium between excitation 
due to synchrotron quantum emission and damping due to synchrotron radiation. 
This is analogous to the model of a damped harmonic oscillator with stochastic 
excitation. The dispersion oE is w -y2 and reaches 200 MeV for Abeam = 100 GeV. 
This fact will be of deep concern when we consider the prospect for polarization. 

2.4 Present situation 

At the time of writing-one year after the start-up of LEP-the luminosity 
is - 6 x 1030 cmm2 s-’ (one third of the design). The total beam intensity has 

reached 4 mA. The lifetime is excellent (up to 10 h). The limitation in luminosity 
is due to a beam-beam effect that occurred at a lower intensity than was expected: 
above N 0.25 mA per bunch, the weakest bunch is exploded by the most intense 
one. There is an improvement when the current decreases, so that the intrinsic 
luminosity (L/I1 x 12) increases with time. The equalization of the intensities 
of the various bunches, the choice of different optical tunes, etc., are possible 
remedies, which are being or will be tried progressively. 

Another unexpected fact is the presence, all around LEP, of a weak multipo 
lar magnetic field due to a layer of nickel which was deposited on the vacuum 
chamber and which unfortunately became magnetized. This may have harm- 
ful consequences, at least for polarization studies. Attempts to demagnetize the 
chamber are under way; meanwhile, the optics is being modified in order to make 
the performance less sensitive to the parasitic field. 

3 THE EXPERIMENTS 
It is beyond the scope of this lecture to describe here the four complicated 

detectors (ALEPH, DELPHI, L3, and OPAL), so I will focus on just a few points. 
In the standard LEP 1, the bunches collide every 23 ps in the centre of the 

detectors. The size of the ‘diamond’ should be typically oz = 250 pm, ov = 
15 pm, 0, z 1.5 cm. 

3.1 Background 

The background is synchronous with the bunch crossing. Synchrotron radi- 
ation, although very efficiently shielded by collimators [ll], can nevertheless im- 
pinge on the vacuum chamber in the experimental region and be scattered into 
the detector. With the present diameter (16 cm) of the vacuum chamber and the 
optimal collimator setting, this background is negligible, except during particular 
operations such as squeezing the beam. 

Another type of background is due to beam-gas interactions, i.e. electro 
production. With such a good vacuum, the rate is small, and the resulting 
interactions-asymmetric and involving only low-energy particles (5 1 GeV)- 
are easily identified. Electrons lost out of momentum are a potential problem for 
the small-angle normalization devices only. 

For synchrotron radiation, however, the situation gets rapidly worse if we try to 
decrease the size of the vacuum chamber. A diameter of 12 cm should still be quite 
safe, but a further reduction in dimension, especially in the horizontal plane, would 
lead to a dramatic increase in the rate of synchrotron radiation into the detector. 
Figure 1 gives the result of -an exercise made by Ritson and von Holtey [12], 
following earlier work by Roudeau [13]. Th e rate of synchrotron radiation arriving 
at the experimental region for standard LEP 1 running is - lO’/s, 100 times more 
than with the present vacuum chamber. Whether this corresponds to the ultimate 
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3.3 Long-Drift Devices 

Fig. 1 Minimum radius foreseen for the vacuum chamber at LEP (from Ref. [ 121): 
a) no mask, b) with masks. 

tolerable level is certainly debatable and detector-dependent. Nevertheless, it 
appears that even with masks (Fig. lb), there is no possibility of getting much 
below f3 cm vertically and f5 cm horizontally. For the next year of running, 
thin Be vacuum chambers of r N 5 cm are being prepared. We will return to 
this problem in Section 5, where, having in mind bb physics, we will discuss what 
could be an optimal microvertex arrangement at LEP. 

3.2 Normalization of the Detectors 

All the detectors have a small-angle tagger (SAT) detecting Bhabha scattering 
in the angular region 50-150 mrad (except L3, whose SAT reaches a minimum 
angle of 25 mrad). The rate is about equal to the rate of Z’s at the peak, so that 
normalization with the SAT contributes to the statistical error (by a factor of 
fi for DM, except for L3). These are quite sophisticated instruments, combin- 
ing segmented calorimetry and, at a later stage, accurate tracking; the absolute 
systematic errors have already been brought to the percent level. 

The experiments usually have a very small angle tagger (VSAT) (5-10 mrad) 
with a much higher cross-section (20-30 times higher) and no longer any problem 
of statistics. However, as will be discussed in subsection 7.5, the systematic errors 
scale roughly as N l/e, and using the VSAT will be a priori more tricky than 
using the SAT. 

To get fine-grained space-point information from these huge barrel detectors, 
it is tempting to use the so-called time projection method. The principle is simple: 
the ionization of tr_adts in a gaseous volume is drifted along the axis of the barrel 
(which is also the B axis) by a longitudinal electric field (Fig. 2). The trajectories 
are thus projected onto the end-plates of the barrel, where planar detectors are 
located. The two transverse coordinates are obtained in the usual way (wire-pad 
arrangement); the longitudinal coordinate is obtained from the measured drift- 
time once the drift velocity is known. 

This is the principle of the TPCs of ALEPH and DELPHI. In DELPHI, both 
the barrel electromagnetic (e.m.) calorimeter (the High-Density Projection Cham- 
ber) and the ring-imaging Cherenkov (RICH) b arrel counter also use this method. 

As the speed of the drift is typically 2-5 cm/ps, for a drift length of l-2 m, the 
drift-time is quite substantial (- 30 /IS for the RICH). When an event candidate 
occurs at crossing i, crossing i + 1 has to be lost if we are interested in the result 
of the full drift. With a smaller interbunch spacing, even more crossings would be 
lost. Since at LEP all crossings-or nearly all-are empty, this is of no importance 
as long as the number of candidate events (Level-l trigger) is not too high (1 kHz. 
would give a 2.5% dead-time). The trigger-l decision has obviously to be made 
with faster detectors not involving the long-drift information itself, which can only 
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Fig. 2 The Time Projection Chamber. 

be used at Level 2 to refute or confirm the previous decision. Level-l rates are 
quite detector-dependent. 

Long-drift devices have to be gated: this means that ionization created in them 
should be forbidden to enter the detector area unless it is thought to contain inter- 
esting information. This is done by acting on the E field in a transfer region. Two 
attitudes are possible: either i) the gate is opened before each crossing (4 x lo4 
times per second) and closed immediately if there is no Level-l trigger for the 
crossing (the most frequent case), or ii) one waits for a Level-l trigger to open the 
gate. With the first choice, the gate remains open during a substantial fraction 
of the time (- 10% under present conditions), but no information is lost because 
the opening has been anticipated. In the second case, the gate nearly always stays 
closed, but even with a very fast Level-l answer it is not possible to avoid losing 
information at the edge of the detector. It may be that a third solution, in which 
the gating is operated as a diode, will be the right one. 

The rate and speed of the Level-l trigger and the gating methods will be of 
deep concern for multibunch operation at LEP. 

4 THE STANDARD LEP PROGRAMME 
The programme of LEP 1 is vast. Discoveries at the Z peak are possible in 

several domains (Higgs, supersymmetry, compositeness, etc.). Some could have 
been achieved with 10s to 10’ Z, but up to now nothing new has been reported. 
Others will need 2 10’ Z. In the case of SUSY, the non-observation of at least a 
scalar that is lighter than or not far above the Z would be a hard blow to that 
theory or at least its minimal version. 

Even if nothing appears directly, a whole set of accurate measurements (prop- 
erties of the Z resonance, various asymmetries, T polarization, neutrino counting, 
etc.) is guaranteed and will allow the SM to be tested more accurately than at 
present. By combining such measurements, eventual deviations from the SM ex- 
pectations can be attributed unambiguously to the effect of new particles within 
the same gauge group SU(2) x lJ( l)-th e so far undiscovered t-quark being the 
most obvious candidate-r to the effect of a different algebraic structure [14]. 

4.1 Accurate Measurements 

4.1.1 The physical interest of accurate measurements 

The physical goals of these measurements are clearly defined and thoroughly 
discussed, for instance in Ref. [15]. H ere we will merely summarize them. 

The main parameters of the SM are 
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which represent, respectively, the SU(2) and the U(1) couplings and the two co- 
efficients of the Higgs potential. Equivalently, one can choose 

In fact, while waiting for an accurate measurement of mw, we replace it with G,, 
fr0m.p decay. 

In the minimal electroweak model, all quantities can be predicted using this 
set of parameters. In particular, sin* 0, is no longer an independent quantity and 
is defined by 

However, as a consequence of weak corrections, the prediction of some physical 
observables will depend also on the other parameters of the model: of these, 
besides the Higgs msss mn, the most important is the t-quark mass m,. 

New physics, if any, will also influence the observables. Two classes of new 
phenomena can be distinguished: i) ‘classical’ ones, occurring within the algebraic 
structure of the SM, such as the existence of another family, and ii) ‘genuine’ new 
physics, implying a change of this algebraic structure (e.g. L-R symmetric models 
etc.). 

To get information about these unknown parameters and‘domains, one must 

focus on observables that are very sensitive to them, that are not too sensitive to 
trivial effects such as e.m.radiative processes, that are well understood theoreti- 
cally, and that can be measured with great accuracy. 

Apart from mz, the most interesting observables are mw-which will be ac- 
curately measured at the hadron colliders [IS] and still better at LEP 2 [17]-and 
the left-right asymmetry ALR on top of the Z [18]. These quantities are very sen- 
sitive to the weak radiative corrections corresponding to loop effects in the boson 
propagators (the ‘oblique’ corrections of Fig. 3a) governed by m,, mn, SUSY, etc. 

There is another category of observables, involving eventually the measurement 
of polarized charge asymmetries A, [ ‘O’ 191 that are ideal for sensing changes in the , 
algebraic structure already at the tree level. These changes can result from a more 
complicated Higgs sector, or from the existence of new Z’ bosons, compositeness, 
etc.-that is to say, ‘genuine’ new physics. 

Both ALR and AZ’ require beam polarization. 
The definition and properties of these observables will be given in subsec- 

tion 3.1.2. In the following subsections we shall discuss their measurement on the 
Z. 

4.1.2 The observables 

1.1.2.1 The masses of Ihe weak bosom. The Z mass-which, from the CERN 
pp Collider, was known to N 2 GeV/c’-is obtained with extreme accuracy at the 
SLAC Linear Collider (SLC) [20] and at LEP 1 1211. The results already available 
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are summarized in Table 1 1221. B 1 e ow, we discuss the factors that govern the 
uncertainties of such measurements. If transverse polarization is used through the 
resonant depolarization method [23], which gives an excellent absolute calibration 
of the beam energy, an accuracy of Amz = a few MeV is foreseen. Various studies 
show that the uncertainty in the modification of the Z peak by radiative effects, 
and especially initial-state photon radiation, can be kept below this value 1241. 

The W mass, now known to f0.5 GeV/c’, will be measured to N f150- 
200 MeV/c’ at the hadron colliders [16] and to flO0 MeV/cr or better at LEP 200 
1171. Note, however, that this last measurement requires a substantial integrated 
luminosity (1 500 pb-‘). 

4.1.2.2 The asymmerries. Let us now turn to the asymmetries on the Z. We 
start from the current 

With 

and defining 

“f E ; [g; + gk] = e 
2 sin 0, cos e, [gL - 2Q’sin’ 0”] , 

ar = f [d-d] = 2sineecose [CL] 7 1 1 

we get for the angular distribution of the produced fermion f (Fig. 48) a formula 
of the type: 

do = ( SLY + d) (gf + Sk’ ) x (I + cos2e) + (gf - g<) (6,’ - &) x (2~0~ 8) 
zs 4 (UZ + a;, (uf + a;, x (1 + cos* 0) 

+ 16(u,a,)(urar) X (2cose) 

In the case of a polarized beam, we simply have to add the contributions of the 
various helicity configurations (Fig. 4b): 

g;fgc(i +cose)2+gfg~(1 -case)*+ . . . . 

a) The charge asymmetry. From the angular distribution obtained above, we 
easily get the front-back (FB) asymmetry, defined as 

A _ “F - “8 
FB - - 

aF+oB’ 



. 

, 

where (TF and on are the fermion cross-sections in the forward and the backward 
hemisphere, and 

b) C) d) 

Fig. 3 Radiative corrections to the tree-level graph: a) oblique corrections; b) 
vertex corrections; c) box corrections; d) radiation corrections. 

a) Conventions for e-e+ - fi 

b) Various h&city configurations 

Fig. 4 a) Conventions for e-e+ + ff b) Various helicity configurations 

Fig. 5 The equivalence between AFB and Ad for e-e+ -+ ff. 

Ae-=+-Ii = Jr? d4 [Jd - J!‘,] d cos e(da/dn)(ee -+ ff) 
FB 

j,2”dd [J; +&] dcos8(da/dR)(ee --+ ff). 

In the total angular domain, 

A”“’ = 
FE 

A few remarks are relevant: 
i) About an equal amount of information is obtained from the ‘end-cap’ (0 < 

40”) and ‘barrel’ (0 > 40”) regions of the detectors. 
ii) For a two-body reaction such as ee + ff, AFB and the charge asymmetry 

Ad are identical, as shown in Fig. 5. This is important for the systematics in 
the detector: since the measurement of Ad involves the difference between accep- 
tances for f and f (i.e. for opposite signs) in any angular region of the detector, 
we are dealing with only a second-order systematic effect, and the experimental 
problem regarding our knowledge of the acceptance is less critical. 

iii) Because A’ N 2( I - 4 sin’ 0,) is a small number, the asymmetry is itself 
small. 

iv) The charge asymmetry & is a rapidly varying function of 4 and is 
therefore strongly modified, up to a factor of 2, by initial-state radiation, the 
effect of which has thus to be very accurately determined to better than 10% of 
its value. 

v) The unavoidable uncertainty in the location of the measurement relative to 
the pole (f10 MeV/c’) will, for the same reason, limit the accuracy on Ah to 
0.08%. 

vi) Compared with the case of ALR, the sensitivity of Ah to sin*0,, which can 
be written aA~/8sinZ0,, is small and goes to zero when sin’8, -+ l/4. 

vii) On the other hand, an advantage is that the measurement of Ah is inde- 
pendent of the normalization. 

b) Forward-backward asymmetry for a given polarization degree. Defining 
the polarization degree of the e+e- system as 

P= 
P,+ - P,- 
I - P,+ P,- ’ 

we find on the Z 

Ap”l.f 3&-& g<(l + P) -g;:(l -P) 
FB ‘v-r,x 

4 SL + SR &(l + P) +&(I -P) 1 
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For complete polarization of one beam, P.+ = 1, P,- = 0: 

A~“l.=‘,(‘) N ?A{ 
FB -4’ 

which is a very simple expression. But in the usual case where Pet < 1, this 
asy’mmetry still depends on both the initial-state and the final-state couplings. 

c) Polarized forward-backward asymmetry [19]. The above situation can be 
simplified by defining the quantity 

Apom.f = L (OPF - b-PF) - (UPB - u-PB) 

p (UPF + u-PF) + (QPB + U-PB) ’ 

which on the Z is N 3/4 A’ . This asymmetry has very interesting properties: 
i) it depends on the nature of the final-state fermion only, and its measurement 

clearly calls for the individualization of the final states; 
ii) it is not suppressed by the factor (1 - 4 sin’ 8,); 
iii) it is a slowly varying function of fi around the Z, even when the 7 term 

is included; 
iv) it is quite insensitive to the experimental cuts. 

d) Left-right asymmetry. Finally, let us define 

ALR E r4+3 --I - 4-Y-t) 
PC++,-)+a(-,+) ’ 

which is about equal to A’. The sign refers to the helicity of e- and e+. Note that 
u(+, -) = 2u(+,O) = 2a(O, -), and these equalities show that various helicity 
configurations are equivalent. In particular, it is enough to polarize one beam, 
and 

A _ UL --oFI 
LR - - 

UL$UR 

where u~,n are cross-sections for left- (right-)handed electrons. 
As a function of ALE, the Z cross-section for polarizations P+ and P- can be 

written as [25] 
u = uu[(l - P+P-) + A&P+ - P-)] 

A few remarks about this asymmetry: 
i) It is virtually independent of the final state. Therefore, the full statistics on 

the Z can be used. 
ii) The final-state correction is almost negligible. 
iii) It is a smooth function of fi around the Z pole, and initial-state radiation 

is not a problem. 

iv) It is very sensitive to sin’&: 

AAL~ II 8A sin’ t& . 

