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ABSTRACT 

Options for the future major high-energy accelerator in Europe 
have converged on LEP, a large electron-positron storage-ring facility. 
The purpose of the LEP Summer Study was to discuss e +e physics beyond 
PETRA energy (2 * 19 CeV) and to assess the LEP design which had just 
evolved from work conducted at CERN. Apart from the overall summary 
report, a set of specialized reports deal with present theoretical 
expectations, anticipated rates and experimental conditions, and with 
the design of the machine and its interaction areas. Volume 1 contains 
summary reports presented at CERN as conclusions to the Summer Study. 
Volume 2 contains transcripts of review talks presented at Les Houches, 
sometimes combined into reports providing a global view of specific 
topics. Some additional specialized notes are also included. Material 
on machine design is incomplete, to avoid duplication with -.he design 
report CERN/ISR-LEP/78-17. 
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FOREWORD 

The LEP Summer Study consisted of two parts. The first and longest part 
was a meeting at Les Houches, France, on the premises of the Summer School of 
Theoretical Physics; it extended over 10 days and brought together close to 80 
participants. The second part was a two-day meeting at CERN, immediately following 
the Les Houches meeting, during which the conclusions were presented to and deba
ted by a very wide audience of physicists and engineers. 

The purpose of the Summer Study was: to discuss e +e~ physics beyond 
PETRA energies in the most general sense, and to assess the particular LEP design 
which had originated from the studies conducted at CERN. The Les Houches discus
sions on physics at LEP energies were prepared by a few specialized Working 
Groups which met throughout the summer. Work on the machine design was conducted 
at CERN and resulted in a report, now widely known as the "Blue Book", 
CERN/ISR-LEP 78-17, "Design Study of a 15 to 100 GeV e +e - Colliding Beam Machine 
(LEP)", which was presented and discussed in detail at Les Houches. 

The present proceedings are presented in two Volumes. The first con
tains the summary reports presented during the CERN part of the Summer Study by 
the Conveners responsible for the five specialized Working Groups at Les Houches. 
In addition to these, there is a special report on polarization at LEP energies 
and the transcripts of the talks given by J.B. Adams, S.L. Glashow and M. Vivargent. 
Also included are a few ECFA/LEP Notes, adjacent to the relevant reports, which 
the rapporteurs found appropriate for inclusion since they provide important in
formation not reported in sufficient detail in the summary reports. 

Volume 2 comprises the reports corresponding to the plenary talks pre
sented at Les Houches. The purpose of these talks was to summarize the work 
carried out in preparation for the Summer Study and to provoke and add sparkle to 
the discussion within the specialized Working Groups. This Volume begins with 
reports on topical questions connected with the LEP machine design. These in
clude, in particular, a discussion on superconducting accelerating cavities. 
Next follows a review of the PETRA and PEP programmes: this topic actually opened 
the meeting at Les Houches. Following these reports are discussions covering 
experimental and theoretical aspects of physics at LEP energies: these cover in 
greater detail some of the points to be found in Volume 1. Present ideas about 
detectors are an important input to the discussions of physics at LEP and two 
specialized reports on detectors conclude the Volume. Volume 2 also includes some 
ECFA/LEP Notes covering specific experimental questions. 
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Since it was intended that these proceedings should avoid duplicating 
material previously presented in the "Blue Book", it therefore needs to be con
sulted in conjunction with that report. As a result, the contributions from 
H. Hoffmann, E. Keil and W. Schnell at Les Houches are not included in these 
proceedings, whereas those from W. Bauer and J. Le D Uff, being largely complemen
tary to the contents of the "Blue Book", are included. It should also be mentioned 
that, since these proceedings combine the summary talks presented at CERN and the 
talks presented at Les Houches which surveyed specific topics prior to discussions 
within the specialized Working Groups, they are bound to contain some overlap. 
Nevertheless, it was thought appropriate to present some of the important questions 
at different levels of detail and technicality, rather than merely try to summarize 
them only once, as was in fact brilliantly achieved by the Conveners in their CERN 
summary talks. 

Mention is made throughout the proceedings of the ECFA/LEP Notes. Al
together close to 50 specialized ECFA/LEP Notes have been written in connection 
with the Summer Study, the valuable information contained therein being incorpo
rated in the different reports. The complete list of Notes written up to 
1st January, 1979 may be found in Appendix D of the Summary Report by M. Jacob, 
LEP Summer Study/1-1. Finally, a few photographs are included which may help to 
recreate the congenial and studious atmosphere at Les Houches. 

Maurice Jacob and Christine Redman would like to take this opportunity 
to express their thanks to all those inside and outside CERN whose work and help 
have been instrumental in organizing the Summer Study and in bringing these pro
ceedings to their present form. 
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1. Introduction 

The LEP Summer Study was held at Les Houches and at CERN from 10 to 
22 September, 1978. Proceedings will be issued making the different contributions 
available as they are completed, with the eventual publication of a global report, 
when all the material which will originate from the Summer Study is at hand. 

It was deemed appropriate to issue as quickly as possible a paper which 
would provide a summary of the outcome of the discussions which took place as all 
key questions related to the present LEP design study and physics at LEP energies 
were reviewed. This is the purpose of the present report. 

Section 2 is a general presentation of the LEP Summer Study. It pro
vides some information on how it was organized and actually took place. The 
reader already familiar with the Summer Study need not read it. Section 3 is an 
attempt to bring into focus a few key issues where progress was made during the 
Summer Study. Statements made here find their justification in the summaries 
written by the Conveners of the different working groups at Les Houches. Togel 
they provide an overview of the Summer Study and constitute the most important 
section of this report, Section 4. This Section offers a preview of the reports 
by the Conveners, which will eventually be included in the proceedings, together 
with the write-ups of the summary talks presented throughout the Summer Study. 

2. The LEP Summer Study 

Following the recommendation of ECFA of May 197 7, expressing wide con
census among European physicists, options for the future major high energy machine 
in Europe have converged on LEP, a large electron-positron storage ring facility. 
Studies have been carried out at CERN on the development of a specific project. 
The present outcome of these studies is a detailed report* which sets down the 
design, performance and cost of a large electron-positron storage ring. This is 
already widely referred to as the "Blue Book". It thus seemed appropriate to 
organize this year the first LEP Summer Study, to be held under the joint sponsor
ship of ECFA arid CERN. Its aim, as defined in February 1978, was to discuss e +e~ 
physics beyond PETRA energies and to assess the particular LEP project, as origina
ting from the studies conducted at CERN. It was deemed appropriate to hold this 
Summer Study on the premises of the Les Houches Summer School of Theoretical Physics, 
the secluded location and yet proximity to CERN offering many advantages**. 

* Design Study of a 15 to 100 GeV e+e~ Colliding Beam Machine (LEP) . The LEP 
Study Group, CERN/ISR-LEP/78-17, August 1978. This report is available upon 
request from the ISR Secretariat, CERN. 

** The Conseil d'Administration of the Ecole de Physique Théorique, chaired by 
Professor G. Cau, president of the USMG, kindly agreed to the use of the pre
mises of the Summer School at Les Houches by the Summer Study. 
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The number of participants attending the Summer Study at Les Houches 
had unrortuuately to be limited and the capacity of the Summer School was stretched 
to the very full. Altogether, 78 physicists participated in the Summer Study, 61 
of them on a full-time basis. Appendix A gives the list of participants at Les 
Houches together with their home institutions. The overwhelming majority of the 
participants was from the CERN member states, though with some physicists from 
the associated countries of ECFA and from the United States. 

In view of the great topical interest aroused by a thorough discussion 
of LEP and physics at LEP it was decided to conclude the Summer Study with an 
open meeting at CERN, extending over two days (21 and 22 September) during which 
the discussions which took place at Les Houches would be summarized before a wide 
audience of physicists. The programme of the CERN part of the Summer Study is 
given in Appendix B. This special meeting did indeed attract a very large number 
of participants and was the occasion for very fruitful discussions. 

It was clear from the start that even though the setting of Les Houches 
is well known to be conducive to intense intellectual effort, only a limited 
amount of work could be achieved during a 10-day session. Working groups were 
thus set up very soon after the whole Summer Study project was initiated in order 
to provide time for the extensive work which would have to be carried out through
out the Spring and Summer in preparation for the Les Houches meeting proper. The 
five working groups thus organized under the leadership of Conveners were defined 
as follows: 

(i) e +e~ Physics Beyond PETRA Energies 
Ch. Llewellyn-Smith, Oxford 

(ii) Machine Parameters and Characteristic Features 
J. Le Duff, Laboratoire de l'Accélérateur Linéaire, Orsay 

(iii) Design of Interaction Regions 
P. Strolin, ETH Zurich 

(iv) Experimentation at LEP 
M. Davier, Laboratoire de l'Accélérateur Linéaire, Orsay 

(v) New Ideas about Detectors 
K. Winter, CERN 

The two latter working groups eventually found it more convenient to 
merge and to specialize the activities of their members according to physics 
topics. 
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Much work was indeed done within the working groups in prepai ..rion fcr 
the Les Houches meeting. This led in particular to a series of specialized 
reports referred to as ECFA/LEP reports and the time at Les Houches was most 
valuably used in confronting ideas and clarifying issues. 

The working group on machine parameters deserves special mention. In 
this case most of the action was in the preparation of the Blue Book by the LEP 
Study Group. This report was made available to the participants as they arrived 
at Les Houches. It was however deemed necessary to provide participants and 
other interested persons with a preview of the design study at a much earlier 
stage. This was done through an open meeting held at CERN on 3 May, where a 
preliminary review of the design study was presented in an extensive report by 
H. Hoffmann (facilities), E. Keil (parameters and performance) and W. Schnell 
(engineering of components). This meeting started with general presentations 
of the LEP project by M. Vivargent, S. Fubini and F. Bonaudi. This provided a 
good starting point for the newly formed working groups. It should also be 
stressed that in the preparation for the Summer Study, the working groups had 
already very valuable material at their disposal originating from previous stu
dies and in particular the CERN Yellow Report 76-18* which remains an extremely 
useful document. 

The Les Houches Summer Study provided a unique opportunity to foster 
discussions among theorists, experimentalists and machine physicists which are 
r>ften not as frequent and productive as one would wish them to be. In particular, 
it was a precious occasion for theorists and experimentalists to become better 
acquainted with design constraints and for machine builders to better understand 
pleas for higher luminosities and for higher energies by theorists and experimen
talists alike. The programme was thus arranged in order to sparkle discussions 
in the most efficient way. Plenary talks were scheduled in such a fashion as to 
approach key issues from all points of view: theoretical, experimental and 

. machine design. These were organized by Chairmen who supervised the very large 
amount of preparatory work which went into them. J. Allaby, P. Darriulat, 
J. Ellis and S. Tazzari had a key rôle to play in this respect. Appendix C gives 
the list of topics which were thus reviewed. These plenary talks and the discus
sions which followed were able to keep all participants abreast with the key 
features and questions related to LEP and physics at LEP energies. The prospect 
of e +e~ physics beyond PETRA energies, the various questions raised by experimenta
tion at LEP, as they can be envisaged from present experience at SLAC and DESY in 
particular, and, finally, the analysis of the limitations met when designing a 

* Physics with Very High Energy e +e~ Colliding Beams, Study Group on a Large 
Electron Positron Storage Ring LEP, 1976 
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LEP machine could become familiar to all. It is possible to say that collabora
tion among physicists with different backgrounds and fields of interest did take 
place and resulted in a very rewarding convergence of views. "Les Houches worked 
as an anti-Babel tower." 

During the planning of this first LEP Summer Study, it became increa
singly clear that the invaluable help of our DESY colleagues was indispensible 
while the brilliant start of PETRA did not leave them time to participate to a 
large degree at that very moment. We are therefore all extremely grateful to 
G. Voss, B. Wiik and G. Wolf who nevertheless found time to visit the Summer 
Study at Les Houches and enable everyone there to benefit from their experience 
with PETRA and the experimentation there. 

The overwhelming response met in the CERN member states notwithstanding, 
the enthusiastic collaboration of our American colleagues S. Glashow, M. Month, 
R. Schwitters, H. Wiedemann and T.T. Wu was instrumental in the success of the 
Summer Study. Despite the fact that B. Richter was unable to come to Les Houches, 
he played an important rôle in the preparatory work. 

The LEP Summer Study was the opportunity to discuss LEP and physics at 
LEP energies in a thorough and extensive way. It brought forth a great convergence 
of views and aroused thriving enthusiasm. 

While the activity of the working groups culminated for a time at 
Les Houches, it will continue in the framework presently set up by ECFA. Indeed 
it appeared mandatory that the activities of the working groups should develop 
and involve a larger number of physicists. This was actually stressed by 
M. Vivargent at the time of the 3 May meeting and a framework has now been de
fined by A. Zichichi. 

3. The LEP Scenarios 

The title of this section is borrowed from S.L. Glashow's brilliant talk 
during the CERN part of the Summer Study and a rapid summary of the physics issues 
can only be a dimmed image of what he superbly presented. To use his own words, 
LEP is Exciting, Essential and Expensive. We shall delay any discussion of the 
last of these adjectives to the second part of this section when we turn to the 
LEP design and now focus on the first two. 

Over the past few years we have lived a period of great excitement in 
particle physics. The discovery of the Neutral Current Interaction, the disco
very of the new particles with their hidden charm, the discovery of charmed par-
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tides proper and finally the evidence for still new quarks have formed an 
extraordinary succession of brilliant steps forward. More impressive still is 
that, while some surprises were met, all of these discoveries appeared as key 
verifications in the development of gauge theories, which provide the unifying 
scheme for Weak and Electromagnetic Interactions. At the same time, evidence of 
hadronic jets in large p t reactions and e +e - annihilations, evidence of scaling 
behaviour in large-mass lepton-pair production in hadron collisions, and, finally, 
evidence of some scaling violation in deep inelastic lepton-hadron scattering, 
have made Quantum Chromodynamics a very serious contender for a gauge theory of 
strong interactions. Continuing along these lines, LEP does appear as the Machine 
of Choice for what is currently referred to as the New Physics. 

While one family of fundamental fermions u, d, V £ and e is enough to 
describe the world we live in, the need for Nature to produce replicas of this 
family in an a priori superfluous way is a clue to a more basic understanding 
which we are still unable to grasp. The existence of the c, s, v^, y family, 
completed in 1974, and the existence of the t, b, v , T family, which, with a 
little theoretical help, we can already take for granted in 1978, stand as a 
clear indication of an important principle which is still missing. One has to 
look further, search for possible new quark flavors and for possible new leptons. 
A large e +e~ colliding beam machine is the instrument necessary to continue. 
Exploring the energy range covered with beam energies from 15 to 100 GeV already 
offers fascinating prospects. In the presently most conservative approach the 
2° is there to provide a huge enhancement in counting rates and experimentation 
at LEP can be envisaged with confidence. LEP as presently envisaged is the ideal 
instrument for a detailed study of the 2° and more generally for the analysis of 
the expected merging of weak and electromagnetic interactions. The study of the 
W mesons and furthermore the WWH coupling is also of extreme interest in this 
endeavour. Within the presently discussed designs, this should also be possible 
with the prospects offered by the use of superconducting cavities, thus reaching 
beam energies of the order of 100 GeV. As later discussed in section 4, LEP 
should offer a precise determination of the mass and width of the weak bosons 
together with a precise determination of sin 26y This" is already extremely 
interesting while remaining in the framework of the so far highly successful 
Weinberg-Salam model. Higgs mesons should be found if their mass is not too large. 
An attavistic attitude does however call for surprises and still more exotic 
things to happen. LEP should also be an ideal machine for the analysis of strong 
interactions, though of course often in a complementary way to other types of 
machines. Quantum Chromodynamics is already rich with predictions about high 
energy jets which could be tested in a thorough and promising way. 
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The recent discoveries which could be listed have inspired much confi
dence in the use of the Weinberg-Salam model to project expectations for LEP 
energies. It should be stressed however that when considering other so-called 
possibilities within the present scope of theoretical physics, one realizes that 
the Standard Model, while predicting much exciting physics in the LEP energy 
range, appears as the most conservative one. In trying to depart from it, one 
readily stumbles on still more exciting things such as a large number of fundamen
tal fermions, a structure at the quark level, huge radiative corrections to WW 
interactions ... This is discussed in section A. Along all possible lines of 
thought, the LEP machine, as presently discussed, appears as extremely interesting. 
We have enLered the quark era of particle ptiysics and LEP stands as the machine to 
provide the big step forward. 

The most important thing to have happened at Les Houches is the enthu
siastic convergence of views from experimentalists, theorists and machine builders. 
When reviewing physics prospects, the present design study appears as a good and 
solid starting point. It has obvious limitations, as expected from a machine 
which could be built and work now. Nevertheless, it offers much flexibility 
which should be exploited to the full as the design progresses in the near fugure. 
As stressed in the Blue Book, while the present study is mostly concerned with 
what may be referred to as a first stage which includes copper RF cavities and 
provides for operation between 15 and 77 GeV of beam energy with a peak luminosity 
of 10 3 2 cm - 2 s _ 1 at the nominal energy of 70 GeV, provisions are made to extend the 
energy to 100 GeV as soon as superconducting cavities become available. The varia
tion of the luminosity with energy could then also show an even more promising 
profile for experimental purposes. The flexibility which presently exists for the 
choice of parameters was realized. It will no doubt be fully exploited. The 
energy range covered by the present design study is already very promising and 
options exist for its strongly desired extension. Particle physicists with dif
ferent fields of interest, whether theorists, experimentalists or machine builders, 
have realized that they have a very strong case in common. This is most simply 
summarized in the motto coined by Hans B^ggild, thus winning by enthusiastic 
applause the motto contest at Les Houches: LEPS DO IT. 

4. Summary Reports of Key Issues by the Conveners 

There were six talks during the CERN part of the Summer Study to sum
marize activities at Les Houches as they progressed from the preparatory work 
which took place beforehand (Appendix B). Part of this preparatory work was first 
summarized at Les Houches through plenary talks (Appendix C). The write-ups of 
these talks will be available in due course. The issues which they cover are 
only briefly outlined here. 
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4.1 e +e~ Physics Beyond PETRA Energies (Ch. Llewellyn-Smith) 

The theory group at Les Houches re-examined all aspects of e +e~ physics 
at LEP energies in the light of theoretical and experimental developments since 
the last ECFA-LEP meeting. 

The main experimental development has been the detailed confirmation of 
the predictions of the Weinberg-Salam model by accurate neutral current data at 
low energies. Theoretically, there has been great progress in our understanding 
of the applications of QCD, in particular in connection with jet phenomena. It 
was found that the case for LEP is as strong or stronger than ever. Specific 
points which came out in the discussions at Les Houches, or from preliminary work 
for the meeting, were: 

a) It seems clearer than ever that very large weak interaction effects must 
occur in e +e~ annihilation at LEP energies as predicted by the Weinberg-Salam and 
other models. The increasing accuracy of low-energy neutral current data can be 
used to show, on rather general grounds, that the mass scale on which the point
like nature of the charged-current interaction breaks down is necessarily less 

37.4 . . . . . than —-.—5-r— « 170 GeV. However, this is a very conservative limit which can sin20w -> 
only be saturated at the price of divergent weak contributions to a . _. On 

e +e 
general grounds it is not possible to bind the scale* on which large effects occur 
in a

e + e _ (although we know that the larger the scale the bigger the effects; 
furthermore, it must be stressed that if the behaviour of the weak cross-section 
does not change at LEP energies, the linear rise will give large counting rates). 
However, in models with intermediate vector bosons W*, 3° the scale must be of 
the order 90 GeV if we demand either that g , « e (as in all unified theories) 

°weak 
or that o(e+e~-í- W +W~) does not rapidly violate unitarity. Furthermore, it turns 
out that in gauge models with several 2 ° ' s which reproduce the successful low energy 
phenomenology of the Weinberg-Salam (W-S) model, it is natural to expect that at 

WS 
least one 2 ° has mass less than Mg D « 90 GeV. 
b) There was considerable discussion of the possible number (Ny) of species of 
light neutrinos which could exist. In particular, it was noted 

(i) That measurement to T ^ 0 and Tg^131*3'1'6 will lead to limits (or measure
ments) of and hence give information on the number of corresponding 
charged leptons which may lie beyond LEP energies. 

(ii) The worry was expressed that N v may be so large that the 2 ° would cease 
to be seen (to reduce Rg 0 for the known charged leptons and hadrons to 
below 10 requires N v > 331 I). However, there are theoretical argu
ments which suggest that in this case many of the corresponding N v 

charged leptons would have to be light enough to be seen at LEP. 