With lo6 Z, the statistical accuracies for P = 0.5 are 

AALR = ho.002 , 

A sin’ 8, = f0.0003 

v) This accuracy is well matched to the theoretical uncertainty in ALR dis- 
cussed in detail in Ref. (261. 

vi) Any systematic uncertainty coming from the detector side is negligible. 
Small corrections to these statements can be found in Ref. 1151. All in all, the 
situation seems to be well under control: A in is certainly the ideal quantity for 
our purpose, and will be the centre of interest in Section 6. 

e) Combinations of asymmetries. Asymmetries that are combinations of 
Ad.’ A’ 

FB 1 FB, and ALR can also be defined and measured. As emphasized in Ref. 
[14], adequately chosen combinations may have interesting properties. For in 
stance, the combination shown in Fig. 6 is sensitive specifically to changes in the 
algebraic structure of the gauge group [i.e. a structure that is not SU(2) x U(l)] 
and, on the contrary, is insensitive to effects occurring within this group structure, 
such as the existence of a new family. 

Recent studies [27] demonstrate that combinations of accurate measurements 
on the Z, involving such flavour-dependent charge asymmetries, allow unambigu- 
ous discrimination between various sources of ‘genuine’ new physics, such as su- 
perstrings, compositeness, etc. This is illustrated by Fig. 7. 

f) Summary. Figure 8 shows the main features of the various asymmetries 
considered: their magnitude, and their variation with the beam polarization and 
with energy. 

Figure 9 illustrates the sensitivity of the two best observables, ALR and mw, 
to the main unknown parameters, m, and mn, once mz is known. It clearly 
shows that the information from mw and that from ALR are complementary and 
that, in this respect, the polarization is not an alternative to LEP 200. A detailed 
discussion of all effects that produce a dependence of ALR on the final state can be 
found in Ref. [15]; the conclusion is indeed that these effects (or the uncertainty 
of how to correct for them) are well below the measurement accuracy of ALR. 

4.1.3 The Z parameters 

4.1.3.1 The Z mass. In Table 1 [22] we gave the present results obtained at 
LEP, which can be compared with the pp Collider values [28]. 
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Fig. 6 A” for two different gauge groups as a function of the Z’ mass, where 
A” = CARL - (4/3)(&/6,)6A~$” ( see Ref. (141 for definitions of I.,&). 

Fig. 7 The strategy to identify new physics. The 6V, are the deviations, from 
their Standard Model value, of quantities built up from appropriate linear combi- 
nations of LEP observables: Fb~, mz, mw, etc. The cross shows the experimental 
error expected from High Luminosity LEP. 
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b) 
Fig. 9 Two ways of exhibiting the complementary information from ALR and 
mw (once mz is known). 

lb, , , , 1 

Fig. IO Muon-pair line shape curve including all corrections. The masses are 
mz = 91, mH = 100, and m, = 150 GeV/cZ. 
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At LEP the mass has been obtained from a scan in energy over seven points. 
The statistical error is typically Am N 3/n GeV/c’, where N is the total 
number of Z registered, but this error disappears rapidly. 

Knowledge of the energy at which the measurements are made is clearly essen- 
tial. The absolute value of the energy obtained from the B field along trajectories 
is not known to better than f5 x lo-‘. 

Improvement can be achieved by injecting a beam of protons of well-known 
energy in order to calibrate the magnetic system; such a procedure has already 
been exploited. Protons of very well-known energy are injected into LEP and are 
brought into the same orbit as that of the electrons. The difference in RF between 
e and p, given the known proton momentum, allows us to get the LEP circumfer- 
ence. Then the protons are accelerated and brought to the physics energy. Again 
they are put on the same orbit as that of the electrons. Given the circumference, 
the variation in RF number allows us to obtain the momentum. However, the 
accuracy of the method is limited to f20 MeV/c’. 

Transverse polarization will allow us to perform an energy measurement by 
using the resonant depolarization method 1231. Without dedicated wigglers, we 
could only hope that the polarization would build up sufficiently for it to be 
detected in the polarimeter. This did indeed happen, but too late (in the last 
hours of 1990 LEP running) to allow for a resonant depolarization measurement 
to be carried out. In principle, the accuracy on absolute energy from such a 
measurement is - 10-s. Nevertheless, unless we perform frequent calibrations, 
we will still be left with the problem of reproducibility and/or stability of the 
magnetic system (f0.5 x lo-‘). Other sources of uncertainty are: 

- the relative normalization of the measurement from point to point (at the 
per mille level); 

- the theoretical uncertainty; this is well under control to within a few MeV/c* 
(Ref. (241 and Fig. 10). In particular, the uncertainty in the mass of the t-quark 
and of the Higgs is of no importance here. 

We can therefore assume that the uncertainty in the mass will go from the 
present 30 MeV/c* to N 10 MeV/c* or better (long term)) From the formula 

l- 

we deduce Asin’t’],, = 2.0 (0.06) x lo-‘. 
Whatever this means, 1 give this number to set the scale and to show the 

quality that is to be required from any other measurement, if we want to cross- 
check the coherence of the SM in a useful fashion. 

4.1.3.2 Total width. For the width, the main goal is to get the number of 
neutrinos: a fourth light neutrino would increase the width by - 170 MeV. In 
fact, more powerful methods exist, and we will discuss them later. 

The statistical error is AI N S/a GeV, but it fades away rapidly. At 
present the uncertainty is - 25 MeV/c* per experiment. Ultimately we can ex- 
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pect to reach AIz 5 10 ,MeV, limited by the systematics on the beam and by 
relative normalization. Polarization here again could allow better values to be 
reached (ultimately 2-3 MeV). Theory 1s well under control, too. Rut here the 
uncertainties in the t-quark mass and in Q. are not completely negligible [29]: 

. AI due to m, N 20 MeV , 
AI due to o. (0.11 f 0.01) z  6 MeV. 

Present values can be read from Table 1. 
4.1.3.3 Shape. The shape of the Z  has been the subject of elaborate studies 

(see Ref. [15)) and is well understood. Moreover, there are several semi-analytical 
or analytical formulae that reproduce the Z  shape to a good accuracy (5 1%) and 
allow for a practical fitting procedure. Figure I1 gives a useful example [30]. 

The three measurements mentioned above require only a relative normaliza- 
tion, which should be achieved to a fraction of a per cent. 

4.1.3.4 Hadronic absolute cross-secttons and leptonic partial widths. Here, 
absolute normalization has to be achieved. 

The goals of such measurements are important: i) to make a check of the uni- 
versality in the leptonic sector, ii) to obtain the ingredients for neutrino counting, 
and iii) to search for the indirect effects of new objects [27]. 

Following the normalization procedures discussed in subsections 3.2 and 7.5, an 
absolute normalization error of 1.5-2% has been achieved, and we can ultimately 
think of - l%-or even better if the small-angle Rhabhn cross-section is more 
reliably computed. 

Identification of the three charged-lepton modes should be possible at the level 
of about a few per mille impurity and with good efficiency. In the case of 7 pairs, 
the ep and hP events are characteristic: even ee and np modes can be used, 
provided cuts, as suggested by Fig. 12, are performed. 

Acceptances for the leptonic modes are more tricky to obtain with great ac- 
curacy. The redundancy of all procedures (trigger, selection, reconstruction, etc.) 
should be used, instead of Monte Carlos, to measure the efficiency of each pro- 
cedure against the others: for example, triggering pp on one leg, keeping the 
tracking and identification of a p independent, and so on. Since we are dealing 
with a measurement of the efficiency, it is clear that an increase in the statistics 
will also improve the systematics. Acceptances close to 100% with uncertainties 
of about 1% have already been achieved., 

For hadronic events, no major problem with respect to acceptance is fore- 
SCXIl. Two-photon physics is easily removed by mild cuts. Here again the main 
uncertainty comes’from normalization. 

Existing results for the hadronic cross-sections and leptonic widths are given 
in Table 2 [22]. 

Fits to the hadronic cross-section in absolute value give access to the number 
of neutrinos. as we shall see in subsection 4.1.5. 
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Fig. 11 Results of a simulation of total cross-section measurements near the Z. 
with the cross-section given in nanobarns. Data were generated corresponding to 
10 nb-’ at each of five energies. A fit (dashed) was made to the simulated data 
using the known radiatively corrected line shape, but allowing the overall normal- 
ization to float. The second figure shows an analogous simulation with 100 nb-’ 
at each point. The solid curves show the true line shapes for the simulated masses 
and widths. 
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Fig. 12 Acoplanarity versus visible momentum for different Z decays: 
a) Z ---t TT’, b) Z -P pp. 

4.1.4 Asymmetry measurements without polarization 

Here we consider the measurement of the Ach asymmetry and of the polariza- 
tion of the r. 

4.1.4.1 Charge asymmetry for the fj final state. We saw that Ad is a steep 
function of 4 (Fig. 8) and is therefore quite sensitive to the initial-state radiative 
corrections. This is especially critical for the p+p- final state. 

Recent and on-going work on radiative corrections [31], incorporating multiple 
photon emission and interference, will probably reach the level of accuracy that 
is required in order to match other sources of uncertainty. 

The ignorance of the exact location relative to mz (f10 MeV/c*) is, however, 
an unavoidable source of uncertainty and, for /up, will contribute to limiting the 
accuracy that can be achieved. 

Systematic errors are of different natures. For the pp final state, the problem is 
to know the relative acceptances for positive and negative leptons to an accuracy of 
- l%o, and this can be achieved using appropriate methods based on the principle 
of redundant procedures. For qq states, the main problem is quark identification 
and the estimate of the uncertainties in tagging efficiency and tagging purity: this 
will be discussed in subsection 7.7. From the information about fragmentation 
obtained in a preliminary exposure on the Z, it seems that quark identification 
can be reliable enough to allow excellent asymmetry measurements for the various 
flavours. 

The statistical accuracy, which for qq is linked to the tagging efficiency, will be 
the dominant one for a long period. The increase in LEP luminosity (Section 5) 
will allow it to be reduced and in some cases made negligible in comparison with 
systematic errors. 

The uncertainties expected for Ad are summarized in Table 3a [32). Although 
the systematic errors may look quite small, they are not so different from those 
quoted for the measurements of F/I or qq asymmetries done at PEP and PETRA 
[33]. Furthermore, we should take into account the much larger statistics available 
on the Z, which allow the systematic errors to be decreased as well, and the fact 
that various sources of instrumental problems (confusion of signs, mixing of e and 
p, cosmic rays, etc.), still present at PEP and PETRA energies, are non-existent 
on the Z with the LEP detectors. 

Nevertheless, it is clear that the information obtained from AA at LEP 1 is 
far less accurate than that from AJ.R, as shown in Table 4. In particular, & 
obtained from &,b,c = 3/4 A,Ab,= suffers from the uncertainty in A,. 

The results obtained so far for AEi are given in Table 3b: they should be 
compared with the possible ultimate achievements through ALR or unpolarized 
asymmetries with higher luminosity (see subsection 5.3). An improvement of an 
order of magnitude is still to come. 

For AZ the present uncertainty is AA - 2 x 10e2, dominated by statistics. 
4.1.4.2 Tau polarization. Another way of determining sin* 0, is by measuring 

the polarization of the T, in e+e- + T+T-. 

-46- 



On the Z, 

k(e) = A’ + P(2 cm t’/l + ccd 0) 
1 + A’P(2cos0/1 + cc&B) ’ 

where 

It &n be seen that the mean value is equal to 

A’(= A’ if universality holds), 

and therefore, in principle, the same information as that from ALR can be obtained. 
However, if the observable is the energy distribution of the rr* from the T + rrr/ 
decay mode, the statistics are rather limited (6%0 of the Z final state is used), and 
some systematic error sources, mostly related to the background mode T --t PV, 
are present [34]. Again, Table 3 shows that the accuracy on sins@, expected at 
LEP 1 is much (five times) worse than that obtained from A,,R. 

In fact, T leptonic decays, and especially r -+ pv, A,“, can be usefully 
exploited as well. Theoretical studies and preliminary results indicate that a 
global (but experimentally tricky) treatment of several final states could improve 
the accuracy by a factor of N 2. 

Up to now, ALEPH has given the best results on P, through the leptonic, 
r --t XV and T -+ pv channels. The values given in Table 3c are still far from the 
goal. 

Putting together the information from all quantities obtained without beam 
polarization (A$, P,, Frr) one can get an accuracy on sin’8, which is presently 
fO.O023(ALEPH). With 4M (25M) Z it should reach f0.0008 (f0.0004)per ex- 
periment. 

4.1.5 The number of neutrinos 

This is a crucial measurement. Moreover, since several theories [35] predict 
that at LEP it could be possible to obtain a non-integer number, we should try 
to get the best possible accuracy. Such theories can be supersymmetry, with a 
contribution to NV from sneutrinos, or various ideas involving mixing. 

We have already discussed the limitation on N, from the direct width measure- 
ment. A more refined treatment has allowed us to do better. The invisible-width 
method [36] rests on the exploitation of the obvious identity: 

rinvis = r - rvis = r - rhsd - rt. 
Partial widths and cross-sections are related by 

For instance, 

1% G and 
1% r-r,& 

uPP = 7 p 9 toI 
(I,,4 = 7 - 

mz co, 

The idea, then, is to take, for some partial widths, the standard theoretical value. 
In the original proposal, rt = rpd 
was adopted. The widths I? and Fhsd are extracted from the equations giving o,,,, 
and or,&: this implies the measurement of these two quantities and therefore a 
good knowledge of acceptances and radiative corrections for the /JP and hadronic 
channels. The use of the /L/I channel leads to a limitation in statistics. 

Another way is to take both Ph& and Ic as the standard values. We have 
only to measure or,&. For sin’& = 0.23, the number of neutrinos can then be 
expressed as 

NV = &!& - 11.68 , 

or 
AN, = 

Nu + 1 I .68 Aahd 
-. 

2 ohad 

A 1% relativeerror on (Ihd gives AN, = 0.075. In both methods the important fact 
is that cancellations occur in the error propagation, so that for a given luminosity 
the uncertainty is smaller than for Irot measurements. 

Figure 13 shows the present results as a function of the number of recorded Z, 
and also what one can expect from these methods. The limitation is clearly of a 
systematic nature related to normalization, and it ranges around AN, = 0.1. 

This is quite excellent, and a number of people consider that the problem of 
the light-neutrino counting is solved. 

Nevertheless, in the long term the radiative method 1371 could be as accurate, 
with less dependence on standard assumptions. The idea is to sit somewhat higher 
than the Z peak and to measure 

e+e- + yZ 

I”, ( 

i.e. a final state with .a single 7. We can simply understand the observed y 
spectrum as the product of a bremsstrahlung distribution by the Z resonance 
curve. 

Elaborate calculations treating the graphs of Fig. 14 exist: Fig. 15 [38] shows 
how the 7 spectrum and the cross-section are modified relative to the Born term. 
To obtain a sufficiently high cross-section, it is necessary to stay close to the Z 
peak. On the contrary, a larger fi will give a harder photon spectrum, with 
a better known reconstruction efficiency as well as a safer theoretical picture. 
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The main background ib ee --) (ee)7, with the final e* disappearing: it can be 
decreased by selecting -r at larger angles (> 0,” of Fig. 16) and vetoing e* down 
to very small angles (e,,, of Fig. 16). Figure 17 gives an idea of the signal and 
the signal-to-background ratio as a function of em;” and &: the trend is clear. 

In Fig. 13 we give an estimate of the power of the radiative method. The 
number of Z’s should now be understood as the number that would be obtained 
by spending the same J,!, dt on the peak. Point A shows what can be obtained 
from an exposure of 10’ Z  at the peak 1391. Th’ IS is, however, quite experiment- 
dependent since on the Z  we must cope with fairly low energy photons. Only 
appropriate e.m. detectors (resolution at low energy, coverage) can effect such a 
measurement. 

Point B shows what can be expected from 3 x 10s equivalent Z  (about two 
weeks of nominal LEP) in the region 96-104 GeV [l]: this, however, looks opti- 
mistic. 

From what we have said above, it is clear that an increase in luminosity should 
be quite profitable for radiative neutrino counting. W e  will come back to this topic 
in subsection 5.3. Anticipating the result, we show (point C) our estimate of what 
the pretzel LEP could bring to N,. Point A’ [39] is higher because the assumption 
about normalization is more conservative. 

4.2 The ‘Discoveries’ 
Perhaps the genuine role of LEP will be to provide a set of extremely accurate 

measurements, leading eventually to indirect discoveries. Nevertheless, it is legit- 
imate to search first for all possible direct effects that have not yet been ruled out 
by previous experiments. They are numerous, so we shall focus on 

i) the classical Higgs; 
ii) supersymmetry: 
- SUSY Higgses, 
- charged Higgses and the t-quark problem, 
- chargino and neutralino sectors; 
iii) compositeness. 

4.2.1 The classical Higgs 

The search for the classical Higgs through the Bjorken reaction 

ee-+ ZH, 

where the Z  is either virtual (LEP 1) or real (LEP 200) and decays into e+e- or 
VV, has been studied ad satietam [40] (Fig. 18). 

A recent development [41] concerns a possible source of background that was 
not fully considered in the past, namely 

e+e- -i Z  -+ 4fermions 

Fig. 15c Energy spectrum of the observed photon. 
line), fully corrected (solid-line), and 0( a )- corrected 
Ref. 1381). 

Fig. 16 Experimental set-up: 0,.,, is the veto 
detectable angle. 
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The process is show’n in Fig. 19a and the cross-section is given in Table 5. 
This cross-section is large but, owing to the dominance of quasi-real y exchange, 
the kinematics of the four-fermion state is quite peculiar: a pair at high mass 
and a pair at low mass, as shown by Fig. 19b; therefore, for the safe channels in 
the Biggs search, i.e. Z 4 !+P-bb, a cut on the dilepton mass eliminates this 
background. 

The reach of LEP 1 to the ‘safe’ channel Z -+ Hp+p- can be deduced from 
Fig. 20. A signal of 10 events for a Higgs of 50 GeV/cs would require lo6 Z. 

In fact, things went much faster through the exploitation of the channel Z -+ 
Hue, which is supposed to be six times more abundant [42]. Provided a good 
hermeticity prevents the occurrence of background, for instance from ee --t qq(r), 
the 7 being lost, one can, in the absence of any candidate, put quite strong limits. 
With u 100,000 Z, ALEPH was, for example, able to exclude the Standard Higgs 
up to 42 GeV/c*. Combining all four experiments, 48 GeV/c’ can be reached. 
Provided the background situation stays the same, an order of magnitude in the 
number of Z would provide a gain of 10 GeV/c’ on the limit. 

4.2.2 Supersymmetry 

Present results from e+e- machines and from the CERN pp Collider had 
already almost completely excluded the domain accessible to LEP 1, as far as 
sfermions are concerned (Fig. 21). This has been checked directly by the LEP 
experiments. LEP 200, on the contrary, will offer the possibility of pushing the 
mass limits to values approaching G/2 (Fig. 22). 

Nevertheless, it is now admitted that the two aspects of SUSY that are the 
most likely to reveal themselves at LEP are the SUSY Higgs sector and its 
chargino/neutralino sector. 

4.2.2.1 SUSY Higgses. It took some time to realize how much this sector 
is constrained in minimal SUSY. Starting from the two complex doublets, after 
symmetry breaking we are left with two neutral scalars ho and Ho, a pseudoscalar 
A’, and two charged Higgses H+ and H- (ho and A0 are often called Hz, Hs in the 
literature). The properties of the Higgses depend in particular on tg/3 1 uz/vt, 
the ratio of vacuum expectation values. 

Figure 23 [43] summarizes the situation in minimal SUSY: 
At tree level: 
i) There always exists at least one neutral scalar ho lighter than the Z (on the 

contrary, charged Higgses are heavier than the W); 
ii) there is always a neutral scalar close to the Z mass (Fig. 23e,f); 
On the Z: 
iii) if vz/ur < 2-3 (Fig. 23b), the lightest scalar ho is essentially produced like 

the standard Higgs; 
iv) if uz/vr is large, ho is produced in association with the pseudoscalar A0 

(Fig. 23c), 
ee -+ hoA’; 
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Fig. 20 Event rate with (solid) and without (dashed) radiative corrections versus 
Higgs mass, using (I = I/137, sin’& = 0.23, mz = 92 GeV, Iz = 2.5 GeV, and 
BR(Z + p+p-) = 3% (for 10s ‘tree-level’ Z’s). 



- . 



‘ 
5 

f 
,c 

* 

2 /-“<ii , 
-_ 

I 
a) 

- 
0 20 LO 60 8" 

nip IcmVI 

Fig. 22a Excluded W I=,-rns domain for stable photinos (Monte Carlo for LEP 
200) 
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Fig. 22b Excluded ni-ns plane (Monte Carlo for LEP 200) 

the relation between the masses of the two objects is given by Fig. 23a, which shows 
that they rapidly degenerate when uz/uI increases. One sees that the associated 
production can be substantial, reaching a few per cent of the Z  final state. 

Furthermore, Figs. 24 [44] indicate that the decay into T  pairs is always copious 
(for us/u, > l), giving a useful experimental handle to the selection of such a 
final state through TT  jet-jet, or even qua&i-taus. Charm can play a role as well 
(inclusive D’s). 

Other possible Higgs channels around that theme should also be kept in mind. 
All the ‘theorems’ stated above are valid for minima1 SUSY and for several of 

its extensions. They are not completely unavoidable in a general model, but SUSY 
specialists agree that the non-existence of a light neutral scalar would make the 
theory appear quite contrived and unattractive. However loop diagrams involving 
the top and its spartners may modify the tree- level mass of the Higgses and in 
particular push r-r+ somewhat above ms. This shift critically depends on the top 
mass. 

Whilst the large associated cross-section [which varies merely as (velocity)‘] 
and branching ratio into T  pairs have allowed us to explore rapidly a substantial 
region of the parameter space for large us/u,, it will take much more effort, at 
LEP 1 and 200, to get an answer regarding the crucial assessment of point (i). One 
can visualize this from Fig. 25 giving the LEP results, and from Fig. 26 locating 
them within the allowed domain. In fact, the size of the region which is left open 
varies with the couple of parameters adopted! Although (tg @,ms) emphasizes 
the road already covered, the choice (tg p, m*) rather illustrates how far one has 
still to go. 

1.2.2.2 Charged Higgses and the t-quark problem. In minimal SUSY, 
the H* are heavier than the W . Nevertheless, this sector should be explored 
systematically. 

The present limit from CELLO [45] is - 19 GeV/c’. TRISTAN and LEP 1 
have allowed us to push it to close to the respective kinematical limits, and 
LEP 200 will do the same. 

It is interesting to examine this problem in conjunction with the mystery of the 
elusive t-quark. Figure 27a [46] h s  ows the various possible regions in the mn+-m, 
plane, as well as the existing experimental bounds. In region I the t-quark can 
only decay through H*: 

t-+Hb. 

In region II there is competit ion between 

t-+W’b and t + H-b 

The relative importance expected for these decays is shown in Fig. 27b for the 
two models described in the caption. 

Here again, decays through taus (Fig. ‘27~) will play an important role by 
providing a good means of identifying the state under scrutiny. 

Figure 27d gives the present JJAl limit. 
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Fig. 25 The LEP results on SUSY Higgs (all experiments combined): tan p 
versus rns.. 

NOW EXCLUDED 
Z+y h” A” 

20 

= 16 
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12 

Fig. 26 The domain of SUSY Higgs parameter visualized: in tan 8, mA planes; 
the present limit is shown; a sensivity of 500 pb-’ at LEP 200 gives access to the 
full domain. 

Figures 27 should help to define the possible search procedures. LEP 1 has al- 
ready pushed the mass limit of H* to - 40 GeV/c*, depending on the rv branching 
ratio Fig. 28 [47]. This automatically set a model-independent limit of - rn: +ms 
on the t-quark mass. A still better model-independent limit is obtained for the t- 
quark-and for any heavy quark-by a direct study of the acoplanarity of Z + qq 
events 1481 (Fig. 29). 

4.2.2.3 Charginos and neutmlinos. The charginos i,, i = 1, 2, are the super- 
position of Wino and Higgsino states which diagonalize the mass matrix 

M(‘) = ( 
JZmwsinb 

&l~cosa p > ’ 

where M,p, and p (tg p = us/ur) are the parameters of the Lagrangian in the Mia- 
imum Supersymmetric Standard Model (MSSM). The cross-section is dominated 
by the Z exchange diagram. With the signature 

ee -+ i+g- + e+e- + pyi=s, 

the lightest charginos should be detected up to the border of phase space. 
Neutralinos ii are Majorana fermions, superpositions of the neutral gauginos 

and Higgsinos. Their masses and compositions are determined by the diagonaliza- 
tion of a mass matrix M(O) defined by the same parameters as those occurring in 
MC’) in the case of the MSSM. The best hope of detecting them at LEP 1 comes 
from the associated production 

where 1 is the lightest neutralino. The decay of the heaviest neutralino i’ can be 

if the Higgs Hs and/or the chargino are light enough; otherwise: 

giving very striking signatures. Contour plots are given in Fig. 30. 
A systematic exploration of the kinematically allowed regions for neutralinos 

requires a sensitivity to cross-sections of less than a picobarn. However, within 
the MSSM, a large fraction of the domain of naturalness can be excluded also by 
the non-observation of charginos at LEP 1 and 200. 

The most recent exclusion contours given by LEP are shown in Fig. 31 [49]. 
Such figures are very complicated because of the many sources of information 
used. If the origin of the limits is not taken into account, we get the overall 
picture of Fig. 32. The physical content is made clearer if we remember that the 
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t+Hb. 
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Fig. 27a The plane (mu+, m,) and the regions excluded at present by experimen- 
tal lower limits on mu+ and m, from e+e- collider experiments. Also shown are 
the kinematical regions accessible to on-shell t -+ H+b and to off-shell t -+ H+‘b 
decay on the left- and right-hand side of the line m, = mu+ + ms, respectively. 

t + Hb 

Fig. 27c The branching ratio for H+ + r+u as a function of tanp. The CbM 
mixing angles were neglected, and values of mu+ = 50 GeV, m, = 1.5 GeV, and 
m. = 0.15 GeV were taken. Results are for Model II couplings. The Model 1 
result corresponds to the tan p = 1 value. 

Fig. 27d The present UAl limits. 
Fig. 27b Plot of BR(t + H+b)/BR(t + W+b) as a function of tan@ for m, = 
100 GeV, ms = 4.5 GeV, and mu+ = mw. Results for both Model I (all ff couple 
to only one of the two doublets) and Model I1 (up-ff couple to 42, down-ff couple 
to q$) fermion couplings are displayed. 
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Fig. 28 The LEP mass limit for charged Higgs (DELPHI). 
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Fig. 29 The acoplanarity distribution expected from a t-quark or any heav) 
quark (OPAL). 
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Fig. 30 Contour plots in the parameter plane of the MSSM for two values of 
IQ/VI (a, b), showing (shaded area) the region inside which ee + Z  - xx’ has a 
BR > 10e5, as well as the exclusion areas corresponding to the non-discovery of 
x+x- at LEP 1 (between the full lines) and LEP 200 (between the dashed lines). 
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Fig. 31 The LEP limits on neutralinos (ALEPH). 

Fig. 32 Sketch of the excluded region in the M, /J plane and iso- LSP mass curves 
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vertical scale M  is in fact related to the gluino mass and, for small M  values, 
to the mass of the lightest neutral SUSY particle 2.. For tg p > 2 we are in 
fact excluding rni < 100 GeV/c’ and mi < 17 GeV/c*. By the way, the latter 
would have important consequences for cosmology, since i is usually considered 
as a good candidate for non-baryonic dark matter. Unfortunately one has not yet 
shown that tg B > 2. 

4.2.3 Compositeness 

This is a radical issue of the problems left open by the SM. Particles are 
assumed to be made of subconstituents (preons, rishons, etc.) linked by a new 
interaction. At the compositeness scale, constituent hard scattering would be 
observed. At energies well below that scale, compositeness is described by an 
effective interaction, the intensity of which is governed by g/A, the ratio of its 
specific coupling to the scale; therefore the notion of scale is ambiguous as long 
as the nature of the coupling assumed for the underlying interaction is not made 
explicit. 

Usual compositeness assumes that quarks and leptons are composite. The 
main effects to be looked for are contact terms in fermion scattering, excited 
objects, etc. 

Contact terms can be parametrized B la Eichten-Lane-Peskin (ELP) 1501: 
strong coupling, strong scale A, various helicity combinations. Contact terms are 
mostly felt by their interference with usual amplitudes. On the Z, unfortunately, 
their real contribution does not interfere with the imaginary resonant term. This 
explains the dip observed in the curves of Fig. 33a at the Z mass. On the wings 
of the Z and at LEP 200 the sensitivity is restored. Limits on A, depending on 
the helicity configuration and under the assumption of strong coupling, are given 
in Fig. 33b. 

The most promising excited object is the ea. It can be pair-produced (limit: 
G/2), singly produced through 7 exchange (limit .-.. ,,6), or exchanged in ee 
-+ 77. A thorough study can be found in Ref. 1511. 

As expected, LEP has set strict limits up to - &;/2 through the non-observation 
of pair production. It has excluded also excited leptons up to - 80 GeV, and for 
a sufficiently large magnetic coupling, through the non-observation of single pro- 
duction. 

Another fascinating issue would be nearby compositeness, i.e. compositeness 
of the IVB. The scale, under the assumption of electroweak coupling, would then 
be of the order of the Fermi scale. A good example is the strongly coupled 
Standard Model (SCSM) 1521, built from 72 left-handed fermion doublets $L and 
a complex scalar doublet 4 with the same SU(2) x U(1) as in the SM. However, 
SU(2) is assumed to be confining, and the objects above are preons which, by their 
combinations, give the known particles, as well as new ones: leptoquarks, isoscalar 
vector bosons, etc. Nearby compositeness induces, for instance, rare decay modes 
of the Z (Fig. 34) [53] and departures from the SM for many observables such as 
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Fig. 33a The ‘reach’of e+e- colliders, AEd = limit (A,).{[s/(190 GeV)*].(500 pb-r/J L dt)}““. 
as a function of A, showing approximate scaling (dashed line). For details, see 
Ref. (541. 

Fig. 34 Enhancement of cross-sections in the SCSM (from Ref. (531); 1 event 
per year at the SLC (L = loss assumed) means 100 events per year at the pretzel 
LEP. See also Ref. [57]. 

Fig. 33b Lower bounds on the compositeness scale A, for e+e- -+ e+e- [(a), (c)] 
and for e+e- + p+p- [(b), (d)], as a function of the integrated luminosity at fi 
= 190 GeV. For details, see Ref. 1541. 
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asymmetries. The m&s and width of the Z can be modified by the presence of 
higher bosom. In the SCSM, the channels ee -+ ff at LEP 200 are modified in a 
correlated way (Fig. 35) [54]. 

On the Z, the most spectacular mode would be Z -t 3-y. In the SM this is 
unpbservably small (- 5 x 10-r’). Compositeness can boost it to a branching 
ratio of - 5 x lo-‘Q6, where Q is the mean electric charge of the preons. In 
the absence of an underlying model, phase space is used to evaluate the visibility 
of such a channel, over a background due to radiative ee + yy. In Ref. [51] 
it is shown that, with 100 pb-‘, a branching ratio 2 1.1 x 10e5 would be 
visible. Scaling up in luminosity, we deduce that the pretzel scheme should allow 
us to reach 2 x 10m6. This would be a meaningful measurement if we refer to 
the guessed-at number given above. The present limit from OPAL is 5.2 x 10v5 
(95% CL). Observing such a channel would be a major result. However, on the 
contrary, its non-observation would not produce any information since the guess 
does not rely on any firm consideration. 

In Table 6 a few useful scaling laws are given, which allow us to see at once 
the effect of JL dr and fi on the sensitivity to compositeness. In the search 
for contact terms and excited electrons, it turns out that to increase fi is more 
rewarding than to insist on increasing the luminosity. 

5 INCREASING THE LUMINOSITY = 
THE PRETZEL LEP 

A new option was recently proposed for LEP 1551: multibunch operation on 
the Z, providing a tenfold increase in luminosity. This is known as the pretzel’ 
scheme [56]. Physicswise, a thorough study, such as was done for LEP 200 and 
for polarization on the Z, has been carried out at a Workshop [57]. 

With the pretzel scheme (see subsection 5.1), if it can be successfully imple- 
mented, one could imagine an exposure on the Z leading to - 10’ such particles. 
Clearly, many experimental and organizational problems would have to be solved 
in order to cope with such a flux and with the total amount of information. They 
are briefly discussed in subsection 5.2. The output of physics from 10s Z is then 
explored along three directions: 

i) the improvement of accurate measurements on or near the Z (subsection 
5.3); 

ii) the detection of rare modes of the Z, with branching ratios 5 lo-’ (subsec- 
tion 5.4); 

iii) the physics of beauty that one can hope to perform (Section 6) on the Z 
resonance. 

‘This is the English name oi a biscuit called Pretze by the Bavarians (and Brezel by the 
Germans), and which can be described es ‘ein Backwerk, etwa in Form einer Acht’ (i.e. a 
biscuit, resembling somewhat the shape of an eight). 

-hO- 

b) 

Fig. 35 Correlated effects of exotic isoscalar vector bosons on p’+p- (a), e+e- 
(b), and b6 (c) final states, as expected in the SCSM, assuming a coupling 9 = 1. 
The insets show the experimental sensitivity at J3 = 190 GeV (Ref. [54]). 