In view of a), it is important to know how to measure the luminosity 
at /s = Hg 0. It might be feared that the 2° contribution to Bhabha scattering 
might make it impossible to use this process as a very accurate luminosity monitor. 
However, this turned out not to be the case. 

c) New results on a(e+e~ ->• W+W~) and the polarization of the outgoing W's were 
presented for the case of general couplings. They make it clearer than ever that 
this process is extremely sensitive to any deviations fi-m gauge theory couplings. 

d) e +e~ -> U + W - Y was suggested as a process for studying the four boson vertex 
required by gauge theories. The cross-section is small and the experiment is 
very difficult if gauge theories are correct. However, it would be much larger in 
all other cases. 

e) General agreement was expressed with Veltman's view, as reported in his talk 
at Les Houches, that the highest possible energy is needed to probe the Higgs 
sector of gauge theories (which is intimately connected with the fundamental 
problem of the mass spectrum of quarks, leptons and vector bosons). Probably 
for E c m > 300 GeV there is a good chance of either producing Higgs mesons or 
sensing them through the large radiative corrections they will make to e +e~ ->• W +W~ 
(however, it is not yet possible to be precise about this energy scale). 

f) It turns out that e +e~ ->- yy is an excellent process for looking for unexpec
ted effects (lepton form factors, unexpectedly large radiative corrections etc.), 
since the corrections to the lowest order QED contribution are of order g 4 and 
turn out to be less than 10 - 3 in conventional models. 

g) Since the last ECFA-LEP meeting, theoretical understanding of QCD has in
creased dramatically (furthermore, CERN neutrino experiments have confirmed some 
of the quantitative predictions of the theory). PETRA (and PEP) will provide many 
tests of QCD so it is not profitable now to work in great detail on QCD effects 
at LEP energies. However, assuming the tests of QCD at PETRA work, it is already 
clear that LEP will provide further insight into the theory. For example,(i) For 
QQ (J = 1~) bound states with M > 50, the wave function should really become 
Coulomb-like as a g -*• 0 with M ->• ». (ii) As MQ », strong corrections to weak 
decays switch off and quark decays come to resemble heavy lepton decays. (iii) The 
O(o g /Ti ) three-jet contribution cross-section should diminish as Q 2 •*•">, a s -*• 0. 
(iv) 2-, 3- and A-jet production via yy collision provide further precise QCD 
tests (the 2-jet cross-section can probably be measured at PETRA). 

h) We found that YY two large-pc jets can be used to discriminate very 
definitely between models with different quark charges (Gell-Mann-Zweig, Han-Nambu, 
Pati-Salam, etc.), all of which are compatible with present data (some of these 
can probably be distinguished already at PETRA). 
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i) We discussed the possibility of close (accidental) degeneracy between the 
H° and a J = l - (QQ) bound state, leading to large mixing. Except in very unex
pected circumstances, the mixing angle would generally be small and the effect 
on the (relatively wide) 2° would be negligible although the effect on the (QQ) 
states decay widths would be large. 

j) The importance of having polarized beams available at LEP was discussed. 
Polarization would clearly be useful to discriminate between different vector 
boson couplings, distinguish ly from 2y process etc. However, in the case that 
there are surprises in store (e.g. large J = 0 exchange contributions to weak 
cross-sections or right-handed weak currents) the availability of polarization 
would be extremely important. We therefore urge that studies of polarization con
tinue. 

k) We discussed doing ep physics by colliding LEP with 270 GeV protons with either 
L = 10 3 0 cm - 2 sec - 1 or 5 x 10 3 1 cm - 2 sec - 1 (dedicated mode). With L = 1 0 3 0 the 
physics did not seem very interesting. With L = 5 x 10 3 1, the increased energy 
range available does not greatly increase the physics which can be done with 
previously proposed facilities (such as CHEEP or PROPER). We feel that study of 
this physics would be very interesting if it could be done soon. If it can only 
be done after LEP, the interest decreases sharply as far as we can foretell now. 
However, it would obviously be nice if this option could be kept open since it 
seems to provide a unique way to study the response to large space-like momentum 
transfers of quarks contained in a hadronic environment. We also discussed 
briefly what could be done by storing 4 TeV protons in a ring in the LEP tunnel 
and colliding them with 70 GeV electrons; this would allow the production of 
possible species of new leptons and quarks up to collosal masses, of the order of 
500 GeV. 

1) We consider that it is essential to keep open the possibility of going well 
beyond the W-W threshold (even at the price of sacrificing some luninosity on the 
2° peak). 

4.2 Experimentation at LEP (M. Davier and K. Winter) 

This covers the activities of the ECFA/LEP working groups on "Experimen
tation at LEP" and on "New Ideas about Detectors". 

a) Weak-Electromagnetic Interferences 

i) The Reactions e +e~ •» y+y~, T + T ~ 

The polarization of the T can be determined from its decay. One can 
study the electron energy spectrum at low and high values of the fractional momen
tum in T -> ev ev T decay, or use the T ->• TTv decay mode. These measurements are as 
sensitive as the measurement of the y polarization in the forward direction, which 
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would require a very large "tnuon trap" of magnetized iron f -<r focusing and a muon 
Polarimeter. They can be performed by a single detector of relatively small size. 

Measurements of the angular asymmetry in the e +e~ -*- y +p~ channel are 
sensitive to the presence of a second Z° with mass beyond 200 GeV. The sensitivity 
to weak couplings is very large and has been investigated. 

ii) The Reaction e+e~ -» W +W~ 

This reaction is mediated by neutrino, photon and Z° exchange. The 
cross-section calculated in the SU(2) x U(l) model is the minimal one. If the 
coupling of ä° to W+VT does not exist as expected in the framework of gauge 
theories, the cross-section should be larger by a big factor. The detection 
of this reaction process has been studied, making use of the decay of the W into 
two jets, which provides the largest branching ratio. It is concluded that the 
existence of W bosons, if not demonstrated before, can be made clear with a rate 
of approximately 30 per day. Using longitudinally polarized e- increases the 
total rate and at the same time would help to separate the various contribu
tions. 

iii) The Reaction e^e" -> Wey 

This reaction has a rate of about 1 per day and can be studied at ener
gies of about 1.5 My « 100 GeV in the center-of-mass. Unfortunately, there is a 
large background which is due to large-pt quark-pair jets produced in 2y processes. 
Owing to uncertainties in the prediction of this background, it is not obvious 
that this reaction would lead to the discovery of the W boson if it exists as 
predicted. The LEP energy required for producing V/ bosons in a clear way through 
the reaction e +e~ -+ W +W~ is in the vicinity of 180 GeV. 

b) Jet Studies 

The possibility of discovering new heavy quarks has been investigated. 
Four possibilities were studied in detail. 

i) Search for Vector Particles 

Owing to the increasing spread in beam energy, the signal to background 
ratio is decreasing, thus reducing the sensitivity. A scan for narrow resonances 
can only be performed in selected regions of energy. Requiring effects of fi\e 
standard deviations would need 200 hours per GeV mass range (on average) for quarks 
of charge 2/3 and 600 hours for quarks of charge 1/3. 

ii) Search for a Step in R = a (hadrons)/a 
e tot—i -—up 

A step in this ratio would occur at the threshold of QQ production as 
new mesons, e.g. (Qq) + (Qq). The expected ratio AR/R depends again on the quark 



- 13 -

charge and also on /s, owing to the varying relative importance of photon and 2° 
exchange amplitudes. A step can be established, in a relative measurement, with 
five standard deviations in 40 hours for charge 2/3 and in 80 hours for charge 
1/3. 

iii) Scan for Narrow Peaks (QQ) and Thresholds ((Qq) + (Qq)) Using 
Events of Large Sphericity Only 

Vector mesons decay predominantly into 3 gluon or into (qqq) final states 
and are therefore expected to give hadronic final states with isotropic distribu
tion and hence with large sphericity. (Qq) + (Qq) states at threshold give iso
tropic distributions for k»nematical reasons. The hadronic continuum, away from 
thresholds, has very pronounced jet structure, as observed at SPEAR and DORIS. 
A Monte-Carlo simulation of jets at LEP energies, including gluon radiation, 
shows that they are confined to sphericity < 0.2. Hence, a scan for new vector 
mesons and quark thresholds has high sensitivity. The whole LEP range can be 
scanned in 1500 hours for quarks of charge 2/3 and in 3000 hours for quarks of 
charge 1/3. Moreover, if new resonances are found, their spacing can be measured 
and a spectroscopy analogous to that of the J/<¡i can be studied in detail. The 
spread in beam energy is typically an order of magnitude less than the level 
spacing of these states. 

iv) Effective Mass Spectroscopy of the 2° Pole 

Large rates are expected at the 2° pole, e.g. 2° •*• (Qq) + Qq) is 
30,000/day for charge 1/3. Hence, for m^ < m g ^ the spectroscopy can be studied 
in detail if a detector can be built which identifies all particles and measures 
their momenta. 

c) Weak Interaction Studies of Quark-Antiquark Final States 

The angular asymmetry of all quarks of charge 2/3 and that of all 
quarks of charge 1/3 is predicted to be universal. They can be measured glo
bally, identifying jets from charge 2/3 and 1/3 quarks, and measuring their 
angular distribution. Using leading particles, e.g. K +K~ , ss states can be identi
fied with high reliability. Measurements using polarized beams give large asym
metries at the 2° pole even for sin 28^ = \, thus permitting sensitive weak-
interaction studies for all quark pairs. 

d) Jet Detector 

Events with the expected jet structure, as described by Feynman and Field 
have been generated using Monte-Carlo methods. The lateral size of a detector is 
defined by the required length for dE/dx measurement for particle identification. 
Using a detector of (A(f>, AR, A2) = (1, 1, 10 cm) granularity, the required effec
tive tracklength of 1.25 m for K / T T , e/n, Kp separation from 1.5 - 50 GeV/c can 
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be achieved for a track detector of 1.8 m radius. A solenoidal magnetic field of 
B = 1.5 T gives a momentum resolution of Ap/p = 4% at 70 GeV/c in this detector, 
thus permitting excellent resolution in invariant mass and low combinatorial 
background. Electron and photon detection requires another 60 cm radius. The 
return yoke of the magnetic flux is organized as a calorimeter for detecting 
neutral hadrons and for identifying muons. 