There are also other, potentially interesting fields (e.g. tau physics). 
An important remark should now be made (it will be substantiated later): 

high luminosity on the Z, however interesting it may be, is physicswise not an 
alternative to an increase in LEP energy (giving access to the W-pair domain) or 
to the exploitation of longitudinal polarization and to searches for heavier objects 
on the Z: these two options contribute specific irreplaceable information. 

On the other hand, it will rapidly become apparent that technically (RF po- 
werwise) the increase in the energy and in the luminosity is strongly coupled. 

5.1 The Pretzel Scheme 

The formula for the luminosity, given in Section 1, 

exhibits the main parameters governing its value. With k,, E number of bunches 
= 4, Ib = current per bunch = 0.75 mA, S; z beta function at the interaction 
point (IP) = 7 cm, and c E beam-beam limit factor = 0.04, we get the canonical 
value of L = 1.7 x 103’ cme2 s-l at the Z mass, which hopefully will be reached 
in the near future. 

To go beyond this value, we can think of increasing the bunch current (by a 
factor of 2?) and decreasing pi (by a factor of 1.5), and we can hope that a larger 
bean-beam limit (a factor of 1.5) can be tolerated. However, any such attempt 
has its unknown features. 

A radical approach is to increase the number of bunches, whilst avoiding un- 
wanted bunch-bunch collisions. The best idea would be to have a second ring 
on top of the first one, but occupancy of that location is already foreseen! An 
alternative method is the pretzel scheme: its principle is to give opposite wavy 
patterns to the e+ and e- closed orbits (Fig. 36), so that the bunches avoid each 
other. These patterns cannot be tolerated in the RF section because synchro- 
betatron resonances would be excited; this imposes an upper limit on the number 
of bunches, namely: 

circumference 
n - 

maX - 2 x distance IP to end of RF 
N 54 

Furthermore, the number of bunches should divide the RF harmonic number 
of the machine, so that proper acceleration is ensured. And obviously there must 
be encounters at even intersection points. If b # p x 4, there are no collisions in 
the odd pits. This gives the following possibilities: 

Icb = 2,4,8, . . . . 18, . . . . 36,40 

Fig. 36 Basic idea for a pretzel scheme (showing one octant) (from Ref. [56]) 

Fig. 37 Power-limited luminosity at LEP [56]. The transverse-mode coupling 
threshold is indicated. 
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For several reasons, the choice would be to separate the beams in the horizontal 
plane, in particular because there the aperture is larger. The residual bean-beam 
tune shift resulting from the close encounter of opposite bunches has been studied 
1571, using separators (electrostatic or RF magnetic) in place of the last half-cell 
of the RF cavities. With 1 = 8 m and E, = 0.8 MV/m, this tune shift would still 
be a’cceptable for a 36-bunch solution. The resulting luminosity would be of the 
order of L = 1.4 x 103’ cmv2 s-l. 

However, it is necessary to have sufficient RF power (- 7.5 MW to get the 
quoted luminosity at the Z mass), and such a scheme can only be possible if some 
of the copper cavities are already replaced by superconducting (SC) ones (also, 
room is needed for the separators); in 1991, 32 SC cavities could be installed. 

With an RF power of fb, M 10 MW, the scheme could be used up to 
& = 100 GeV. With more RF Dower it could allow us to increase the luminositv 
at higher energies. This would be welcome, because of the smallness of the cross- 
sections in that domain. 

To fix the ideas about the maximum amount of RF needed at LEP 200, we 
could, for instance, have the following aim: to get enough power to be able to 
double the luminosity in a useful region above the W-pair threshold (eight bunches 
or more current). With the luminosity behaving as L cx l/E:, a larger gain would 
be obtainable at more modest energies (Fig. 37). 

It is premature to make any prediction about polarization: however. the choice 
of a horizontal separation does not a priori compromise the chances of maintaining 
the polarization (if there is any) in a pretzel scheme. 

A simpler way to increase the luminosity by a factor of 2-modest but safe- is 
to provide a scheme for eight bunches. The pretzel is not needed; we just have to 
ensure the separation of bunches which would otherwise cross in the middle of the 
areas. Eight pairs of vertical separators can do the job. However, being bound 
to vertical separation would prevent any further step in the direction of a pretzel 
and would also make the eight-bunch scheme useless for polarization. 

5.2 Experimental Problems 

As we saw in Section 2, LEP experiments have been prepared having in mind 
an interval of 23 ps mind an interval of 23 ps between crossings and for a peak 
luminosity of 1.7 x 103’ cme2 s-l. The 36-bunch solution would bring this interval 
to 2.5 ys and increase the luminosity by an order of magnitude; provided the 
vacuum can be kept at around the same value, the background would probably 
scale with the number of bunches. Finally, lo* Z represents at least an order of 
magnitude increase in the volume of data foreseen. Let us note first that the Z 
rate is approximately four per second: therefore physicswise, all-r nearly all-- 
of the - 400,000 crossings per second are empty, and the two-photon interaction 
does not change this picture. 

The argument that the existence of long-drift devices (e.g. TPC, RICH) would 
preclude the use of such a bunch spacing is not a valid one. What has to be done 

is to abandon the gating mode that leads to a systematic opening at each crossing. 
One could use an externally triggered mode: the elements of such a fast trigger 
have to be provided, but whatever its rapidity, a few centimetres of information 
will be lost on the edges of the drift volume. It is difficult to see what could prevent 
us from having such an efficient trigger at a rate of 1 kHz or less. Probably better, 
however, would be a permanent gating mode of the ‘diode’ type: preliminary tests 
have been performed. 

Another effect of long-drift devices would be to integrate the background of 
several crossings. For the nominal LEP conditions, with a vacuum chamber of 
radius r = 8 cm, the background conditions [ll] are not severe; the detectors 
should be able to stand two orders of magnitude more. However, if at the same 
time we try to decrease the radius of the chamber, things get rapidly worse, as we 
have seen in Section 3. In fact, we can act only in the vertical plane. From the 
point of view of background, a chamber profile, as shown in Fig. 1 (121, seems to 
represent the ultimate tolerable limit for the nominal luminosity. Therefore, it is 
hardly possible to run the pretzel and at the same time use such a chamber. My 
guess is that instead of struggling to approach the interaction point below r = 5-6 
cm in order to improve the extrapolation accuracy, we should rather act in such a 
way as to decrease the effect of Coulomb scattering by using thinner microvertex 
detectors, possibly installed in a pre-vacuum region. We will come back to this 
discussion in subsubsection 5.4.5. 

More problematic is the fact that the various detectors, because they were 
prepared for a large interbunch spacing, have, for some aspects of their electronics 
and readout, been ‘taking their time’. None of them would find it a problem to 
accept eight bunches. Beyond that, non-negligible modifications would have to 
be performed in some cases. This would need time, effort, and money, but such 
outlay would anyway remain at the level of a few per cent of the total project 
investment. Detailed studies have now been made for each experiment (571. 

The problem of acquiring about four Z per second (assuming that we know how 
to avoid triggering on the background) is not a major one. The idea of processing 
100 million Z appears to be challenging. As we will see, quite rare and unusual 
events are being searched for, and therefore we have to avoid the systematic use 
of fast but biasing filters for speeding up the production. 

The problems of mass storage, fast link, and manpower are probably more 
severe than the question of CPU availability. However, relying on the rapid evo- 
lution of techniques, we can envisage that these problems will be manageable in 
the near future, as has been concluded in Ref. [57]. Furthermore, it is quite likely 
that a collider such as the LHC will, several years after the pretzel is introduced, 
require even more computing power, and therefore we should be prepared for this 
eventuality. 
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5.3 Accurate Measurements 
The interest of doing accarate measurements on the Z in order to test the Standard 
Model in depth and possibly reveal new physics, has been studied with great care 
in the past and was reviewed in Section 4. 

The obvious tendency here is for the statistical errors--which in many cases 
were still dominating-to fade away. The measurement is thus more exposed to 
expe;imental systematic errors and theoretical uncertainties. 

Another aspect is that, with abundant statistics, we can also act on the sys- 
tematic errors in order to decrease them: cuts can be made tighter so as to avoid 
doubtful kinematical regions; acceptances can be measured by comparing redun- 
dant procedures; our knowledge improves with the statist.ics, and so on. 

The pp (or @) charge asymmetry (Table 7) will then be dominated by the 
error due to the uncertainty in the position of the measurement relative to the Z 
pole: here 1 have assumed that it is f10 MeV/c s, limited by reproducibility of the 
machine. Systematic scanning and/or the frequent use of resonant depolarization 
to get the scale could even lead to a more favourable value. The value quoted in 
Table 7 for the uncertainty in the radiat.ive correction (- 556% of the correction) 
can probably be reached, but first there will have to be a lot of progress with 
respect to the present state of the art, which, for unessential reasons, shows much 
dispersion of the results between the various programs. The experimental error 
(built up from the difference between the acceptances for + and - integrated over 
the detector) is an example of a quantity that can benefit from an increase in the 
statistics, since it can be measured from the data. 

For the r-polarization measurement, the statistical error, which still dominates 
at the level of a few IO6 Z (the signal is only 6Y000 of the Z rate if the T -+ xv mode 
is used), disappears, and we are left with the dominating systematic errors: for 
instance, in the case of T + xv, it is the confusion with r -+ pv. Our improved 
knowledge of the detectors, the increased statistics that allow tighter cuts to 
be made, the likely exploitation of T -+ (vu modes, and the possible combined 
exploitation of the r -+ rrv and T -+ pv modes, could finally lead to numbers 
below those quoted in Table 8. 

It is certainly in the exploitation of hadronic modes that the improvement 
is mostly felt. Indeed, owing to the severity of cuts at the tagging level, the 
statistics were always considered to be the limiting factor. Moreover, information 
obtained on the Z peak is essential to our having confidence in the ‘stability’ of 
programs describing fragmentation-in particular for quarks such as the s, which 
were ‘minority carriers’ at PEP and PETRA, and in deep-inelastic scattering. It 
is likely that this information, and therefore the quality of tagging, will gradually 
improve in the LEP era. The availability of large statistics also allows us to 
make use of double-tag procedures, in which several quantities such as tagging 
efficiencies, poorly known branching ratios, etc., cancel out. Expected numbers 
for the single-tag method are given in Table 9, as derived from Table 3. Included 
in the systematic errors are: QED, with uncertainty on the position relative to the 

Z pole; QCD corrections, which seem to be well under control; and the dominating 
instrumental and tagging errors. We should note that such measurements are not 
the privilege of detectors with powerful hadron identification. For instance, the 
promising c-tagging procedure [SE] of the third column requires only the good 
measurement of a 2-3 GeV pion, and its ultimate systematic error, which is still 
uncertain, will depend on the quality of such a measurement and on the reliability 
of background subtraction (Fig. 38). The number given for the u-quark (fast 
proton tag) is obviously a very shaky one because of our present ignorance about 
such fragmentation. 

Table 9 shows a set of impressive numbers which would be obtained from quark 
tagging. However, the amount of work and of further understanding that will be 
necessary in order to reach this level is impressive too! 

Therefore the polarization asymmetry (ALR) measurement offered by longi- 
tudinal polarization keeps its invaluable quality. With a modest 50 pb-‘, and 
provided the conditions quoted in Table 10 are fulfilled, an experimental accuracy 
of A sinz 0 = f0.0003 can be obtained 141. Reaching this accuracy, without polar- 
ization, would require the combined information (A$!&,, f’,, . . .) extracted from an 
exposure of - 25 M  Z. The systematic errors are of a totally different nature com- 
pared with the charge asymmetry AA, and the amount of data to be processed 
is quite limited. The experimental accuracy matches well with the theoretical 
uncertainty of f0.0004. The polarization option is more interesting than ever. 
Compared with the SLC, in which polarized beams should be easier to obtain, 
LEP has the vital advantages of luminosity and of the four-bunch scheme (see 
Section 7). 

As mentioned in Section 4, another accurate measurement, where abundant 
luminosity can make an impact, is neutrino counting, using the classical radiative 
method. Luminosity allows us to go higher above the Z (say around 100 GeV, 
since the pretzel is still operative there), and to select photons of higher energy 
(> 3 GeV) and wider angle (> 45”), keeping a large signal (- 3000 events for 
100 pb-‘, i.e. two weeks of running time). This transverse energy (ET) cut, 
combined with the quite low angle tagging foreseen with a second-generation SAT 
(< 2”), almost eliminates the eey background; if necessary, this can be subtracted, 
using a measurement below the Z. If an experimental problem of acceptance to 
E, > 3 GeV still exists, then by triggering on photons we can measure the ratio 
of vvy to pp-r, which in principle eliminates such uncertainty, but at the expense 
of statistical limitations with ppr. Normalization problems limited to w +l% in 
the SAT could be still improved by the use of forward e.m. calorimeters counting 
about one tenth of the Z (300,000 e+e- for 100 pb-‘) and with hopefully lower 
and different systematics. If a month of pretzel is devoted to v counting, it 
is difficult to see why an experimental error of ANw’,/Nv 5 4% should not be 
obtained, as shown in Fig. 13 (point C). We saw that on the theoretical side [40] 
the situation, within such an acceptance, is also quite favourable. Admittedly the 
results on N, obtained from the total cross-section measurement are already of 
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Fig. 38 Spectrum of the & of single x relative to the jet axis: a) non-charm, 
b) all events. (Data from DELPHI, Ref. 1581). 
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an equivalent quality and do not seem to present any ambiguity of interpretation. 
The motivation for a radiative measurement is therefore weaker, although there 
may be both safety and satisfaction in getting a second measurement of high 
accuracy with totally different systematic errors. 

In principle, ‘fast’ measurements such as those of mz  and Fz do not improve 
with statistics, whilst Phd and Ptc should become somewhat better, in particular 
if the absolute normalization error is decreased. However, some people argue that 
the study of ee -+ ee at large angle (> 15:), through the interference between 
Z  and 7 contributions, should in the long term produce revolutionary accuracies 
for total and partial width measurements [59], p rovided the problem of radiative 
corrections is treated adequately. 

5.4 Rare Modes of the Z  

Non-standard phenomena reviewed in Section 3 should lead to the existence 
of new decay modes for the Z. Such phenomena should also slightly modify the 
accurate measurements on the Z  (or at higher energy). However, whenever a 
direct effect has a chance of being observed, we should certainly look for it. Here 
we enter a domain where, most of the time, detailed Monte Carlo work is missing. 

Intuitive arguments tell us, however, that whenever a channel with a branching 
ratio of 10-s or smaller is proposed, an increase in luminosity can only strengthen 
the chances of revealing this channel in a significant way. 

Let us see how the conclusions drawn in Section 4 would be modified if an 
exposure of 10s Z  could be obtained. 

5.4.1 Standard Higgs 

Figure 39 shows that in the standard channel Z  -+ Hpp, and keeping our 
criterion of 10 events as a meaningful discovery signal, the mass limit can in 
principle be pushed to - 65 GeV/cr. In the absence of tt and with the favourable 
features of the background four-fermion final state, there is a possibility that this 
can be exploited. As has already been mentioned, if the background could still 
be eliminated, the channel Z  + Hr~fi could allow the limit to be pushed even 
higher. One can, however, have legitimate doubts about an everlasting absence 
of background even in the best detector. In this mass range the channel Z  + Hy 
[2] would be more favourable. It corresponds to a set of diagrams, among which 
those of Fig. 40 are the most remarkable. The rate does not depend appreciably 
on the unknown t-quark mass. On the experimental side, the visibility of such a 
mode is unfortunately ruined by the final-state radiation ee + qqy, which under 
the most favourable experimental assumptions is two orders of magnitude above 
the standard signal. 

Another remark is that LEP 200 provides an alternative way of producing 
such high Higgs masses through the Bjorken mechanism ee -+ Z  (real) + H. The 
corresponding cross-section varies smoothly with the Higgs mass. The cross-over 



Fig. 40 Triangle diagrams for Z -+ Her. 

Fig. 39 Standard Higgs cross-section. 

Fig. 41 FCNC cross-sections for the extended Higgs model (from Ref. [SO]). 
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point between the pretzel LEP 1 and the standard LEP 200 (the mass at which 
we get the same rate per unit time) is - 60 GeV/cs. How high in mass we can 
hope to go with LEP 200 will be the subject of a discussion in Section 6. 

5.4.2 Compositeness 

In Section 4 we saw that for the contact terms, e* search etc., ‘patience’, i.e. 
accumulating luminosity, does not pay very much: rather, we should move to 
higher A. 