This detector has a diameter of approximately 10 m, and a length of 
10 - 12 m. Its track detector has 7-106 detection cells. Its price is approxi
mately 50 MSF. Programs for tracking particles through this detector have been 
developed and are now available for the community. 

e) 2y Processes 

2y processes have been studied, both from the point of view of back
ground and for their own physics interest. In all situations examined, the back
ground can be handled. 2y physics, especially at large p t, where the 2 photons 
interact in a point-like manner, has been investigated. Another interesting area 
is deep inelastic yy scattering probing the qq photon structure function. 

The work done before and during the Les Houches LEP Summer Study is 
described in detail in some AO ECFA/LEP notes, many of which are already available. 

A.3 Polarization at LEP (P. Darriulat) 

As mentioned in section 2, an important consideration when setting up 
the programme of the Summer Study was to sparkle as much as possible interaction 
between theorists, experimentalists and machine physicists. This was of course 
attempted in a general way, but specific issues were clearly worth a special 
effort. This is the case for polarization at LEP energies. Beam polarization 
is well known to be an important tool. Nevertheless, at LEP energies polarization 
is not given for free as it is at lower energies and implementing it, though 
conceivable with present techniques, would require much effort. It was there
fore deemed appropriate to have a special session on polarization during which 
K. Gaemers discussed the interest of polarized beams from a theoretical point of 
view, B. Montague presented what can presently be achieved with the Siberian Snake 
technique and L. Camilleri focused on experimentation with polarized beams in his 
report on weak-electromagnetic interferences. R. Schwitters also described recent 
polarization studies at SPEAR. This was the starting point for discussions within 
the working groups, the outcome of which is presented here by P. Darriulat. 

Beam polarization is expected to induce spectacular effects at LEP. 
For instance, at the 2° pole, counting rates are expected to increase by several 
orders of magnitude when flipping from a left-left to a left-right incident 
helicity state. On the other hand, important technical difficulties are attached 
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to the obtention of sizeable polarizations. It is therefore important to assess 
the advantages offered by such a facility and to evaluate the "price" one is 
prepared to pay in order to implement it. 

a) Machine Aspects 

No polarization is expected to build up at LEP, the depolarization due 
to resonance crossing talcing place faster than the polarization due to spin-flip 
emission of synchrotron radiation. The energy resolution of the beams, of the 
order of .1% at 70 GeV, is similar to the spacing between neighbour resonances, 
which is of the order of 440 MeV. This can however be overcome in a scheme where 
the phase advance of the spin precession per turn is independent of energy. Such 
a scheme, nicknamed the Siberian Snake, has recently been proposed; it offers 
the possibility to maintain longitudinal polarization without suffering from 
depolarizing resonances. Its actual implementation implies several constraints 
on the machine design: 

a storage ring injector, where transverse polarization builds up rapidly, 
and a set of injection lines allowing for spin rotation to left and right 
helicity states, 

a set of bending magnets located in one of the LEP interaction regions. In 
the present design, this interaction region could not be used for physics. 

The performance of the system is limited by several factors: 

the spin-flip synchrotron radiation induces depolarization at a rate defined 
by T « 20 (~ j ~5 minutes, 

the geometry is optimized for a fixed energy and for one interaction region. 
At other energies and in the other regions the achieved polarization may 
be considerably depressed, 

the polarization at injection cannot exceed 92% and may take substantially 
smaller values. 

b) Physics Aspects 

In the framework of our present knowledge, the energy range of LEP may 
be schematically split into two regions: the 2° region where small branching 
ratio decays can be measured and where the structure of the 2° couplings are 
studied in detail, and the high energy region, where specific gauge effe-'*r ay 
be evidenced (Z°W+W~ coupling, Higgs production, etc.). 

In the first region, the annihilation process e +e~ -»• ff with annihila
tion through y and 2, where ff is a fermion-antifermion pair can only take place 
for opposite incident helicities. Unexpected couplings (e.g. scalar exchange) can 
therefore be probed with good sensitivity using polarized beams of selected helicity. 
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Defining as af, v^, the a x i a l and v e c t o r c o u p l i n g s , po lar i zed beams 
permit the measurement of a ^ V g , a f v f > a e v f a T U * a e v e * ^"n e OT1^y add i t i ona l informa
t i o n with respec t to a measurement of the angular dependence of the a n n i h i l a t i o n 
cross—section i s the r e l a t i v e s i g n o f the a x i a l and v e c t o r c o u p l i n g s . Moreover, 
t h i s could be as w e l l obtained from a measurement of the f i n a l s t a t e h e l i c i t i e s 
us ing unpolarized beams. In orthodox t h e o r i e s p o l a r i z a t i o n i s there fore not of 
fundamental importance and only adds p r a c t i c a l convenience to ac tua l measure
ments: s tronger s e n s i t i v i t y to a small v e c t o r coupl ing , contro l of the r e l a t i v e 
uu to dd product ion r a t e at f i xed ang le , e t c . . . 

In the high energy region a spec tacu lar example i s provided by the pro 
duct ion of a pa ir of W bosons . This proceeds v i a a neutr ino exchange diagram 
(E) and a (y, 2) a n n i h i l a t i o n diagram (A). Of the A inc ident h e l i c i t y s t a t e s 
only ^ e ^ contr ibutes to E. Since the contr ibut ion to A of e~e+ i s small in 
gauge t h e o r i e s , we expect an enhancement by a fac tor ~ A when properly po lar i zed 
beams are used. Conversely, using e~e* inc ident beams should permit a study of 
A without any contr ibut ion from E. However, the expected ra tes are so small that 
t h i s would not be p r a c t i c a l l y f e a s i b l e . Some information along t h e s e l i n e s can 
a l s o be obtained with unpolarized beams from the angular dependence of the produc
t i o n c r o s s - s e c t i o n . Here aga in , in the framework of orthodox t h e o r i e s , the prac
t i c a l gain in using po lar i zed beams i s smal l . However, the small s i z e of the 
e_e* r e l a t i v e to e e* c r o s s - s e c t i o n i s somewhat s p e c i f i c to gauge t h e o r i e s and 
the observat ion of a large e~e c r o s s - s e c t i o n would be extremely informative in 
t h i s contex t . 

c ) Summary 

A v a i l a b i l i t y of po lar ized beams i s a very powerful too l which permits 

the d i s e n t a n g l i n g of d i f f e r e n t mechanisms. However, i n the framework of orthodox 

t h e o r i e s i t brings only l i t t l e add i t iona l information in the H° a n n i h i l a t i o n 

r e g i o n . At high energ ies - where s i z e a b l e p o l a r i z a t i o n s are l i k e l y to be out of 

reach anyway - po lar i zed beams could be used as r e v e l a t o r s of non-gauge t h e o r i e s . 

While in the framework of orthodox t h e o r i e s they would again be of l i t t l e prac

t i c a l use owing to the small expected c r o s s - s e c t i o n s . 

I t i s e s s e n t i a l to avoid taking any s t e p which would preclude the imple
mentation of a p o l a r i z a t i o n f a c i l i t y . However, w i th in present orthodoxy, i t i s 
d i f f i c u l t to make a s trong case for p o l a r i z a t i o n . I t i s therefore s u f f i c i e n t to 
keep i t as an option to be implemented at a l a t e r s t a g e . The n e c e s s i t y of con
t inued s t u d i e s of d e p o l a r i z a t i o n e f f e c t s and of p o s s i b l e a l t e r n a t i v e s to the 
S iber ian Snake scheme i s ev ident . Information from SPEAR, PETRA and PEP w i l l be 
u s e f u l in t h i s context in the very near future . 
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This concludes the special report on polarization. As to the latter 
two summary reports on machine parameters and interaction areas, they refer to 
discussions which concentrated mainly on the present design, as described in 
great detail in the Blue Book. The reader is therefore assumed to be somewhat 
familiar with this document already. For convenience, we include a table 
(Table 1-1 of the Blue Book) which gives a short-list of LEI' parameters for a 
nominal energy of 70 GeV. We also include a Figure which illustrates the type of 
luminosity which one would achieve with the present design (solid curve) and making 
use of superconducting cavities when the technique is available (dashed curve). 
This curve was used for the discussions on Experimentation at LEP. 

Figure : Luminosity as a function of beam energy. Present LEP design (solid 
curve) and eventual use of superconducting RF cavities (dashed curve) 
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4.4 Machine Parameters and Characteristic Features (J. Le Duff) 

Activity at Les Houches concentrated on the existing design study 
(Blue Book)» A careful assessment of the feasibility of such a design was made. 
The discussions also encompassed constraints related to very large storage rings, 
either optimized with superconducting cavities, while keeping the bending radius 
small, or with normal conducting cavities with, accordingly, a larger radius. 

The working group at Les Houches consisted of w. Bauer, M. Bassetti, 
E. Keil, J. Le Duff, J. Maidment, M. Month, G. Saxon, W. Schnell, M. Sommer, 
S. Tazzari, H. Wiedemann and H. Zyngier. Their critical approach to the present 
LEP design study may be summarized as follows. 

a) Inj ectors 

The LEP filling time for maximum current, which may either correspond 
to the nominal design energy í ^ ^ í » o r t o a u energies up to 70 GeV, should not 
exceed 15 minutes. This is necessary in order to maintain a good average lumino
sity. Experience with existing storage rings caused some worries (for example 
4-turn injection) and new safety factors were sought which could be included in 
the present design without bringing about any fundamental change. It was conclu
ded that: 

i) The positron rates can be raised by at least a factor of two using high 
loaded cavities for the linac. This was proved to work with NINA. 

ii) An energy compression process for positrons at the end of the linac 
will reduce the energy spread of the linac pulse and favour capture into the first 
injector ring. 