On the contrary, compositeness can induce rare modes of the Z or boost 
their branching ratio to observable values. For instance, the Z -+ 37 mode (see 
Ref. [51]), from a 100 million Z equivalent exposure, would then be revealed down 
to a branching ratio of - 2 x lO-‘j. If there is some truth in the guessed-at 
branching ratio presented in Section 4, then this gain of an order of magnitude 
could be crucial for revealing the phenomenon. 

5.4.3 SUSY 

In Section 4 we reviewed the ways of producing and observing SUSY Higgs. 
For large us/ui, the rate of associated production ee -+ hA (the two being mass- 
degenerate) falls relatively smoothly [like (velocity)3]. For tg B = 5, mko N m~,o 
= 40 GeVJcr, the branching ratio is 10e4 for one of them into TT, 7 x 10v6 for 
both of them into rr. LEP 1 should get close to the kinematic limit. For larger 
masses (> mZ/2) an increase in energy is necessary, as well as high luminosity 
(see Section 6). 

For tg p not far from 1, the lightest scalar is produced in the standard way, 
albeit at a reduced rate. For tg p < 1, the TT mode of h and A is no longer avail- 
able as a signature: the search must be performed in quadri-jets. High luminosity 
on the Z (as well as above it) will be very useful. 

The same is true for the neutralinos search (Figs. 31, 32), although, as we have 
said, the SSM suggests exploring rather the chargino domain at LEP 1 and 200. 

5.4.4 Flavour-changing neutral currents 

The existence of a fourth generation and of further new physics (such as two 
Higgs doublets) predicts flavour-changing neutral currents (FCNC), leading to 
unconventional final states [SO] (Fig. 41) if they are kinematically accessible: 

Z + bs , Z -+ b’b , Z -+ t’c , etc. 

There may be doubts about the occurrence of the last two. 
The same can happen for leptonic decays [61]: 
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For the leptonic modes, the most obvious background is Z + TT, with one 7 
decaying into Pvv, the Iepton carrying most of the momentum. The momentum 
spectrum is nearly linear in that region, and under the width of the peak at the 
beam energy (given by the momentum resolution c) the background is roughly c2. 
Putting in numbers [t x 2%, BR(T -+ /IVV) x 20%], one can expect that, with 
large statistics (- 10s Z), branching ratios of a few 10e6 should be accessible. 
Before and during this Workshop, Monte Carlos have been run on these processes. 
The results are shown in Fig. 47 [62, 571. 

From the hadronic FCNC, only the Z + bS has been carefully studied at the 
High Luminosity Workshop [57]. The s-quark is identified through 4 -+ K+K-, 
the b-quark through its secondary vertex. The results of the simulation are given 
in Fig. 43. 

5.4.5 The Z as a bb factory 

The Z is a democratic source of all fermion pairs. For instance, the physics 
that could be extracted from a few million T pairs is to be studied; and whilst 
information on the v, mass is probably the domain of dedicated T factories, we 
should learn much about the Lorentz couplings of the T on the Z, for example. 

For b6 physics, the prospects are the following. From 100 million Z (visible), 
about 19 million events of the bb type are available, i.e. 38 million ‘B’ particles. 
According to the Lund fragmentation model, their distribution by population 
should be as indicated in Table 11. 

One can say that a single exposure (to be compared with the situation at 
threshold bb factories) provides an abundance and a variety of beauty species. 
Table 11 and Fig. 44 give the main characteristics of bb events [63] according to 
the Lund program. Various properties allow such events to be tagged in a very 
efficient manner (leptons, offsets in a microvertex detector, leading particles, etc.). 
However, the impressive results of Table 12 [64] should be viewed with caution 
since we will be looking for rare and peculiar b-decay modes, whilst the tagging 
results are obtained for typical events. One way out would be to tag on one jet 
only, leaving the other jet free. The effect of this procedure has yet to be evaluated 
in detail, but the efficiency should still be high. 

A sine quo non condition for performing good b physics is the implementation 
of a high-performance vertex detector. Table 13 compares, for instance, the char- 
acteristics of the present DELPHI vertex detector with those of an ideal one [63]. 
We should go from two to three layers; the inner radius should be decreased-but 
remember subsection 5.2-and the lever arm possibly increased. in order to limit 
the Coulomb scattering, the vacuum chamber and microvertex layers should be 
kept as thin as possible. [If this is achieved, and if the main vacuum chamber 
represents a large fraction of the remaining thickness, we should try to push it 
outward (near the third layer). This means that the first two layers should be in 
a pre-vacuum region, just separated from the ultravacuum of the machine by a 
thin window. This is quite challenging technically (and may be impossible), since 

Fig. 43 Limits accessible for Z-, b.i (Ref. [57]). 

Fig. 44 Momentum of tracks from bb events at the Z: - - from B, L?; - - - at 
the main vertex (from Ref. [SS]). 
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cooling, as well as shielding against electromagnetic noise, has to be achieved.] It 
is also likely that the inner layer, at least, would provide both coordinates with 
good accuracy, although 5 pm is not mandatory. All these conditions imply a 
major technological step forward, compared with present achievements. But we 
could then safely expect a longitudinal resolution of typically 150 pm on the decay 
vertex of B particles, with minimal confusion and wrong attribution of B tracks 
to the main vertex (Fig. 45), a source of error in the determination of the charge 
of the decaying beauty particle. Beauty physics can be obtained from an exposure 
on the Z at various levels of integrated luminosity. We give four examples. 

5.4.5.1 The measurement of the lifetimes of indrvidual beauty states. There 
are two possible ways of doing this. One is to use semileptonic decays, 

BO + evD, (1) 
Bf -+ PVD, (2) 
B. + IvD. , (3) 

and to identify the D states produced. The flight length is obtained from the 
intersection of the lepton and the D trajectories. The rate per million Z should 
be 200-300 for processes (1) and (2), and 20-30 for process (3). As we shall see 
later, the knowledge of the B momentum can be improved by various constraints 
and should be at the - 10% level. 

Another way is to reconstruct exclusive decays; for instance, 

BO --,IkKn, B* -+ $K . 

The rates depend on the branching ratios [SS], which in most cases are poorly 
known. More information should come from CESR (C ornell) before beauty physics 
really starts at LEP. 

From the already available information and using guidelines from theory, one 
can draw up Table 14, giving for various channels the number of events produced, 
and -when details are to hand- the expected number of reconstructed ones, 
from Monte Carlo simulation. One should reasonably foresee that with 10 million 
Z the lifetimes of individual species will be measured to - 3% or so. 

Serious competition is to be expected from fixed-target and hadron collider 
data. 

5.4.5.2 Rare modes o/ the l?. These ‘precious rarities’ [66] should give access 
to the V(b -+ u) Kobayashi-Maskawa (KM) matrix element (B + XII, pp, TV, 
etc.), and can open windows on new physics (b ---) ST, B -+ K@). 

Figure 46 recalls that whilst such branching ratios are small-r even 
inaccessible-within the Standard Model, new phenomena such as SUSY could 
boost them to quite observable values. 

A threshold B-factory has well-known advantages; the main one is its excellent 
mass resolution of reconstructed channels (of a few MeV), obtained with the help 
of beam constraints. At LEP, on the other hand, whilst the mass resolution 

Fig. 45 Probability of wrong assignment of B tracks to the main vertex as a 
function of flight distance: a) microvertex 1 of DELPHI; b) microvertex 2 with 
one coordinate; c) ideal micro vertex 2 (from Ref. [63]). 
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Fig. 47 Number of standard deviations N, for observing B(+ K.-y) versus the 
number of Z analysed (from Ref. [67]): a) all events, b) full tag of bb (100% 
efficient). 
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Fig. 48 Limits on X, versus Xd; x = r/( 1 -I- r), where r = x2/(2 -!- r*) 
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is somewhat worse (typically IY 2: 40-50 MeV), the natural boost ensures the 
visibility of the B decay vertex, which is the only secondary vertex for charmless 
decay modes. It also guarantees that the decay products of the two b’s are in 
opposite hemispheres, with no possible confusion: for a ‘meagre’ final state such 

. as B -+ TV, this is certainly a major advantage, compared with threshold BB 
physics. 

A few exercises have been done along these lines (671 (see Fig. 47). So far it 
has not been demonstrated that B + TV, for instance, can be specifically explored 
down to the expected rate. 

5.4.5.3 The mizing of B.. We can admit that the mixing of ordinary B’s will 
be well measured at the time of pretzel LEP. Inspection of the KM matrix (see 
Table 14 for notation) shows that the measurement of z, (z = AM/I), once zd, 
p, and X are known, gives access to the phase of the matrix: 

2. 1 
-= 
zd X2(1 + ps - 2pcos6)’ 

Experimentally (Fig. 48), we know that I. is larger than N 3. Therefore, for B, 
states we can expect quite fast time-oscillations. 

We can readily state the resolution that is required from a vertex device in 
order to give access to a.measurement of these oscillations. The period is T = 
(2*/z)r, and it corresponds to a spatial distance of (~H/z)~cT. If we say, for 
instance, that we should resolve a third of a period, then the required resolution 
on the flight path (which in fact means the resolution on the secondary vertex, 
see Table 13) is 

Al = 4.412 (in mm). 

The formula giving the resolution in proper time can be written as 

(g = (Lc)‘+ (; 2>* 
The first term is geometrical; the second one comes from the uncertainty on the 
energy of the B, and its contribution increases with proper time. 

Attempts tosee B. oscillations by fully reconstructing B, final states are too de- 
manding in statistics. Work has been carried out along the lines of semi-exclusive 
processes such as 

B. -+ t?YD. , 

where only the charged tracks of the D. (containing either zero or two K’s) are 
used. In spite of incomplete reconstruction, the intersection of the P and D lines 
of flight gives a proper measure of the secondary vertex: Fig. 49 [63] shows that 
according to the estimate made above, s-values as large as N 20 are accessible. 
However, we also need the 7 factor of the decaying B., and incomplete reconstruc- 
tion could be a problem. In fact, the peaked fragmentation function of the b-quark 
(Fig. 50) gives, by itself, a good indication of the B momentum. The situation can 

-6% 

Fig. 49 Accuracy on the B. decay vertex using semileptonic decays. 

Fig. 50 Fraction of beam energy taken by the B particle (Lund MC). 



be improved by getting rid of the low-energy tail of this distribution, using the 
measurement of particles accompanying the B. In Ref. [SS] the best exploitation 
of constraints due to partial measurements (vertex, etc.) has been performed for 
processes such as B, -+ P,D., B. -+ hadrons + D,, with the D. measured only 
through 2 3 charged and identified prongs. The results shown in Fig. 51 confirm 
that we end up with proper time resolution of the order of 7-10X. The uncer- 
tainty on energy has no effect for short flight times, but precludes exploitation of 
the distributions for too long flights. Tagging of the other B proceeds as shown 
in Table 12b 1631. 

Another nice study [69] uses a Fourier transform of the time distribution to 
extract the mixing parameter. Through the convolution theorem, the resolution 
curve thus enters as a multiplicative function. 

In Ref. [63] a synthetic and transparent formula is derived, which gives the 
number of B and thus the number of B, needed to measure z. with a given accuracy 

where A is the asymmetry, p is the factor by which the oscillation is damped due 
to finite resolution, etc., and P is the purity of the B, sample. 

All the three studies conclude that oscillations can be measured up to - 10 
with - 5 million Z (provided the microvertices are in operation during the expo- 
sure) and up to - 18-20 with the pretzel exposure (1 25 million Z) (Fig. 52). 

Compared with B factories, the Z seems to be more efficient at large z. values 
(> 5) as shown by Fig. 53, which gives the damping factor of the oscillations: a 
constant for B factories (on the left) since Al/L o is the only contribution @, = 
0.4 and 50 pm resolution were taken); a factor decreasing with f/r for LEP (on 
the right) because of the uncertainty in the B energy. 

The oscillation pattern Ref. [SS] is shown in Fig. 54. 
As illustrated by Fig. 55, the measurement of 5, combined with others such 

as IVt,u/Vhl will give access to the phase of the KM matrix, a quantity which 
probably governs CP violation: it is therefore a crucial measurement. 

5.4.5.4 CP violation in the E system. This is the most ambitious goal of beauty 
physics. 

CP violation in the maSs matrix, which is to be searched for using dileptons, 
is totally out of reach within the framework of the Standard Model (10m3 ex- 
pected); conversely, an exposure of 10s Z could give access to the observation of 
CP violation with a non-standard level of a few per cent. 

n It -iG dlstrlbutlon a) 
for the hadronlc modes 

Number of events /0.02 

Fig. 51 The resolution on proper time achievable for inclusive B. channels (Ref. 
IW. 
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Fig. 54 The expected oscillation pattern for B. from Ref. [SS]. Error bars are fol 
10’ Z; some bigger ones are shown for 25 x 10s. 

Fig. 55 The measurement of the KM phase through X, (Ref. (631) 
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The most promisind way is to consider decays to a CP eigenstate that are 
accessible from two different paths, such as 

B’--+$K 

. \/” 
I30 

Other final states could be considered as well (GK’, D’+D-, . .). Clearly, it 
is imperative that detectors should be able to isolate such channels clearly; for 
instance, they should not mix r/Kg and $K ‘* by missing the extra TO: this is a 
sine qua non requirement. 

A naive calculation of the number of bb needed to give an n, effect gives 

For n, = 3, A = 0.2, BR = 5 x10e5, tlas = 0.2, c&t = 0.3, and cg0 = 0.35, we 
obtain 

Nbi, X 10s events 

Figures 56a, b show that with a good vertex detector, the time evolution of the 
effect can be exploited. Figure 56a represents the most favourable asymmetry for 
the z,6KO, mode between B” and B”: 

BO -+I/K~cxe-r’(l+sin$sinzrf), 

I30 -t $JK~ cx eer’( 1 - sin $sin zI’t) , 

for the largest possible value of sin6 z 0.6. Figure 56b indicates that on the 
tagging side a cut against long flight times can limit the unwanted mixing. 

A more serious evaluation has been done at Snowmass (701, where all types 
of bL factories have been compared. Table 15 shows the following interesting 
features: 

l The next-to-last line demonstrates that still within the Standard Model 
the uncertainty in the expected asymmetry is quite large. Only the most 
favourable side of the domain can give rise to observable effects. 

. Even then, the task is difficult. On the Z without polarization, the required 
integrated luminosity is 0.5 x 10” cme2; this corresponds to a quantum of 
1.7 x lOa Z, which is larger than the one we considered. An OPAL study 
indeed shows that the number of tagged and reconstructed Bf is unfortu- 
nately quite limited. (- one per lo6 Z Our only hope to have a good chance 
of reaching the SM-level CP violation is through a very luminous asymme- 
tric BB factory (/3r 2 0.4,L x 10% cme2 s-l), which is not easy to build 
and exploit. The idea of a pretzel should not compromise the efforts to 

a) 

L 
113 L 5 l/T h 

b) 
_-- -_ 

1 1 3 L 5,,r 

Fig. 56 a) Bd (top) and fi,J (bottom) decay into $Kg (sin 4 = 0.6); 
b) B” -+ (P-X) (full line) and B” (C+X) (dotted line). 

Fig. 57 Total cross-section for HZ production as a function of .!&,,, for a range 
of Higgs masses. The curves corrected for initial-state bremsstrahlung values of 
rnz = 93.8 GeV/cZ and sin’0, = 0.22 were used. 
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6.1 How to get there? 
A sine quo non condition is to have a sufficient number of appropriate super- 

conducting RF cavities. The present state of the art is well described in Ref. [7], 
and results seem quite promising. Pure Nb cavities have exceeded the design field 
of 5 MV/m and reached Q-values between 2 and 3 x log. Niobium-coated copper 
cavities (1 pm Nb layer deposited by magnetron sputtering) have been shown to 
be free of thermal breakdown and insensitive to small external static magnetic 
fields. Accelerating fields up to 9 MV/m have in some cases been reached, as well 
as quality factors of 5-7 x 10’. The low transverse impedance of the SC cavities 
offers the possibility of storing higher currents, besides increasing the power. 

Table 16 (72) shows the number of cavities needed to reach various energies, 
and the approximate date when the exploitation could start. In principle, up to 2 
x 192 cavities could be arranged around the LEP tunnel, although this would be 
a heavy financial and technical burden. It would be interesting to have (I priori 
clear physical guide-lines about the maximum RF power that we would like to see 
ultimately installed. 

To implement the pretzel scheme, room should be provided for the separators. 
The same is true for the rotators providing longitudinal polarization: it seems 
that technically the coexistence of all these requirements could be achieved [73] 
in a peaceful manner. 