In addition to this, it was agreed that any attempt to raise the injec
tion energy would be welcome. 

b) Machine Performance and Related Constraints 

The design philosophy of a large electron storage ring such as LEP is 
similar to that adopted for PETRA and PEP. It is mainly dictated by the SPEAR 
performance which in turn confirmed in many ways results obtained earlier with 
smaller rings. SPEAR has a so-called FODO lattice with, in addition, two long 
low-ß straight sections. Expected LEP performance has been based on a maximum 
tolerable tune shift per crossing of Ç « AQ = 0.06 and a (5* value as small as 
10 cm. It was however pointed out that SPEAR could not improve its performance 
going from B* = 20 cm to 8* = 10 cm, and that the maximum achievable tune shift z z 
could decrease when the number of crossing points is increased. There are 2 
crossing points at SPEAR and there will be 8 at LEP. Experience with PETRA and 
PEP should soon provide an answer to such questions. This could lead to some 
amendments to the design philosophy of LEP. 
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Table 
Short List of LEP Parameters at 7 0 GeV 

Nominal energy per beam E 70 GeV 
Number of interaction regions N 

X 
8 

Number of bunches 4 
Machine circumference C 22.208 km 
Average machine radius C/27T 3.535 km 
Horizontal betatron tune Ox 66.208 
Vertical betatron tune K 7A.272 
Momentum compaction factor a 3.121 x 10-1* 
Circulating current/beam I 10.54 mA 
Number of particles/beam N A.875 x 1012 
Transverse damping time T 

X 
11.5 ms 

Uncorrected chromaticities c 
X 

-121.3 

Energy variation of damping partition 
number dJ/(dp/p) 

-185.8 

-503 
Natural r.m.s. energy spread a /E e 1.24 x 10" 3 

r.m.s- bunch length without harmonic 
RF system °z0 12.7 mm 

r.m.s. bunch length with harmonic 
RF system °z 32 mm 

Emittance ratio E /E 
V X 

0.0625 
Beam-beam bremsstrahlung lifetime j ** 

Tbb 6.57 h 
Quantum lifetime T 

q 
24 h 

Beam-gas bremsstrahlung lifetime Tbg 20 h 
Over-all beam lifetime T 4 h 
Length of normal cells L 

p 
57 m 

Horizontal aperture in normal cell r 
A 

X 

±52 mm 
Vertical aperture in normal cell A 

y 
±28 mm 

RF frequency £RF 357 MH 
z Synchrotron radiation loss U 

s 
906 MeV 

Parasitic-mode loss hm 173 MeV 
Peak RF voltage V 1243 MV 
Active length of RF structure LRF 1344 m 
Synchrotron radiation power (two beams) Pb 19.1 MW 
Fundamental mode RF dissipation Pd 50.8 MW 
Total RF generator power P 

g 
73.9 MW 

Synchrotron tune % 0.1075 
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The luminosity of the machine scales naturally as E^ up to the design 
energy. While a top luminosity of 1 0 3 2 is achieved at 70 GeV, this would imply 
a luminosity lower by more than two orders of magnitude at injection energy. 
Improvement of the luminosity in the lower energy range can be considered, assu
ming first a constant emittance. The luminosity then behaves as E 2. In the case 
of LEP this may be obtained by the addition of wigglers which provide some addi
tional energy spread and therefore larger emittances. During the discussions 
at Les Houches it was stressed that a second approach should be studied in 
addition. It corresponds to a variable tune and has the disadvantage of 
requiring the computing of a catalogue of operating points for low-energy opera
tion. This new method has however the advantage of not producing additional 
energy spreads. It may require more aperture. This has still to be investigated. 

It was pointed out that one could increase the aperture in the large 
insertion quadrupoles in order to have it fit the arc aperture. This could help 
to lower the variation of the luminosity to y at very low energies. It should be 
mentioned however that an increase in the aperture of these big quadrupo"1 es may 
later require superconducting quadrupoles when one reaches a second stage using 
superconducting cavities, with beam energy up to 100 GeV. 

It was agreed that the top luminosity could be improved upon 
at the expense of a larger number of stored particles and probably some further 
provision for aperture requirements with, as a direct consequence, a need for 
more beam power. An increase in the number of particles per bunch would lead to 
energy losses to higher modes in the cavities. This would come in addition to 
the radiation energy losses. This would enhance the required generator power and 
wall heating. Such an improvement in the luminosity is therefore strongly 
correlated to the overall cost. One has however to keep in mind that any change 
in AQ will result in a change in luminosity propertional to (ûQ ) 2 . max uiax 

The two methods of reaching higher energies were also discussed. As 
to the first one, which is included in the present LEP design, it consists in 
replacing the normal cavities (stage I at 70 GeV) by superconducting cavities 
(stage II at 100 GeV). It was shown that this second stage for LEP was indeed 
quite close to an optimized 100 GeV machine with superconducting cavities when 
including a maximum available beam power of 25 MW. It appeared however that more 
experience with such cavities is needed (in particular when discussing unit prices 
and reliability) before one can reasonably include them in a realistic design and 
reach higher energies. 

As to the second scheme, it requires a larger ring and cost optimization 
gives a radius increasing as E 2. Fears first expressed concerning closed orbit 
effects have been somewhat allayed though it is expected that operating a larger 
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machine will bring more difficulties. Two strong constraints remain but the limi
tations could only result from cost. These are as follows: 

heavy transient beam loading (with large bunch spacing) coming in addition 
to higher order mode losses, drastically changes the slope of the power 
generator at higher energies as the radius becomes larger, 

low injection fields related to very large storage rings impose some serious 
constraints on the vacuum requirements. Distributed pumps must be replaced 
by something for which new ideas have still to germinate. New types of 
bending magnets may also be necessary. 

c) Conclusions 

(i) The present LEP design is quite feasible. 

(ii) Improvements in luminosity are strongly related to cost. 

(iii) Corrections to the present design may emerge very soon, as further 
insight is gained from PETRA and PEP operation. 

(iv) Improving the energy requires far more knowledge of a theoretical and 
technical nature before a realistic design may be settled upon. 

A.5 Design of Interaction Regions (P. Strolin) 

In this working group, discussions also started from designs presented 
in the Blue Book. In focus were 6 main topics. 

a) Types of Interaction Region 

On the basis of the experiments being installed at PETRA and PEP and 
of the detectors discussed during the Summer Study, two types of interaction region 
have been defined, namely 

(i) An interaction region with one experiment to be assembled and tested 
in a standby position and then rolled into the beam. The required 
length transversally to the beam is then of the order of AO m. 

(ii) An interaction region where a second generation experiment can be 
assembled and tested in parallel. The required dimensions are then of 
the order of 60 m transversally to the beam and of the order of 20 m 
along the beam. One of the two experiments is assumed to have a somewhat 
smaller size. Such a type of area allows for the most efficient utiliza
tion of beam-time. The extra cost increases roughly proportionally 
with the volume of the interaction zone. 

Large forward detectors will require the addition of alcoves along the 
beam-line. For possible very large central detectors, special areas will have 
to be foreseen. The question of how many of these areas should be equipped for 
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fast change-over to second generation experiments was left open. This will 
clearly depend on the experimental programme, the available funds, and on the 
experimental areas themselves. 

b) Number of Interaction Areas 

In order to achieve the highest possible luminosities, interaction areas 
should be in moderate number, well equipped and efficiently operated. When one 
also takes into account the expected very great interest expressed by the physics 
community, eight areas appears to be a sensible choice. 

c) Free Length between Quadrupoles 

A regular distribution around the machine of the smallest variety of 
free lengths is recognized to be necessary in the initial phase of the LEP opera
tion. However, one should foresee flexibility in changing this parameter in 
individual interaction regions, once the behaviour of the machine will have been 
well understood. 

d) Backgrounds 

The Blue Book contains an extensive study of the background situation 
in the experimental areas. Possible ways to further improve on this have emerged. 

e) Tagging of 2y Events 

Such tagging will be required for simple background calibration even 
for experiments not specifically oriented towards 2y physics. The tagging detec
tor will in general be located in front of the interaction quadrupoles. It may 
be possible to design a vacuum chamber with a smaller cross-section by tightening 
the collimation of the synchrotron radiation. One could then reach smaller 
scattering angles and at the same time the reduced vacuum chamber thickness would 
help in particle detection in the central region. The possibility of detecting 
scattered electrons at very small angles after the quadrupoles has been studied. 
Such electrons would pass through the quadrupole aperture. 

f) Overall Size of the Quadrupoles in the Interaction Area 

A reduction in the overall size of the quadrupoles closer to the interac
tion zones seems possible and should be further investigated. This would allow 
for an extension of the length of the central detectors. 
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devoted to feedback sessions during which the 5 Conveners reported on discussions 
within the working groups to all the participants. 
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1. Introduction 

Experiments at LEP will allow us 1) 
- to study weak interactions and see what damps the rising weak cross—section 

(vector bosons?, gauge vsctor bosons? ....) 
- to study the spectrum of quarks and leptons 

to study strong interactions 
- to see if quarks can be liberated 
- i 

Will the rates at LEP be sufficient to carry out these studies? The 
. t ATÎÛ 2 

answer is yes. Fig. 1 shows the ratio of a(e e -*• hadrons) to o . ^ = -—-,— ac-pomt 3i^ C i t n -

cording to the standard model and the expected rates obtained using the L E I ' 

luminosities2^ given in the accompanying table of facts. It should be emphasized 
that the standard model represents a conservative possibility; in most other 
scenarios something even more spectacular occurs (note that evan if there is no Z 
pole and o keeps rising like E 2 at LEP energies, a

w e a k ^ e ee + up + T T + known 
quarks) will be of order Ao . by E = 100 GeV, 20o . at E = 150 and 

point J c.m. point c.m. 70o . . at E = 200). point c.m. 
Next we must ask whether LEP will be needed after PETRA, PEP, pp colli

ding rings at CERN and Isabelle. Again the answer is yes. Whatever discoveries 
are made with these facilities, we can already identify fundamental questions which 
will remain and can only be investigated at LEP. 

To be sure of these answers we must first examine what we know and do 
not know today and what we will learn from PETRA, PEP, pp and Isabelle. Next we 
. ee discuss why, when and how o ^ must change with increasing energy and show that 
fundamental changes will occur in the LEP energy range. We can then consider cur
rent expectations for e +e~ physics at LEP energies. It is obviously extremely 
dangerous to discuss physics beyond PETRA energies. Forthcoming experiments at 
PETRA and PEP may produce major surprises and doubtless they will modify our ex
pectations in detail. Nevertheless, I believe that the extremely convincing case 
for LEP which we can make now will remain valid in outline. 

2. What We Know 

In the last decade we have learned that 

Hadrons - are composed of quarks and gluons (the latter carrying - 50% of the 
momentum) 

- the quarks have (effectively?) non-integral charges and behave like 
(almost) free point-like particles at short distances 

- there are at least five flavours of quarks (presumably there are at 
least six belonging to three weak doublets) 
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Figure 1 : - ° ^ e hadrons) a g a f u n c t £ o n 0f t n e centre of mass energy /s in the 
point 

standard model and the corresponding rates with the expected LEP luminosities 
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- quarks have three colours 
- there is some evidence that the gluons are those expected according 

to QCD (in particular BEBC data for the moments of the neutrino struc
ture function agree with quantitative predictions of the theory3)). 

Leptons - are point-like 
- come in at least 3 families forming 3 weak doublets (in close and 

suggestive analogy to the quarks). 

Weak interactions - are described by the extremely simple and elegant operator 
^eff = ~7l ^ X ^\ + "*X W N E R E J A a r e t' i e i s o s P i n raising lowering components 
of the "weak isospin" current 

where represents the weak isospin doublets 

*i * (e e>' ( T t ) > (d >' { V ' (b) 
c c 

(actually this structure is only fully established for the (v,e), (v,u) and (u,dc) 
doublets'1)) and 

j° = J 3 - sin 2e„ 
A A W A 

where J~ is the third component of (actually there is as yet no evidence for 
the jf' m' j f , m - term in L ._) and the coefficient in front of the J? J? term in X X eff X X 
L is now known to be one to within 5%5''). eli 

One further thing which we know is that the predictions of L e ^ are 
certainly wrong at high energy. 

3. What We Do Not Know 

Although the predictions obtained by using L e££ to generate matrix ele
ments must fail at large E (since they lead to violations of unitarity), we do not 
know how the predictions are modified (although most theorists are rather confident 
that they can predict what will happen in outline). Further, we have no theory 
of flavour (the quark mass spectrum, mixing angles, CP violating phases, etc.). 
We do not know whether quarks are confined (nor do we know how, if they are con
fined) . Nor do we know 

A. What Questions will Remain Unanswered when LEP is Available 

It seems clear that experiments at PETRA (and PEP) will teach us a great 
deal more about the neutral current. However, although upgraded versions of PETRA 
and PEP should give hints about the mass scale on which the predictions of L g^^ 
are modified, they will not answer the most essential questions about weak inter
actions at high energy. Experiments at these machines may also discover new fla-
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vours of quarks and leptons (there certainly seems to he a good chance that PETRA 
will discover the top quark - but I know of no convincing theoretical predictions 
of its mass and the discovery may have to wait for LEP) and they can make many 
tests of QCD. 

Either the pp collider or Isabelle should discover the Z°, but apart 
from measuring its mass (with considerable errors) they will not allow us to in
vestigate its properties in detail (they may also discover the but this looks 
more difficult). 

It therefore seems certain that LEP will be needed to study the behaviour 
of weak interactions at high energy. Presumably LEP will also be needed to extend 
our knowledge of the spectrum of quarks and leptons. 

5. Why, When, How Must the Weak Interactions Change? 

The lepton scattering cross-sections predicted by L^^ violate unitarity 
at centre-of-mass energies of order 650 GeV for charged currents and 1300 GeV for 
neutral currents (choosing helicities to get the best bounds). These predictions 
must therefore be modified at substantially lower energies. 

Assuming that L e££ above is correct at low energies, Bjorken has shown6) 
on rather general grounds that the scale y w on which the point-like structure of 
the charged current must fail is bounded by 7) 

37.4 GeV „ u < a 163 GeV. 
s m 2 e 

w 
This is a conservative bound which can only be saturated if charge renormalization 
is dominated by weak effects. Consequently the closer u approaches the bound, 
the larger weak effects in o- g must become. However, it is very hard to say at 
what energy these effects occur (although the higher the energy the larger the 
effects). 

An explicit example of these general arguments is provided by a model 
constructed by Sakurai and Hung 8). They examined the simplest model with inter
mediate vector bosons which reproduces L^^ (without necessarily assuming a local 
gauge invariance). This requires vector bosons W* and W° and B°, with B° and W° 
mixing to make the photon and Z°. The model yields the mass relation 

M 2 
M2 = wf 

2 1-(M /37.4 GeV)2sin l te w w 
which is plotted in Fig. 2. Note that M^ satisfies Bjorken's bound. As M w ap
proaches the bound M z grows but so do the effects itf ie annihilation since 
/a- ds % G_M 2. ee -+ z F z 



Figure 2 : Relationship of M and M in the model of Hung and Sakurai 
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Although M 2 cannot be bounded on general grounds, both M and M z must 
lie in the range predicted by the standard model if the intrinsic strengths of 
weak and electromagnetic interactions are similar (and who does not hope that this 
is the case?). Furthermore, models of the Hung-Sakurai type are very sick in 
general. The amplitude for e +e~ -> W +W~ (for which the relevant diagrams are shown 
in Fig. 3) grows rapidly at high energies and quickly violates unitarity unless 
a) the yW+W- and Z°W+W~ vertices are those of a gauge theory, b) M z and are 
related exactly as in the Weinberg-Salam model (given by the unification point in 
Fig. 2) (there is still a residual sickness which can only be cured by introducing 
further ingredients, as discussed in section 8). 

It might seem that this conclusion could be avoided by introducing many 
Z°'s. However, it has been shown by Georgi and Weinberg9) that in a large class 
of gauge theories with more than one Z° which reproduce the successful predictions 
of the standard model at low energies in a natural way, at least one Z° must be 
lighter than the Z° in the standard model. This is illustrated explicitly by the 
SU(2) L x SU(2) R x VJ(1) x VJ(1) model recently discussed by Pati and Rajpoot 1 0); 
the relationship of the masses between the two Z°'s in this model is shown in 
Fig. 4. 

We conclude that we can be very confident that spectacular things will 
happen in the LEP energy range. We now explore detailed expectations in the stan
dard model (bearing in mind that it is conservative in the sense that the effects 
are more spectacular in most other models). 

6. The Z° 

In the standard model 

M = 3?'¡¡ G e V
f l - 90 GeV. z sine cos6„ w w 

The relative branching ratios into a given generation of fermions are 

r(Z° -y v ev e) : T(Z° el) : r(Z° ->• uü) : r(Z° -* dd) 

2 : 1 : 10/3 : 13/3 

for sin 29 w = ij 1 1). For N generations of fermions, 

KZO-v-ee) z l / g A N 

r(Z° -y all) 
or 3.5% with the present value of N = 3. The total width is given by 

r(Z° -y all) 2 0.75 N GeV. 



- 42 

> T < -
Figure 3 : Diagrams which contribute to e +e -»• W+W 
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Figure 4 : Relationship between the masses and o£ the two Z°'s in the model 
discussed by Pati and Rajpoot, which depends on an unknown parameter Ç 
(the model reproduces the results of the standard model exactly at q 2 = 0 
but the predictions for forward-backward asymmetries in e +e~ ->• u + u ~ 
at PETRA energies differ substantially for finite Ç). 

Figure 5 : Diagram which gives a correction to the Weinberg-Salam relationship 
between M and M . 

w z 
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On resonance 

o(ëe -* Z° -» X) = _9_ r(Z° •» ëe) f(Z° -> X) 
°point q 2 r(Z° all) r(Z° ->- all). 

giving the order of ten thousand events per hour with the LEP luminosity 
(a . ̂  = =. 1 0 - 3 5 cm2 at /s = 90 GeV, which would give 3.6 events/hour for point 3s > & 
L = 1 0 3 2 cm"2 sec - 1). With these rates we can produce new quarks, leptons, Higgs 
mesons measure weak couplings, and study of order 10 7 qq events at 
Q 2 - 10 4 GeV2 in a typical experiment. Some possible measurements are worth con
sidering in more detail: 
a) There may exist lepton doublets such that >l z 0 < 2>1^ but the neutral lepton 
satisfies M ^ O « M Z 0 (we would certainly expect M ^ Q « on the basis of the 
known leptons). If M ^ O were stable or quasi-stable, its existence could be in
ferred by comparing and r^? ., . and hence deducing the width into unobser-

3 tot visible 6 

vable channels. For example, if n such doublets existed (and we assume that cor
responding new quark doublets are too heavy to be produced in Z° decay) R and Tz 

would change as follows (in the standard model) 
n R 2 ° -•Hadrons rzo(GeV) 
0 3795 2.25 
1 3360 2.39 
5 2200 2.95 

Clearly the Z° can be used as a sensitive probe of the number of light neutral 
leptons/neutrinos and henc e of their heavy charged partners which may be way 
beyond the reach of LEP. In fact it might be feared that n may be so large that 
the effect of the Z° will be largely wiped out. Extending the table above to 
larger n: 

n R Z ° -•Hadrons r 

5 2200 2.95 
10 1AA0 3.66 
25 500 5.55 
50 220 9.29 
100 72 16.3 
200 21 30 
300 10 AA 

At present we cannot absolutely preclude the possibility that there are 3 0 0 or 
more light L°'s or neutrinos which could remove the Z° peak (cosmological arguments 
give N v '< 3 or A for stable "neutrinos" with M Y M E

1 2 ) ; the absence of the decay 
K -*• T T V V gives < 6 0 0 0 for << M J J in the standard model; the process 
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ee ->- (tt) 1 -+• 7T7r(tt) vv may be used to count neutrinos if suitable heavy onia 
exist) 1 3' 1 1*). However, if N v is large we would expect some of the corresponding 
charged leptons and quarks to lie in the LEP energy range - in which case they 
will be discovered and their production will restore the Z° peak if they are 
lighter than M z/2 (this argument can be made quantitative in the standard model, 
as discussed below). 

b) Precise measurements of M ^ Q and M W can give very interesting information in 
the framework of models. For example the Weinberg-Salam model relationship 

M 2 

= 1 
cos26„M2 

w 7. 

is only true to leading order. If there exist Pepton doublets with M^O < < : 

they can make substantial corrections through the diagram in Fig. 5 which 
gives 15,16) 

M 2 G_M. 2 

w . , F L 1 + 
cos28 M 2 8/2iT 2 w Z 

accuracy to which the relative strengths of the two terms in L^^ are known), 
Existing data interpreted in terms of this model give 0.98 ± .055) (this is the 
accuracy to whi 
which requires 

^ ( M ^ ) 2 < (540 GeV): 

already a non-trivial result which could be made very stringent by measuring M z 

and M w precisely. This bound allows at most 58 L-̂ 's just beyond the reach of the 
first stage of LEP (all 58 having mass 71 GeV'.), this provides quantitative sup
port for the feeling that if enough doublets exist for the L°L° channels to 
threaten to wipe out the Z°, then some of the corresponding L* would be found in 
the LEP energy range11*). 

c) By measuring da(ëe -* ff) (where f stands for fermion - lepton or quark) 
through the Z° region it is possible to measure the vector (v^) and axial vector 
(a^) couplings to the Z° 1 ) . In particular the energy dependence of a measures 
v| + a 2 and v

e Q f v j a°d the angular distribution (in which there is a pronounced 
forward backward asymmetry) measures v| + a 2, v eQ^Vj and a^^a^. In principle 
this allows us to measure all v.. and their signs relative to v and all a, and 

r e f 
their signs relative to a^. The overall relative v-a sign can be settled either 
by using polarized beams or by measuring the muon polarization in e +e~ •+ u +y~ or 
by measuring the T polarization in e +e~ -+• T + T ~ by analysing the decay products, 
which appears to be easy 1 7' 1 8). 
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The measurement of do(ee -*- ff) is obviously easy for leptons. (Note 
that the forward backward asymmetry above the Z° is rather sensitive to Z°'s of 
heavier mass) 1 3). It should be rather simple for heavy quarks, whose characteris
tic decays provide signatures which discriminate between quark and anti-quark jets, 
and it will also be possible for light quarks, according to studies based on the 
Feynmart-Field parameterization of the properties of quark jets 1 9). 

d) Studies of hadronic physics I 

e) Heavy lepton production \ will be discussed below. 
f) Higgs meson production I 

7. W. Production 

With the current value of sin26 a 0.23, the standard model gives 
w 

M w ~ 78 GeV. Single W production is possible in principle, the diagram giving the 
largest cross-section being shown in Fig. 5. This process is only of interest for 
/s < 2 My (two W production being much more copious once threshold is reached). 
In this range o^ w + + w_ < 5.5 x 10~ 3 7 cm 2 2°) and discovery of the W in this way 
seems very difficult if not impossible18). 