Table 17 describes another aspect of the energy increase, namely a set of scaling 
laws that are valid under given assumptions [9]. They lead to the expectation of 
an increase in luminosity, at least as 7 (constant current), and may even be faster 
if more than 3 mA per beam can he stored. A reasonable guess is 

L N 5 X 103’ cme2 -’ s (peak) , 

which means that we need two to three years in which to accumulate 500 pb-‘, 
the ‘Aachen quantum’. It is clear that any further gain in luminosity would be 
welcome, and this implies more RF power. 

design such a threshold machine. We should not forget that the world could 
be non-standard and that the search for CP violation should in any case 
be performed systematically at LEP. A substantial amount of polarization 

. (711, providing an automatic tagging of b (versus b), would greatly help. 
We have seen that such polarization is not (I priori incompatible with the 
pretzel scheme, although we enter a domain of wild speculation. 

5.4.6 Conclusions on the high-intensity option 

The exploitation of high intensity at LEP 1, which increases the speed of Z 
physics and offers the possibility of an exposure of 10s such particles, is certainly 
a very interesting option. 

l It is not an alternative to LEP 200, nor to the use of polarization at the Z. 

a It can provide very accurate measurements of essential quantities, such as 
the number of neutrinos, obtained by the radiative method. 

l It will make it possible to substantially improve the accuracy of the tests of 
the SM through the well-known methods (e.g. lepton and quark width and 
asymmetries, r polarization, etc.). High statistics allows us to get hadronic 
partial widths such as Fbt, with great accuracy. However, for the determina- 
tion of sin20 through asymmetries, compared with a measurement of ALR 
with polarized beams, the volume of work and the number of problems to 
be solved are much greater for a result of somewhat lower quality. 

a High luminosity may reveal rare decay modes of the Z that are of consider- 
able interest, and many of these channels should be studied carefully. 

a The pretzel LEP is a factory for l? states. The prospect of identifying qq 
states is good. In particular, for bb, the pretzel represents a very promis- 
ing approach with a large amount of physics output, part of which would 
already appear at the level of 10’ Z. The measurement of xa through the 
mixing of tagged B, can be performed under very good conditions (at the 
different hadron colliders), and it is a crucial one since it gives access to the 
KM phase. The success of the most ambitious goal, i.e. CP violation, is 
not guaranteed, and nature will decide. This statement is true for all the 
facilities being considered at present. I think that the implementation of 
the pretzel should not preclude the continuing effort to conceive an ‘ideal’ 
threshold BB programme. 

6 LEP 200 
LEP 200 has been thoroughly studied in Ref. 131, so here I will focus on only 

a few particular points. -73- 

6.2 WW Pair Physics 

We will not repeat the physical arguments in detail (see Ref. 131). 
With 500 pb-‘, the W-pair sample is still meagre, as indicated in Table 18. 

The main objective is an accurate measurement of the W  mass. Three methods 
would allow us to reach N flO0 MeV/cZ, namely 

i) the threshold dependence of oww, 
ii) the end-point of the lepton spectrum W  -+ Iv, 
iii) the reconstruction of W W  -+ 4 jets and dijet mass. 
It is important to disentangle the statistical and systemat ir errors so as to know 

what would be the impact of an increase in 1uminosit.y. It turns out that. only the 
first method would benefit from it: with twice as much data, the uncertainty on 
mw could probably be decreased to f70 MeV/cZ. If further study were to support 



this conclusion, this would be an argument in favour of our attempt to fix idea-s 
about the amount of RF power needed. Other aspects of W-pair physics may 
benefit also from the increased luminosity. In principle, the RF power needed to 
run LEP at fi = 200 GeV and normal current could allow the storage of twice 
as 111ax1y bunches or twice as much current at 170 GeV. 

6.3 Fermion-Antifermion 

The various asymmetries A& at LEP 200 are important factors in the hunt 
for new physics and in disentangling the origin of possible effects (we speak of 
unpolarized asymmetries, since we are unlikely to get polarization at high energy). 

The accuracy on these asymmetries is statistically limited and would also 
benefit from an increase in luminosity. 

In particular, we recall the typical correlated pattern of deviations that could 
be found if the strongly coupled Standard Model is a reality (Fig. 35). 

6.4 Searches 

In the case of the Higgs it is important to get clear ideas about the influence 
of the energy end-point on the physics reach. The Higgs production cross-section 
at LEP 200 is giveu by Fig. 57: we can see a smooth dependence \vith mass and 
energy above the threshold. Previous studies have shown that the classical Higgs 
can be discovered up to - SO GeV/c’. If the mass were higher, i.e. in the vicinity 
of mz, then it was felt that the ee + ZZ background would preclude observation 
of the Higgs. However, if an efficient tagging of the b6 final state is performed, 
this may not be the case. Tthe rate of ee + bbff is significantly modified if 
the Higgs is present, and preliminary studies show that the presence of a Higgs, 
even having the same mass as the Z, can be rcvcalcd through an excess of bbPl 
and t&qq events with an integrated luminosity of 500 pb-’ and fi 2 190 GeV, 
provided b tagging with an efficiency of - 50% and a purity of - 2/:3 is achiered. 

For a classical SM Higgs, this mass range has nothing magic about it. However, 
for the Higgses of minimal SUSY, tt le vicinity of mz is a singular point as already 
stated. At tree level the ho is always lighter than the Z, and its mass is quite close 
to rnz for a large region of the parameter space (Fig. 5s). The other scalar. H”, 
is always heavier than the Z, but again, in a large complementary region of the 
parameter space, its mass is within a few GeV/c’ of the Z mass. The sum of the 
cross-sections of the two processes 

m,, KW 
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Fig. 58 Iso-mh. curves in the tanp - mAa plane 

Fig. 59 The suxn of cross-section for ee+ h”Z and ee+ H”Z as a function of 
tan /3 (valid at tree level). 
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is always, at a given 6, larger than the cross-section of the classical process 
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ee + H(mn = mz)Z (Fig. 59) , 

aseuring a jortiori the visibility of the SUSY Higgs (741. However, the available en- 
ergy hrr~~ to be 2 196 UeV; at 180 GeV the exclusion region in the plane (tgp, r-n,,) 
would be incomplete. 

This picture is valid at tree level. As we said one expects however that loops 
involving the top will raise the masses: ho may become heavier than the 2. By 
how much depends critically on the top mass. If the shift is not too large one can 
hope that the maximum 4 can be raised accordingly. 

The exploration of the SUSY Higgs sector, which can lead to the falsification 
of the minimal SUSY model, is a crucial point that should be considered when 
one defines the maximum 6 and the integrated luminosity at LEP 200. 

Figure 60 shows that for SUSY Higgses the associated production mechanism 
quoted for the 2 (431 is present at LEP 200 with rates which should allow their 
observation 1751 but only up to a certain mass well below rnz, It has been shown 
[76] that LEP 200 would allow the observation of many other new objects up to 
the kinematical limit, or close to it, and I refer the reader to these studies 131. 

7 POLARIZATION AT LEP 

7.1 The Prospects for Polarization 
These are developed in Ref. [4), and I will merely summarize the main features 

and conclusions. 
At the SLC (771 the method is to inject polarized e-, extracted from a GaAs 

crystal illuminated by a circularly polarized laser. A mean value of - 45% is 
expected for the polarization. Clearly, only e- can be polarized this way. 

At LEP, the Sokolov-Ternov (781 effect. builds up a transverse polarization 
with the spin of e- antiparallel to B’. The build-up rate is exponential: 

p(t) = P$d (1 - e-*/Tp) . 

The natural values for LEP at the 2 are Pzd = 0.924, rp = 5 h. Previously 
designed wigglers would give P, = 0.74, rp = 90 min. 

Dedicated wigglers have recently been proposed [Bl] for decreasing the polar- 
ization time while keeping the ideal polarization at a high level; we would then 
obtain 

P, = 0.88 , Tp = 36 min 

The overall cost of these wigglers is 2-2.5 MSF. They dominate the machine as far 
as polarizing and depolarizing effects are concerned. Unfortunately, they strongly 
enhance the beam energy spread. 

o(e'e--t H; b6) looooo riz 
$, IQ”1 

Fig. 60 The cross-section for e+e- + Hsb6 in the SUSY model for IQ/VI = 10 
and 20, for different values of mn,. 

Fig. 61 The expected level of polarization after corrections, including partial 
harmonic correction (Ref. ISO]). 
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These wigglers have been found, by simulations, to simplify polarization opti- 
mization procedures even when higher-order effects are included [79]. An asymp- 
totic polarization degree of N 65%, leading to an effective polarization of SO%, 
seems to be obtainable (Fig. 61). These wigglers lead to much synchrotron emis- 
sion, a cause of depolarization. The key to spin matching is thus to decrease, at the 
location of the wigglers, the spin-orbit coupling, which governs the spin rotation 
due to a change in energy. This has been satisfactorily performed theoretically 
W’l. 

But what is needed for physics is longitudinal polarization, which will necessi- 
tate having spin rotators on both sides of each experiment. Two types of rotators 
(Fig. 62) are being studied: Montague rotators [81] incorporated in the arcs and 
involving both vertical and horizontal bends, and Richter-Schwitters (RS) rota- 
tors [SZ] installed in the straight sections and with vertical bends only. 

It is now admitted that the latter type is the only practical one. It is simpler 
and cheaper. But the main reason is that RS rotators can be properly spin 
matched [83] and will not lead to depolarization. However, they will force the 
experiments to be tilted longitudinally by b 1” and will be an abundant source 
of extra synchrotron radiation. Various collimators have been proposed in order 
to decrease this background, but they will very likely be insufficient, and each 
experiment will have to foresee further masking so as to protect itself. 

7.2 The Bunch Configuration 
Once the rotators are active, the natural configuration of helicities is such 

that colliding e+ and e- have equal helicities (Fig. 63a). For full polarization, this 
corresponds to a null cross-section in the approximation of a vanishing electron 
mass! Therefore, one of the two colliding bunches needs to be depolarized selec- 
tively. This is technically feasible with high efficiency, with a negligible increase 
in emittance, and using the existing equipment 184). 

7.2.1 The classical scheme [SS] 

In a two-bunch situation we are therefore led to the spin configuration shown 
in Fig. 63b, which is obtained by depolarizing every other bunch in each beam. 
This configuration is equivalent to that of the SLC, where successive e- bunches 
have opposite helicities (Fig. 63~). We get two types of crossings: 

type 1 with oi = oU - Put , 

type 2 with cs = (T, + Pat . 

The respective cross-sections give us the asymmetry 

a) Vertical bend rotator 

b) Montague’s combined bend rotator 

c) The movement of the spin vector in Montague’s rotator 

Fig. 62 Two types of rotators: a) Vertical bend rotator. b) Montague’s combined 
bend rotator. c) The movement of the spin vector in Montague’s rotator. 
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with 

ALR = $ , 

which again shows that an excellent knowledge of the polarization is needed: 
better than 1% in absolute value. At the SLC, measurements of Compton back- 
scattering and Meller scattering [77] will be combined to obtain the value of the 
polarization. It is not yet clear whether the figure of 1% is a completely realistic 
goal for such types of measurements. This uncertainty was casting a serious doubt 
on the potentiality of polarization until the four-bunch scheme, specific to LEP, 
was proposed by Blonde1 [SS]. 

7.2.2 The four-bunch scheme 

With four circulating bunches in each beam, and with the possibility of se- 
lectively depolarizing any of them, the configuration of Fig. 63d can be realized. 
There are now four types of crossing, with the corresponding cross-sections: 

ol=o”-P~ac, 
02 = 0” t P,+ar , 
03 = ff" , 
04 = (1 - P,‘P,-)O” + (P,’ - P&l 

In an ideal machine, where all 4. are equal and depolarization is complete, it 
can be seen that the measurements of 6, and us give Ann, as before, whilst us 
and o4 give PL, the absolute value of the polarization, which is now obtained from 
the data themselves. The desired statistical accuracy on PL requires, in principle, 
of the order of only 10s Z events. 

7.3 The Experimental Requirements 

In spite of the help afforded by this scheme, an accurate measurement of ALR 
poses two serious problems. In practice, the following integrated luminosities will 
be registered: Lr with P,+ I P+ and P,- = 0, giving Nr events; Lz with P,+ = 
0 and P,- = P-, giving Nr events. We will have 

P+ N P- = P ) L, N Lz = L 

Defining 
NI - N 

Aexp = ___ 
N, + Nz ’ 

we obtain 

which shows that 

*- ---*-----• ---- -+ 

.’ . . 
-___ 

.- ~--*------* ------ 
- 

a) Natural b) Two-bunch scheme at LEP 

I- ---+------c----+ ~----*-----------e----~-* 

--__ 7 2 3 4 
*'Me- .----- +------ *-*--*------ .------* ----- +- 

c) SLC scheme d) Four-bunch scheme at LEP 

Fig. 63 The helicity configurations. 

Fig. 64 Compton back-scattering (schematic). The recoiling e’ and 7 in the 
laboratory follow the direction of the incoming e- within a few microradians. 

Fig. 65 Up/down asymmetry in transverse polarization measurement (from Ref. [SS]) 
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I , 

i) the uncertainty due to lack of knowledge of the polarization is 

AP 
AALR=ALRP, 

thus a 1% relative error on P gives 1.6%0 on ALR; 
ii) the uncertainty due to lack of knowledge of the relative luminosity is 

AALR N 1 NLz - L) 
P L2$ L, ’ 

and a 2%0 error on the relative luminosity A(L,/Lz) = AL/L gives 2%0 on Am 
for P = 0.5. 

These are the typical performances that must be achieved if the systematic 
error on ALR is to match the statistical error corresponding to lo6 Z. 

7.4 Polarimetry 

7.4.1 Remaining requirements on polarimetry 

In reality, the situation regarding polarization is more complex than in the 
ideal case. Depolarization may not be complete. Polarization of bunches 1 and 4 
for e-, and 2 and 4 for et, may be unequal. Polarization in the e- beam can be 
different from that in the et beam. This last effect can also be measured directly 
from the cross-sections 

To cope with the former possibilities, we still need polarimetry for monitoring 
the polarization in both e+ and e- beams. Polarimeters are therefore needed in 
both beams. Their answers must be fast and precise; specifications are discussed 
in detail in the papers on Polarimetry in Ref. [87]. Because of the possibility of 
measuring AP*, the polarimeters fortunately do not have to be calibrated against 
one another. 

Even if the absolute value of polarization is obtained from the detector itself, 
the requirements on polarimetry are still quite severe, particularly with respect 
to the bunch-to-bunch systematic effects. To achieve an accuracy of ALR = 0.025 
with about 10s 2 events, the polarization measurements should reach the following 
precision: 

i) ISP, 2 (l-2) x  lo-* obtained in several minutes, to average cross-sections 
taken with different polarizations; 

ii) 6(AP.) N 3x10-‘, where AP. is the differencein level between two polarized 
like-sign bunches; 

iii) 6P. N 5 x  10m3 for ‘unpolarized’ hunches. It seems that these requirements 
are likely to be met: Ref. (871 concludes that, including systematic effects, the 
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electron polarization can be measured to - 0.3% in less than 20 minutes of LEP 
operation. 

7.4.2 The two schemes for polarimetry 

For such critical measurements, redundancy is certainly welcome, and besides 
the transverse polarimetry foreseen by the LEP group [SS], there is the neces- 
sity to provide also measurements obtained at locations where the polarization is 
longitudinal (871. 

Both types of measurements should be equivalent if the spin rotation is well 
controlled. However, the sources of systematic errors are quite different in the two 
cases. 

The two schemes use a common method: namely, Compton back-scattering of 
a laser beam (Fig. 64), shot at a small angle onto the e* beam, and the detec- 
tion of recoiling photons. But the observables are different: flipping the circular 
polarization of the laser leads 

- in the case of transverse polarization of e*, to the inversion of an up-down 
asymmetry in the distribution of back-scattered 7 (or e) (Fig. 65); 

- in the case of longitudinal polarization of e*, to a change in the shape of the 
energy spectrum of the recoiling 7 (or e) (Fig. 66). 

In both methods, considerations of background lead to a preference for a mul- 
tiphoton mode of operation in which, at each shot of the laser, a large number of 
photons are back-scattered and detected. 

In the first method the ratio of the signals is measured in the up and down 
parts of a calorimeter (Fig. 65). The luminosity of the laser-beam interaction 
does not matter: on the contrary, the quality of the geometrical alignment of the 
set-up is crucial and has to be achieved by exploiting symmetry properties. Beam 
divergence also has to be accurately controlled. 

In the second method, if gammas are detected as such, the knowledge of the 
luminosity of the laser-beam interaction is crucial. This is a very unattractive 
feature, and a conversion method (Fig. 67) has to be used: gammas are converted 
into e+e- pairs, which are analysed by a magnet, and the observables are ratios of 
energy deposits in a set of calorimeters, located symmetrically downstream from 
the magnet. The loss in rate, compared with that in the direct method, is severe 
(- 30) but is compensated by the increase in sensitivity, and the dependence on 
the properties of the laser-beam interaction disappears. 