The diagrams which contribute to e +e~ -*- W+W~~ are shown in Fig. 3. The 
yW+W"" and Z°W+W~ couplings cannot be fixed on general grounds. However, they are 
uniquely determined in gauge theories and the corresponding cross-section in the 
standard model is shown in Fig. 7 2 1 ) . For sin26 < .3, o- > 5o . t for 

ee + ww point 
/s > 2Mw + 35 GeV22''. This is sufficiently large to make experimentation involving 
the W possible. However, it must be stressed that the cross-section is minimal 
in gauge theories, in which the coupling constants satisfy the unique relations 
necessary to ensure the large cancellation between different contributions which 
are required to prevent violation of unitarity. In non-gauge theories the cross-
section is much larger. This is illustrated in Fig. 8 which shows the separate 
contributions of various terms and in Fig. 9 where I have used Fig. 8 to construct 
the predictions of the standard model with the Z° contribution removed. The ef
fect of removing the Z° is very striking and suggests that it should be easy to 
see whether the couplings differ greatly from what is expected in a gauge theory. 
Furthermore, it may be possible to measure the couplings sufficiently accurately 
to distinguish between different gauge theories23). In order to do this polarized 
beams would be very useful since by using right-handed electrons and/or left-
handed positrons we can switch off the "boring" neutrino exchange contribution 
(which can be predicted exactly from our knowledge of ß decay). In gauge theories 
the cross-section should drop by roughly an order of magnitude if the "wrong" 
polarizations are used2"*) but this is not true in general, so polarization will 
provide an important diagnostic if surprises are in store (note also that with the 
"right" polarizations the cross-section should be enhanced by roughly a factor of 
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Figure 8 : The contributions cf the different diagrams in fig. 3 to 
a(e+e~ W +W~) for sin 28 = 3/8 

w 
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four). The polarization of the W's is also very sensitive to non-gauge theory 
couplings21*) (in particular it is the coupling of longitudinal W's which grows 
rapidly giving large cross-sections in non-gauge theories); it may be possible 
to measure the polarization by studying the angular distribution of the decay pro
ducts . 

The width and branching ratios of the W into known fermions can be cal
culated exactly. For example 

T(W •* ev) = 205 MeV 

(assuming M = 78 GeV) and w 
T(W •» 5d) _ 
r ( w - ev) 

(a colour factor). With N generations of fermions 

r(W all) = 820 N MeV, 

giving 2.5 GeV for the present value of N = 3, and 

r(W -v ev) _1_ 
r(W •*• all) = 4N ' 

We therefore expect a reasonable signal from leptonic decays. In addition, the 
hadronic decays (at least into light quarks) should give two clear jets per W with 
invariant mass equal to M w, which should make W +W - production easy to separate 1 8» 2 5). 

It therefore seems that e +e~ ->• W +W~ will be easy to measure and will 
provide fundamental information about the couplings of the W (gauge theory or 
non-gauge theory). 

8. Beyond the W; Higgs? 

The interactions of vector bosons (W's and Z's) and fermions are well-
behaved when the couplings are those of a gauge theory. However, there is still 
a residual sickness which shows up, for example, in WW scattering for which the 
lowest order Feynman diagrams are shown in Fig. 10. With arbitrary couplings 
(with dimensionless coupling constants) the amplitude for longitudinal W's grows 
like E 6 ; with gauge theory couplings this is reduced to E 2 - still two cm: j t- o c.m. 
powers faster than allowed by unitarity as E •*••*> 2 g ) . In a well-behaved re-cm. 
normalizable theory which can be treated perturbatively there must be some new 
ingredient which cancels the E 2

 m term. This is provided by the exchange of a 
spin zero Higgs meson (Fig. 11). 

Without Higgs mesons, W-W interactions must become strong as we approach 
the unitarity limit for the Born term (at energy E u) in the sense that higher 
order terms must become comparable to the Born term (the Feynman rules give non-re-
normalizable divergences in higher orders). If K. >> E , the effects of the 
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Higgs meson will be unimportant until well beyond the unitarity limit and pertur
bation theory must also break down; in fact unitarity Is violated unless 2 7) 

8TI/2 1.2 TeV. 

Presumably, therefore, unless M^ is small compared to 1.2 TeV there will be large 
corrections to the lowest order diagrams, e.g. there will be big final state 
interactions in e +e~ -+ W +W~ and the diagrams in Fig. 3 will not give the right 
answer. Veltman has argued 2 8) that the critical mass is probably of order 3 0 0 GeV 
in which case either My 3 300 GeV (there is essentially no lower bound on the 
mass which may turn out to be very small) and we could hope to produce H at LEP 
or MJJ > 3 0 0 GeV (and perhaps there is no H) in which case substantial "radiative 
corrections" should show up in e +e •*• W+W - for E > 3 0 0 GeV. 

c .m. 
It is hard to be precise about the critical mass/energy but clearly 

this is a powerful argument for pushing for the highest possible energy at LEP. 
The reason for the intense theoretical interest in the Higgs sector (or 

whatever piece of theoretical ignorance it parametrizes29)) is that it is intimate
ly connected with the fundamental problem of the mass spectrum of elementary 
particles, their mixing angles and CP violating phases. In the unbroken theory, 
the vector bosons are massless and members of fermion multiplets are degenerate 
(being also massless in most models). The coupling to Higgs mesons induces 
symmetry breaking and generates the mass spectrum - if we understood the Higgs 
sector we would understand the origin of mass! 

It follows that the Higgs meson coupling to a particle X is proportional 
to M x (or more precisely to the difference of M and the mass before symmetry 
breaking in the case of fermions3")). Therefore, we expect H to be produced in 
conjunction with heavy particles and to decay into them 3 1' 3 2). For example, in 
the conventional model (in which there is a single H°), for M^ < M̂ , the dominant 
decays are H -> ce and H -»• T T (in the colour factor ratio 3:1), for M^ > Mj, but 
My < 2M t the dominant decay will be H -+ bb etc. We now consider three possible H 
production mechanisms at LEP in the conventional model before turning to other 
models. 

a) The decay of heavy vector mesons V ("onia"), V ->- Hy illustrated in Fig. 12 
may have a substantial branching ratio 3 3). For example, the branching ratio 

T(V •» Hy) = V'v 
T(V -> up) 4/2™ 

v 
is expected to be about 6.U, 4.5% and 2.5% for Mg = 15, 20 and 25 GeV, respec
tively, and My = 30 GeV 
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Figure 9 : 0(e+e" ->• W^W -) in Che standard model with and without the contributions 
due t'a Z° exchange fcr sin29 = 3/8 

Figure 10 : Lowest order diagrams for WW -*• WW 
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W 

Figure 11 : Higgs meson contributions to WW -> WW 
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It therefore seems that this decay would lead to the discovery of H with 
My*< 0.9 My at LEP if suitable onia exist (the mononenergetic photon accompanied 
by the heavy decay products of H should provide a signature). 

b) The decays Z •+ Hyp and Z •+ Hee (Fig. 13) provide a way to search for H. 
With M - 90 GeV, 

I g ^ i f l - l o - f o r ^ . 1 0 G e v 

- 10 - 5 for Mg = 50 GeV 

(see Ref. 34). Given the huge rate on the Z° pole, this should provide a way to 
find H if My '< 45 GeV. 

c) At high energies the cross-section ëe •*• ZH is substantial. The ratio 

o(êe -» ZH) 
point 

is about one at /s = 140 GeV for My < 50 GeV (dropping very rapidly for My > 50) 
and about 0.5 at /s = 200 GeV for My < 90 GeV (dropping very rapidly for My > 90 3 5)). 

LEP provides the best way to look for Higgs mesons (H production may 
occur at an appreciable rate in the pp collider and Isabelle but there is no 
clean signature). However, to have a good chance of exploring the Higgs sector 
requires the highest possible energy. 

So far we have only considered the single H° of the minimal standard 
model, but probably the real world is nove complicated29^. As examples, we may 
consider how the Higgs sector might differ, still within SU(2) x U(l) with the 

Li 

known flavours. In the simplest case there is a single H doublet (of which H° 
survives as a physical particle) and this leads to the successful relation 

M 2cos 29 z w 
the simplest ways to preserve this relation are 

either to add a second doublet - leaving five physical Higgs particles 
H +, H - , H°, H°, H° 
or if we want a single Higgs multiplet, to remove the doublet and introduce a 
multiplet with weak isospin 3 of which the neutral number has I^ = ±2. In this 
case there would be physical Higgs mesons with charges ranging from zero to five! 