In the case of straight-section rotators, polarimetry is also being considered: 
it could involve the detection of recoiling e and -y. 

7.5 Normalization 

7.5.1 Requirements 

We recall that in the measurement of Aa, without polarization, the normal- 
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Fig. 66 The modification of the energy spectrum of back-scattered photons from 
longitudinally polarized electrons when the circular laser polarization is reversed, 

SWEEPING 
WGNET 

CONPTON 

2. CAL 

Fig. 67 The conversion method for detecting the back-scattered photons. 
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ization of the exposure is not important. 
For ALR, on the contrary, we saw that the relative normalization between the 

exposures taken with each type of helicity configuration must be known with an 
accuracy of at most 2%0: this seems to be a severe requirement, but we emphasize 
that it involves only a relative comparison between two types of crossings following 
each other at an interval of 23 ps. 

For AZ,"' the requirements on normalization are less severe: if the conditions 
are acceptable for ALR, the error on AZ' will be negligible. 

7.5.2 Method 

To reach the accuracy of 2%0, only one process can be exploited: Bhabha scat- 
tering at small angles. The rate increases very quickly in the very forward region 
(cx l/e’). The weak effect on the cross-section is very small in this angular domain 
and can be corrected for. There is no dependence of the rates on polarization. 

In Section 3 we have said that all four LEP experiments have a SAT, generally 
spanning the domain between w 50 and 150 mrad (except for L3, which reaches 
smaller angles, t&j, z 25 mrad). The Bhabha cross-section in that region is 

u,+,- zz uz x 25-30 nb (- 100 nb in the case of L3) 

In a typical run the statistical accuracy is 2% (1% in L3). Approximately one year 
(10’ s) at nominal luminosity (1.3 x 103r peak, 0.70 x 103’ average) is needed 
in order to reach the desired figure (- 1.6%0 statistical, which leaves room for 
l%o systematic error to reach - 2%0 overall). This is already longer than the 
time needed to register the required amount of data in the optimized four-bunch 
scheme, and we can see that because of the normalization, the statistical error is 
increased by w J”i. Furthermore, owing to the low counting rate in the SAT, the 
systematics of the luminosity measurement cannot be controlled on a short-term 
basis. 

Small-angle taggers are quite elaborate detectors, having both tracking and 
calorimetric functions and good energy resolution and segmentation: this sophis- 
tication is needed for reaching the excellent absolute accuracy (2% or better) re- 
quired for cross-section measurements. As the SATs are located at relatively large 
angles (compared with the beam divergence, for instance) they are not affected- 
if used carefully (see below)-by systematic effects related to the geometry of the 
interaction region. A satisfactory solution to our problem would be to decrease 
the lower limit of the angular acceptance of such detectors, so as to be able to 
register about three to four times more Bhabha events. 

In fact, all four experiments have already decided to reduce the radius of 
their beam pipe. The motivation is generally to improve the performance of 
the microvertex coverage. But the SAT arrangement will benefit from such a 
modification if the use of masks (against synchrotron background) close to the 
crossing point-which is a likely condition-does not jeopardize the possibility of 
accepting e* in the angular region of interest (20-50 mrad). 



Besides the SAT, experiments are also exploiting a VSAT with typically oe+<- - 
IO-20 x oz. The problem of statistics disappears. But these detectors, being lo- 
cated at angles between 5 and 10 mrad, are more sensitive to a set of systematic 
effects, which have to be identified and controlled with great care. 

7.5.3 Control of systematic errors 

After the first year of experimentation, all the experiments consider that an 
absolute value below 1% is a reasonable expectation from the SAT but, as al- 
ready mentioned, this depends on the quality and elaboration of these devices 
(see Ref. [SS]). Reaching this figure also requires a very accurate treatment of 
radiative corrections to small-angle Bhabha scattering [go]. 

In fact, we are interested here in the relative aspect of normalization. Because 
of the fast alternance of crossings of both helicity configurations, most of the 
effects (radiative corrections, detector position, efficiency, etc.) just cancel, and it 
is difficult to see what can contribute to a relative shift except 

i) the background, and 
ii) the shape and the position of the luminous region, 
all of which can be different from one crossing to the other since the intensities 

and emittances of bunches can vary. If such variations occur, they will have 
different effects depending on whether they happen randomly or are systematically 
different from one bunch type to another. 

The possible strategies foreseen are the following: 
1) To measure the background, which can be due to off-momentum e-, beam- 

gas interactions, etc. It has been shown (Ref. [89)) that by designing a complete 
set of measurements of various random coincidence rates on a bunch-to-bunch 
basis, the problem of background subtraction can be treated correctly. 

2) To decrease the sensitivity of the detectors to the features of the luminous 
region [91]. The SAT and the VSAT are symmetric detectors, with both arms 
identical. However, whenever there exists in them a mask or a position-measuring 
device, it is possible to get an asymmetric acceptance de facto or off line (Fig. 68). 
Intuition and simulations show that the sensitivity of the normalization procedure 
to parameters such as the centroid displacement or the divergence of the beams in 
the collision region is much decreased, without appreciable loss in rate. Since the 
dependence of the rates on these parameters cannot be completely suppressed, a 
correction must still he performed. 

3) To be informed of such variations so that they can be corrected for. 
One source of information will be the measurements of the machine-surveying 

instruments. Each interaction point will be equipped with a luminosity moni- 
tor [92], which is located at f15 m from the interaction point; it is similar in 
conception to the proposed VSAT and is operated by the LEP team. Its ex- 
pected performances can be deduced from Fig. 69 and will afford an interesting 
cross-check. 
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Fig. 68 The principle of an asymmetric acceptance for a luminosity detector. 

b) 

Fig. 69 The LEP luminosity monitor and its performance (from Ref. 192)). 



and 
Moreover, a whole set of measurements will be performed for each crossing 

will be made available to the experiments: the bunch intensities (which are 
supposed to stay equal between e+ and e- bunches to better than 1%) and their 
emittance, angular divergence, lateral displacement, etc. These measurements are 
shown in Table 19, which contains the nominal values, possible displacements, and 
uricertainties in the relevant quantities. 

To substantiate and improve the numbers in Table 19, much information will 
have to be obtained from the experiments themselves. This cannot be on a bunch- 
to-bunch basis; but in short periods-of the order of a filling-and with the re- 
quired accuracy, measurements of the mean parameters of one bunch type relative 
to another will be obtained. 

One class of such measurements is linked to the vertex reconstruction, and 
is quite accurate when a microvertex is available (typically N 25 pm transverse 
accuracy). 

Another source of information about the behaviour of the beams comes from 
the SAT-r rather from its tracking part, if it exists-and from the VSAT with 
its position detector. This is quantitatively discussed in Ref. 1871. 

The result is that-contrary to what one could fear in view of the limited rate 
of e+e- in the SAT-an experiment can be quickly informed of possible relative 
systematic effects at the IO/o0 to 2%0 level: it is not necessary to wait until the 
SAT has reached the equivalent statistical accuracy. 

Another interesting device, as far as the measurement of the beam divergence 
is concerned, is the divergence monitor proposed in Ref. [93]. 

For the Polarization Workshop 141, a group carefully studied the systematic 
effects in the relative normalization procedure for the two-monitor scheme (SAT 
and VSAT, to which one can add the LEP monitor). With the asymmetric accep- 
tance technique and with the accuracy of the information on the luminous region, 
we are certainly not far from achieving the required accuracy. But it is difficult 
to foresee exactly what the systematics of VSAT-type detectors will be, and we 
need to have some experience of their use. 

However, it is likely that by the time polarization is achieved, a new generation 
of SATs at smaller angles will be in operation, so that the statistical and the 
systematic problem will be solved by a single device. This is already the case for 
L3. We can also note that the SATs are already not far from achieving in absolute 
value the level of relative accuracy needed. 

7.6 The scenario and the factor of merit 
of the measurement of ALR 

The expression giving the statistical error on ALR, 

AAL’;;’ = 
1 

PZ(N* + N*) + ... ’ 

shows that the figure of merit of the measurement is 

F=/P’Ldt. 

Figure 70 gives the time dependence expected for polarization in a run. 
Figure 71, drawn under a set of likely assumptions, indicates that the optimization 
of this quantity does not correspond exactly to an optimization of the integrated 
luminosity; it reflects the fact that for polarization measurements, longer runs are 
preferred. However, the effect is small: of the order of 7%, with the dedicated 
wigglers. It is fair to define a priori which factor of merit should be our aim. It 
seems to us that a figure of J P’L dt 2: 10 pb-’ makes sense, because, as indi- 
cated in Table 4, it brings about the dramatic improvement of a factor of 4 in 
the accuracy, compared with the improvement that could be obtained in a much 
longer exposure (a factor of 4 for P = 0.5) without polarization. If at some time 
it is demonstrated that this goal cannot be reached in a reasonable period, say of 
the order of one year, this probably means that the whole polarization programme 
would have to be reconsidered. 

However, following in the discussion of the preceding section, we must realize 
that the above figure of merit, corresponding to 40 pb-’ with P = 0.5, will be 
sufficient only if some improvement in normalization has been made with respect 
to the present situation, so that the statistical error linked to the SAT is no 
longer a limiting factor: as we have said, this could be achieved by bringing its 
coverage down to 25 mrad. If the SAT acceptance were to stay at its present 
value, then 65 pb-’ would have to be registered instead. Table 20 summarizes 
these numbers. The impossibility of reaching a level of polarization of 30% would 
also indicate that the programme should not be pursued, since systematic errors 
behave as l/P. 

7.7 Systematic Errors in the Detector 

7.7.1 The case of ALR 

To measure ALR, in principle one simply flips the helicity of the beam and 
nothing is changed in the experimental procedure. 

One has to distinguish Z events from two-photon and background events. This 
has been shown not to be a serious problem. What really matters is only the 
stability of the selection from one bunch type to another. Since ALR is independent 
of the final state in first approximation, the efficiency of the selection of the various 
fermion-antifermion pairs in the Z decay is irrelevant as long as it stays constant. 

The only possibility of error could come from a large variation in the back- 
ground (not related to the luminosity) from one bunch type to another, if a.small 
fraction of this background creeps in at the selection level. Such a change in the 
background level is unlikely to happen, and it can be monitored. The probability 
that a machine background event can be registered as a Z decay is found to be 
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Fig. 70 The time dependence expected for polarization in a run. 

Fig. 71 The figure of merit (a); the comparison between its optimization and the 
optimization of the integrated luminosity (b). A ssumptions: dedicated wigglers 
on luminosity lifetime: r~ = 3 h; rp/rn = 0.4; P,,,.. = 0.65; filling time of the 
maching TM = 1 h; 100 days of continuous operation with L(0) = 103i cm-l s-i. 
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negligible with any reasonable set of acceptance criteria. The rate of 7-y events 
accepted within these criteria (and not affected by the helicity flip) can be kept 
so small that one can also forget about this problem. 

For AZ the situation is much more critical and it has already been discussed 
in Section 3. 

7.7.2 Flavour tagging 

It has been shown that AZ’ has several interesting properties and requires the 
identification of the final state. In the case of qq, this implies flavour tagging as 
well as the distinction between q and q. This problem is discussed in Ref. [32], 
has been reviewed in [57], and here we recall its main points. 

We can now forget about the tt final state on the Z; we are thus left with 
three down-type (d, s, b) and two up-type (u, c) quark flavours. It is generally 
considered that the heavy quarks (c, and especially b) are relatively easy to isolate 
with useful efficiency and purity, whilst this is not the case for light ones. However, 
given the present situation of b physics, for which mixing will complicate the 
asymmetry measurement, it would be preferable to measure also this asymmetry 
for another down-quark, for instance the s. 

Flavour tagging relies on the following: 
i) The knowledge of quark fragmentation for each individual JIavour. 
For the time being, paradoxically this is measured more accurately for heavy 

quarks. In particular, not much is known about the strange quark: this is un- 
derstandable since, at e+e- rings, the s-quark, because of its charge, plays only a 
minor role, whilst in deep-inelastic scattering, strangeness can be found only in 
the sea. The situation will change completely on the Z, where d-, s-, and b-quarks 
will be the most abundantly produced (- 15% branching ratio): an exposure on 
the Z should, in principle, bring us much new information on s fragmentation, 
and we will discuss this later. 

ii) A set of techniques allowing identification of speci&properties of the final 
state. 

Prompt leptons, with appropriate p and pr cuts to improve their purity, are 
well-known and efficient candidates for flavour tagging. From their identification 
and measurement, we can go a long way towards the isolation of beauty. 

These lepton measurements can be complemented by hadron identification, 
obtained either from dE/ds techniques in gaseous tracking devices or by the 
Cherenkov effect. Figure 72 summarizes the identification power of the Ring- 
Imaging Cherenkov (RICH) counter technique and gives preliminary results. 
Kaon/proton identification seems indispensable for most of the spectroscopic stud- 
ies. In b physics, it is also a ‘must’ to identify the various sources of mixing and 
have access to some rare modes of the B particles. For flavour tagging, the purity 
of isolated samples can be substantially increased if hadron identification is added 
to the measurement of leptons. 



I 

. 

,* A. ,. 
6rY 

Fig. 72 Hadron identification by the RICH counters of DELPHI. a) Barrel RICH. 
The curves labelled I, K, p give the probability that the corresponding hadron is 
correctly identified. The rate of error is very small. b) Forward RICH. 

Finally, the use of microvertex detectors to identify secondary vertices, and to 
unambiguously attribute to them subsets of the banks of reconstructed tracks, is 
the latest well-known method of flavour identification. It improves the accuracy of 
the measurement, decreases the combinatorial problems enormously, and provides 
information on the lifetimes. This has been well illustrated for LEP microvertex 
detectors [94]. However, the present limitations of such devices are well known, 
too: because of the large radius of the present beam pipe, the accuracy of extra- 
polation is not as good as it could be, and it is impossible to cover angles below 
N 40”. All experiments are interested in improving this situation. This requires 
a reduction in the size of the vacuum pipe, and therefore a careful evaluation and 
rejection of background due to synchrotron radiation and lost particles, as we 
discussed previously. 

Another limitation, and one that is difficult to overcome, is due to the fact 
that part of the uncertainty in flavour tagging comes from confusing q and q of 
the same flavour: in such a case it would seem-and can be demonstrated-that 
the microvertex information does not help much. 

7.7.3 Methodology of flavour tagging 

This is described in Ref. [32]. The successive steps are: 
i) to define a signature for a given flavour; for instance 
- ss candidates must have leading K on both sides, 
- bb must have a (lepton-kaon) pair of like signs with adequate kinematical 

properties, 
- uu candidates must contain a leading proton, etc.: 
ii) to estimate the efficiency of the procedure and the uncertainty in the 

knowledge of this efficiency; 
iii) to estimate the purity obtained and the uncertainty in the knowledge of 

this purity. 
Formally, weights can be defined, such as 
Gss (the probability of being right), 
gm (the probability of confusing q and q), 
g”*” (the probability of selecting another flavour by mistake), 

the sum of all weights being unity. 
The g factors are obtained from a Monte Carlo program; the error on them, 

As/g, reflects the uncertainty in the knowledge of the fragmentation of the quarks. 
Globally, the true asymmetry can be expressed in terms of the measured one by 

po1.d 
Ap”1.d 

A& 
ChCXP _ 

1-c ’ 

where C is a linear function of the weights. We have already said that for b- and 
c-quarks the present information about fragmentation is satisfactory, whilst it is 
poor for the light quarkssespecially the s. 
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A crucial point of the planned strategy of flavour tagging is that during the 
first phase of LEP physics, yielding several million Z, the various available Monte 
Carlo models-such as the different versions of the Lund Monte Carlo, the Webber 
parton shower model, etc.-can be accurately tuned so that they reproduce the 
results obtained for inclusive distributions of identified particles (or any other 
observable) in the Z final state. Indeed, with such Monte Carlos, there may be 
legitimate doubts about their predictive power when they are extrapolated from 
PEP/PETRA energies upward, and it is therefore important to feed them with 
experimental data from TRISTAN at present, and on the Z later. 

Nevertheless, Figure 73 shows that in their present state the different models 
already agree very well; the uncertainty on fragmentation can, for the time being, 
be defined as the remaining divergence (Ag/g 50.2). Figure 73 also exhibits the 
dominance of s (5) as the source of leading K in the final state, illustrating the 
remark made above about the role of the strange flavour at the Z. 

We have already mentioned that when the integrated luminosity is sufficient, 
the double-tag procedures-more demanding in statistics, but less prone to syste- 
matics-are very promising. We should not, however, underestimate the residual 
systematic error due to the uncertainty in the knowledge of the background. It 
seems that we will be able to devise procedures for measuring this background 
with the level of accuracy needed and, we are then allowed to expect that the 
errors will scale as - l/n. 

Tables 3 and 9, which are explained in detail in Ref. (321, summarize the ex- 
pected achievements in flavour tagging. According to these tables, the residual 
uncertainty associated with flavour ta 

3 
ing will not prevent some LEP experi- 

ments from reaching the accuracy on A, that IS needed to get interesting physical 
information from this quantity. 

7.8 Conclusion on Polarization 

All studies made up to now lead to the conclusion that polarization on the Z, 
together with mz and mw, can be exploited to provide the most accurate test of 
the Standard Model through ALR and AZ’ measurements. 

Such accurate measurements will allow us to obtain a hint of the value of the 
Higgs mass (mostly from ALR once mz is given) and also of the t-quark mass 
(mostly from mw), if they are still unknown at that time. 

New physics inside and outside the algebraic frame of the SM will be sought; 
the possibility of identifying its nature among all models, using the combination 
of various accurate measurements, is now firmly established. The physics outcome 
will not be obscured by complications in the theoretical description. 

On the experimental side, the normalization problem should be overcome, 
and the best way of achieving this is by extending the SAT coverage to reach 
the angular acceptance already met by L3. The four-bunch scheme, which is 
unique to LEP, provides the absolute value of the polarimetry: the monitoring 
of the polarization will be done, with the required accuracy, by the transverse 

Fig. 73 The fragmentation of various quarks in different models available. The 
quantity plotted is the relative contribution of a given parent quark to a given 
inclusive particle a5 a function of fractional momentum. 



polarimetry, probably cross-checked by another method involving quite different 
systematic errors. 

Obtaining a useful level of longitudinal polarization at LEP is still considered 
difficult. However, several new facts concerning, for instance, optimized wigglers 
and the properties of straight-section rotators, as well as the way to correct ma- 
chirie imperfections, make the overall picture quite realistic and promising. 

8 GENERAL CONCLUSION 
The three options reviewed for the future of LEP have large and specific physics 

potentials. 
Technically, the rise in energy and the multibunch option are strongly coupled 

and rely on the installation of RF SC cavities, in a sufficient number and with a 
high level of performance. 

Polarization is not guaranteed from the machine point of view, since LEP 
characteristics are far from being optimal for that issue. What is important now 
is to keep the possibility open, by building the dedicated wigglers and pursuing 
work along the various sectors involved. One should also keep in mind that LEP 
offers two unique features: a high luminosity and the possibility of the four-bunch 
scheme, which solves the problem of the absolute measurement of polarization. 

A very high luminosity at the Z is a priori quite promising. The on-going 
workshop on this subject should allow us to understand more deeply the experi- 
mental implications as well as the exact possibilities in the various physics sectors, 
for instance rare decays and B physics. 

Various searches and measurements call for a higher energy. Multibunching 
can also increase the luminosity in this low cross-section domain, by a factor which 
depends on the installed RF power and decreases with A. The strategy of energy 
rise should incorporate such a possibility. 
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Table 1 Table 2 

z MASS (GEv) HADRONIC PEAK CROSS SECTION (nb) 

I -- 91 18610 013 
ALCPH 

91 188ztO.013 
DELPHI 

+ 91 161zkOO13 
LJ 

+ 91.17410.0l1 
OPAL 

-0 91 17710.006 
AVERAGE 

jy’/dof = 0 93 

-- 91 177Iko.031 
AYG w COM SIST ERR 

/,,,I/, ,(,,,,,,/ / 

91.2 91.3 

r, (GE’4 

2.506fO 026 
NEW 

2 476~tO.026 
DCLW! 

2.505ztO.020 
OPAL 

u 2.4961-0.012 
AVERAGE 

$,‘dof = 0.32 

-89- 

41.78f0.55 
ALEPH 

42 38ztO.96 
DELPHI 

41 38f0.65 
L-3 

41.881tO.62 
OPAL 

u 41 7aho.33 
AVERAGE 

$/do{ = 0.27 

41.78fO 52 
AVG w COM SYST ERR 

* 41 30*0.10 
STANDARD MODEL 

I I I I i 
40 42 44 46 

r, (MeV) - universality 

0 83.9f0.5 
AvmACE 
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Table 3 

a) Efficiencies and backgrounds of b, c, s, and u quark tagging, predicted value 
of AFB.- for sin’0, = 0.23, and statistical error, total error of AFB,SM including 
the systematic error, accuracy of sin’8,. In the Born approximation AFB = 0.080 
for II, c and AFB = 0.112 for d, s, b quarks. An integrated luminosity of 200 pb-’ 
is assumed. 

~~ 
Total error of AFB,SM 0.0055 .0.007 

b) Results obtained so far on ALL 

,., 

c) P, measurement from ALEPH 

Channel Polarization 

evi -0.24 f 0.16 f 0.07 
P”” -0.14 f 0.15 f u.05 
A” -0.14 f 0.09 f 0.06 
P -0.17 f 0.06 f 0.05 
01 -0.02 f 0.22 f 0.0s 

Combined result P, = -0.157 f 0.055 

-9o- 

Table 4 

The merit of various measurements 
with and without polaruation 

UN scattering 
ve scattering (CHARM II) 
mz (LEP 1) 

AQ- 

A& 

Gl 

P’ I ! 

200pb-‘at2 

@I 

mw (pp collider) 
m W  (500 pb- ’ at LEP 2) 
ALR (SLC) (10’ 2) 

ALU ILEP 1) 40 pb- ’ with 

A’+’ - ’ PL = 0.5 
m.po, (LEP 1) 

rn~ = lO’*‘GeV/c* f 0.009 *O.OOll 
m, = 110 i 20GeVlc’ * 0.005 * 0.0006 

Correspondmg 
precision in 

ALU sir? 8. 

0.046 0.006 
0.040 0.005 
0.002 0.0003 

0.014 0.0017 

0.010 0.0012 

0.013 0.0016 

0.007 0.0009 
0.011 0.0014 
0.017 0.0021 
0.005 0.0006 
0.025 0.003 

0.003 0.0003 

0.005 0.0006 

Table 5 

The partial width r(Z - qQP+P- I in MeV. For the light 
quark masses one chooses m. = rnd = m, = 
0.3 GeVlc’. which represents the typical hadronic 
mass scale, whtlst for the heavy quarks, we take m, = 
1.5andmb = 4.5GeVlc’. (FromfIef. 1411.) 

uii d;l IsS) CE b6 

e’e- 0.71 0.23 0.57 0.14 

P+P- 0.14 0.042 0.10 0.024 

7*r- 0.051 0.013 0.020 0.003 
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Table 6 Table 9 

Scaling laws for compositeness tests a) Accuracy on sin20, from quark asymmetries AZ (25 x IO6 Z) 

Type of quark b c c s ” 

(xof D’) 7 

Efficiency of tagging 0.11 0.04 0.15 a’ 0.05 0.02 

Stat. error on ft,h 0.0014 0.0026 0.0030 0.002 0.0036 

Cyst. error on A,h 0.0028 0.0034 > 0.0021 0.004 0.004 

A sin’ B, b, 0.00065 0.0011 > 0.00080 0.0008 0.0011 

a) Signal/background = l/5. 
b) Wtthout mixing. 

Contact terms: 
Magnitude c = s/al\2 
Scale A 01 Ym & 

Search for e’ from anomalous behaviour of ee - yy: 
(Mass e’)’ 01 (I s3’2Jj L dt a’ 

al The usual parameter X in the Lagrangian is taken to 
be equal to 1. 

Table 7 

Accuracy on sinz6’w from A,‘h’ (for 1000 pb-r) b) Estimated error contribution to b and c charge asymmetry 

Error 

Statistical 

Systematic: 

Am2 = f20 MeV/cs 

Detection efficiency 

QED radiative correction 

Total 

0.16 

0.1 

0.12 

0.25 1 0.0012 

Table 8 

Accuracy on sin2&, from P, (7 + xv channel only) 
(for 1000 pb-r ) 

Error 

Statistical 

Systematic: 

pu channel 

+ radiative corrections 

+ . . . 

Total 

AP (%) 

0.4 

0.65 

0.8 

A sin’ 0,, 

0.0005 

0.0008 

-9!- 

Source of error bb 1 CC 

Flavour tagging 

Beam setting 

Detector (Delphi) 

QED 
QCD ’ 

Total ayst. 

0.0020 

0.0004 

0.0002 

0.0002 

r ““’ - J.ti’.‘iG 

0.0026 

0.0030 

0.0006 

0.0005 

0.0002 

0.0013 

0.0034 

Stat. error 0.0035 ,I 0.0070 1 
c) Errors on the b6 asymmetry A2 with mixing for two luminosities 

1 
L W-‘1 200 2000 

Genuine systematic error 0.0028 0.0028.) -Fi 

a) Should be smaller in principle, since harder cut. are 
possible with high L 

LZII 0.0031 



Table 10 

Typical conditions for obtaining Asin 0 = i 0.0003 . 
(experimental error) from Ata measurement. 

L,,, are luminosities registered with different spin configurations. 

Table 12 

The percentage of well-clawfled events IS 80.3 * 0.9%. Example 
of a classlflcatlon of 2000 z - qQ events between four classes: 
L Iq = u. d, sl; C Iq = c): B lq = b); T (q = 1). Events are clawfled 
accordrng to a ‘class Irkelrhood’ derrved from 15 variables, seven of 
whrch use the measurement of impact parameters given in the barrel 
regron by the mrcrovertex detector. (Ref. 1641.1 

Integrated luminosity: j L dt = 50 pb- ’ 

Rate of Bhabha events: 4 x rate of i! events 

Relative error on luminosity: AfL,/L, &r, = 1.5%0 

Table 11 

Some characteristrcs of 2 - b6 (Ref. 1631) 

Cross-sectron: cr,,h = 6.5 nb. 

Percentage, relative to the hadronic 2 modes: 
llb&Jhad = 0.22. 

Percentage, relative to the visible Z modes: 
Oak lo,,, = 0.19. 

Populatron of various species, from 100 millron Z: 
15.5 x 10680 15.5 x 1068’ 

4.5 x 1060: 1.7 x 10s’~‘~ 
0.35 x 1Os’Z’, 

Mean number of charged particles per B: - 5. 

Mean number of charged particles at the primary vertex: - 10. 

Mean flrght path of 8: - 2.2 mm. 

Class generated 

Classrfied Punty L c B T 

L 90.8% 1012 87 14 2 

C 47.0% 173 187 38 0 

B 87.4% 9 41 348 0 

T 66.3% 14 4 12 59 / 
Loss 1 16.2%i41.4%:15.5%t3.3%1 

I I I I 1 I I 

Tagging of beauty on one arm 
t IS the effrcrency. A the percentage of the 

asymmetry effectrvely observable; G (= A&) IS the 
figure of merit Fief. 16311 

Process 
- 
Semrleptonrc decays 

Exclusive D stgnals 

Charge of the 8 

Beam polanzatron 
I@ = 45%) 
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Table 13 

Vertex detector: present and future 

Microvertex 1 (present one of DELPHI) 

RI (cm) 9 
R2 (cm) 11 
(I (pm) f 1 coordinate) 5 
St thickness frml 400 
Al thickness of vacuum chamber (mm) 1 
e “8” I01 42 

p fGeV/c) 3 4.7 14 
Transverse accuracy (pm) 

without microvertex 136 90 41 
wrth microvertex 54 41 27 

0 along flight path (rrn) 

(secondary vertex) 250 

Microvertex 2 (ideal) 

R, (cm) 5 
Rz (cm1 8 
R, km1 11 
(I (pm) (2 coordinates) 5 
Si thickness (pm) 200 
8e thickness of vacuum chamber (mm) 1 
e In,” toI 20 

p fGeV/c) 3 4.7 14 
Transverse (pm) accuracy 27 19 11.6 
(r along flight path (pm) 

(secondary vertex) 150 

Table 14 

The expected number of B mesons per 10’ Z’s is calculated with the theoreti- 
cal values of the B branching fractions. No acceptance or efficiency factors are 
included. For D-meson and light-meson branching fractions, the Particle Data 
Group values are assumed, except for BR(D. -+ &r) where 4% is used. [Branch- 
ing fractions in %.] 

Decav channel 

F 4 1c+s- 

Bl: --t D+a- Y 
D- .+ Ii+*-n- 

Bf-+DX -C+ 

13: -+ D;a+ 
D.’ + Qn- 
q+ --) 1<+1<- 

- 
B; -+ J/ti + l<‘O 

Jill, + e+c- 
x.0 + 1<+7r- 

13; + J/tl, + I<+ 
J/d --* e+e- 

B: + J/ti + 4 
J/@ + e+e- 
$8 + 1<+1<- 

ARGUS I CLCO 

0.35 f 0.18 f 0.13 0.16 f f 0.12 0.10 

0.31 * 0.13 f 0 10 o,,6+o JI+o.Is 
--0.*1--0.11 

0 19 f 0 10 f 006 05,t0.11+0 II 
-0 IS-0 0, 

0.33 f 0.18 0 06 f 0.03 

0.07f0.04 ( o.osf0.02 

T 
TllEOJtY No B/10’ Z TllEOJtY No B/10’ Z 

0.15 100 0.15 100 

-,I ” 56 650 

0 37 170 “5 3” 

-i--4 
0.39 430 

0.09 150 

I 
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Table 15 

Comparison of e-factory technwes (from Ref. I7011 

. Case 

F.XlOl Asymmetnc Symmetric \is= 2 2 
T14SI T(4sl+ 16GeV P=O P = 0.9 

(P = 0 45) 

bb cross-secno” (nbh 1.2 0.3 0.11 6.3 6.3 

Fraction of 0“ 0.43 

$Us raconstructwn efflcmcy 0.61 

Tagging efftctency 

land method1 

Wrong tsg fractmn 

0.48 0.48 0.30 0.18 0.61 

If. Kl It. Kl 11. Dl 11. D) IA FBI 

0.08 0.08 0.08 0.08 0.125 
(0.271 

Asymmetry dllutlon 0.71 0.63 0.52 0.52 0 71 

j L dt needed for 30 effect 
,,040cm- 2P 0.3-12 1 2.2-78 1 14-490 1 0.5-19 / ,z:;:;.;, 

Relative J L dt needed 1 .o 6.4 40 1.5 0.3 
(0.81 

e) The peak lunwtos~ty needed I” ~mts of 1033cm - 2 s- ’ for 107 seconds of fully efflclent r”““#“g 
at peak luminosrtv. 

ACC gradoent WV/ml 
Total accelerating voltage 
Beam energy (3 mA currentI 

SC cawtles alone 
SC and C” ca”lt#e* 

5 
66 

36 3 51.3 55.6 64 
66 75 64.3 66.6 73.4 

Table 16 

7 
760 

76 
62 2 

7 
1520 

I 62.6 
67.6 

5 7 
1635 2260 

Table 17 

Scaling laws in the case 
where the beam-beam tune shift EY is 

made constant 

Table 18 

The sample of W paws at LEP 2 

j L dt = 500 pb-’ 

&= 190 GeV L-----l mw = 80.3 GeV 

sin’ 0 = 0.229 

produced - W - h - selection 
(I = e, ~1 e. p 

716OWW 2000 1600 
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Table 19 

Svstematic uncertalnties in relative luminosity measurement in L3 

Parameter 
at IP 

Typical 
value 

1OOFm 
300 pm 

lOOAm 
12pm 

lmm 
33 mm 

0 
175 pred 

0 
175rrad 

Known 
to 

15rm 
1Orm 

5rm 
1 pm 

0.7 mm 
0.5mm 

2 arad 
5 qad 

10 Arad 
5 road 

Total (errors added linearlvl 0.4 

Absolute change 
in %a for 

typical value 

0.1 
1.5 

0.1 
0.06 

0.1 
1.5 

0 
0.05 

0 
0.05 

Systematic 
uncertainty 

P%d 

0.10 
0.05 

0.03 
0.01 

0.11 
0.08 

0.01 
0.01 

0.04 
0.01 

Table 20 

Integrated luminosities needed under various assumptions. (Estimated 
number of 10’ 2 events needed to measure Au with MLR = 3%) 
A(AiLj1.y.t is the systematic error on the relative luminosity measu- 
rement of bunch i to bunch j; -r is the ratio of Bhabha events to 2 events; 

1 O6 2 events are obtained with - 40 pb- ‘. 

P AfLiR,)r,., 1 -f= y=4 y= 15 
(%) W  

0.5 1.5 0.9 0.8 
1.0 1.6 1 .o 0.8 

50 1.5 1.9 1.2 1 .o 
2.0 2.7 1.7 1.5 

0.5 6.2 3.9 3.3 
30 1.0 9.3 5.8 4.9 

1.5 48.0 30.0 25.5 
I 
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