Charged Higgs mesons would obviously be produced in e +e~ collisions -
the rate being enormous on the Z°. Decays like H + -* cs (leading to D+K0 reso
nances'.) should be easy to detect32'3i>) , 
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9. New Flavours of Quarks and Leptons 

It is clearly likely that the sequence 

W W C-) 
f) (0 (0 

continues. This need not necessarily be the case, of course. For example, in 
the grand unified SU(5) model of Georgi and Glashow37) the successful predictions38) 
of m g, and sin 2 8 w are spoiled by the introduction of more flavours (although 
one more flavour generation can probably be accommodated). Furthermore, in this 
model the neutrinos are automatically massless, so cosmological constraints allow 
at most one more generation. In the SU(5) model, therefore, the only tasks below 
E - 1 0 1 5 GeV (where unification becomes manifest and substantial baryon and lepton 
number violations occur) are to discover the t, Z°, and H°! 

The search for further quarks and leptons is clearly of fundamental 
importance. If they exist, they can easily be found at LEP. New leptons show up 
in y, e events etc. and new quarks through jumps in sphericity at threshold, steps 
in R, the existence of onia, etc. 1 9» 3 9). 

10. Strong Interactions 

At present QCD is the only sensible candidate for a theory of the strong 
interactions. Presumably its validity will have been established by the time LEP 
is built. However many very interesting predictions of QCD require LEP energies1*"). 
For example, the wave function of an "onium" vector meson state (V) is supposed to 
become Coulomb-like as + »; to see Coulomb-like properties probably requires 
My 50 GeV. Likewise, to see the expected V •+• 3 gluon jet decays may need My 
substantially bigger chati M̂ ,. If heavy quarks exist, QCD predicts that weak Q 
decay will become increasingly like heavy lepton decay when M. •> » as a ^ V i 2 ) " 

and strong interaction corrections are switched off1*1'. In addition, the fragmen
tation function for Q •*• (Qq) ... can be predicted in QCD for large MQ. 

The QCD predictions of scaling violations in fragmentation functions 
will probably be tested at PETRA. Furthermore the predicted 3-jet events should 
be seen at PETRA, but it will need LEP to see the fraction of these events 
(~ a g (Q 2)^) decreasing with energy and to see the expected broadening of the 
jets. 

There are also very interesting QCD predictions for yy -*• large p t par
ticles, for which the rates seem sufficiently high to make experimentation pos
sible (the relevant diagrams are shown in Fig. 15). QCD provides a justification1*2) 
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for the simple ansatz proposed long ago^3'' that there is a two-jet contribution 
given by the Born term for yy -*• qq. QCD also leads to parameter-free predictions 
of three-jet processes (two large p t jets and one jet along the beam axis) and 
four-jet processes (two at large p t and two along the beam axis) which depend in 
detail on the predicted properties of gluon bremsstrahlung1*2''11'). It should be 
possible to test the two—jet predictions at PETRA but the 3- and 4-jet processes 
may require LEP energies (the two-jet process is very sensitive to quark charges 
and will provide definitive tests of models with "funny" - e.g. integer! - charge 
assignments e.g. in the Han-Nambu model the cross-section is predicted to be 2.65 
times bigger than in the standard model even below colour threshold; furthermore, 
since the predictions apply for real photons, they can be used to test the Pati-
Salam model in which the colour charges are effectively "switched off" at large 
q 2 

II. Exotica 

a) ee is obviously the best source of quarks if they are not confined 1 9» k 5) 
(personally I don't find this possibility as exotic as some people seem to). 

b) Historical analogy suggests that our present "elementary" particles -
the quarks - may turn out to have structure (which might explain the proliferation 
of flavours in terms of a few subquarks - or "preons"). The effects of substruc-

1 j t _ r , o"( ee -v hadrons ) . . . . ^ j • I r T, ture would show up in R = — m the way illustrated in Fig. 16. For 
energies of the order of thl°Inverse quark radius, scaling would be violated by 
the effects of form factors in ëe •*• qq* etc. Finally, above preon threshold, R 
would rescale with a value depending on the charges of the preons. For example, 
if quarks are bound states of a flavour preon and a colour preon (making the 
number of preons equal to the number of flavours plus three, which is less than 
the number of quarks, assuming preons do not have some new attribute) we could 
have 

i) flavour preons with J = 0, colour preons with J = \, so that R -> R/3 above 
preon threshold due to the loss of the colour factor; 

ii) flavour preons with J = 0, colour preons with J = \, R -> R/12; 

iii) as in i) but preons having 137 new attributes (the "charges" of the non-
Abelian force which binds preons) and R ->• 137 R/3. 

c) Perhaps leptons have form factors (due to substructure?). It turns out 
that a sensitive way to look for this, or for other unexpected breakdowns of QED 
(due to abnormal non-renormalizable WW interactions?), is in ëe ->- yy since the 
corrections to the Born term are less than or of order 10~ 3 in the conventional 
model1*7) (some of the relevant diagrams are shown in Fig. 17). 

d) Other exotica include monopoles and the new R hadrons suggested by super-
symmetric theories, which could be pair-produced in ëe collisions'*8). 



Figure 12 : Diagrams for the decay of a 1 (QQ) state to H° + y . 
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Figure 13 : Diagram for the decay Z° -*• H°e+e~ 
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Figure 15 : Diagram for e +e~ ->• e +e~ + hadrons 
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ll. Conclusions 

LEP will be a unique tool to study the properties of matter on a scale 
1/100 GeV - 10~ 1 6 cms. By the time LEP is built, the Z° will probably have been 
discovered. Nevertheless LEP will he needed to investigate its properties in 
detail. The Z° peak will provide a factory for producing p,« quarks, new leptons, 
Higgs mesons, free quarks ... and supplying tens of millions of qq events, 
allowing detailed studies of hadron dynamics. Going higher in energy, LEP will 
allow us to study the V boson and learn whether its properties are those expected 
in gauge theories. Finally, higher energy yet will very likely be needed to inves
tigate the Higgs meson or whatever mechanism breaks the underlying symmetries of 
nature and gives rise to the mass spectrum of the observed particles. 

Forthcoming experiments at PETRA and other new facilities will doubtless 
change our expectations for LEP in detail and may make some of our present extra
polations seem foolish (clearly they will also raise quite new questions). Never
theless I believe that the case for LEP will remain absolutely convincing. 
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Table of Basic Facts 

point 87nb 10~ 3 5cm. 2 at E =90 GeV. c-m. 
A ^ c . m . ^ » 

QED 

LEP Luminos inosity : L = / E \ 
( c - m - ) 
V 2x70 / 

2 ,.32 -2 -1 10 cm sec 

E -3 

for E < 150 GeV. c.m. 

for 150<E<200 GeV. 

0.5 x 10 3 2cm" 2sec _ 1 for E = 200 GeV. 
c.m. 

With R H o(ee -> x) 
x o 

point 

AO R events/day for E < 140 GeV. x J c.m. 

10 R events/day for E = 200 GeV, x J c.m. } Theorists' 
24 hour 
day. 
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INTRODUCTION 

The energy range opened by LEP will permit a clean and direct study of 
the weak interaction. Of particular importance are those effects resulting from 
the interference between the weak and the electromagnetic (EM) currents : we 
shall see that they give access to the basic couplings which can be measured 
unambiguously. Most of the relevant phenomenology and experimentation has already 
been discussed^^ and I shall therefore focus on new aspects studied for the 
Les Houches Summer Study. 

The first and major section deals with the weak interaction experi
ments. Most of the calculations and estimates rely on the Weinberg-Salam model as 
a realistic guide of what might happen. In particular, the consistency of all 
possible measurements with the model is discussed. However some alternatives can 
be proposed and their effects on experiments have been studied. In addition it 
should be pointed out that even if the Weinberg-Salam model is correct, we still 
do not know how many generations of fermions exist : LEP can provide definite 
clues on this question and the problem of finding new leptons has been carefully 

(3) 
examined (search for new quarks is discussed in K. Winter's report ). Finally 
there are still two subjects well suited to experimentation at LEP which are 
fondamental to our understanding of the weak-EM structure : the 3-boson couplings, 
as measured in W W production and the existence of Higgs particles. 

The second section is devoted to 2y processes. On one hand they 
constitute an interesting physics study which has been assessed both from theory 
and experiment and appears promising. On the other hand, they can generate 
background to many annihilation channels and we have studied this aspect in 
detail. It appears that -in all cases we have considered- the 2y background can 
be handled, although it is sometimes present in the raw data at a subtantial level. 

In the last section we give a brief look at short distance tests of 
Quantum Electrodynamics (QED) - a restricted, but important area of research at 
LEP. 
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I. Weak-interaction experiments 

Weak—EM interference is a clean and powerful way to study the basic 
structure of the weak interaction. Present "low-energy" experiments yield impres-

(4) 
sive evidence for the Weinberg-Salam gauge theory . LEP will permit to probe 
the basic theory of the weak and EM currents on a mass scale of order ^ 100 GeV 
where intermediate bosons are expected to lie. Since it is so far successful, we 
have used the Weinberg-Salam theory as a guide to make estimates for the LEP 
experiments under discussion. 

Therefore the basic facts of life at LEP are the peak luminosity^ 
(Fig.l) and the total visible annihilation event rate (Fig.2). For this latter 
estimate we have used 3 multiplets of quarks and leptons (e, u, T and u, d, s, c, 
b, t). The effect of radiative corrections is important and will be discussed 
below. While rates are very large at the Z° peak permitting very detailed studies, 
one sees that life is harder in the low and high mass ranges and experiments in 
particular at high energy will bear a different character. 

1. Weak couplings of basic fermions 

For any fermion-antifermion ff final state, the observables are the 
total rate R., the forward-backward asymmetry A f and the f polarization P_ (or 

+ 
experiments using longitudmallv polarized e- beams) . Denoting by aç and v.. the 

- (1) axial and vector couplings of ff to the neutral weak current we have at the 
Z° peak : 

R f = 
, + -o(e e ff) 
point 

<A > Forward-Backward _ 3 ae Ve 3f Vf 
f Forward+Backward 

<Pf> 

(a2+v2)(a§+v2) e e r f 

2a fv f 

a 2+v 2 

both averaged over 
) forward and 

backward hemispheres 

with g = 
8 /2 

4.4 10~ 5 GeV~2 

It is clear that R and <A > measure a and e e 1 e' [v I separately and 
experiments with polarized beams are needed to disentangle their relative sign. 
This is fortunately not true if one can measure the polarization of a final 



- 64 -

BEAM ENERGY (GEV) 

Figure 1 : Assumed LEF maximum luminosity as a function of beam energy 
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Figure 2 : Total e e annihilation rate as a function of CM energy /s 
using the Weinberg-Salam theory with sin 29 w = 0.20 and 
3 multiplets. The dashed orea corresponds to the onset of the 
process e e + W S 
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lepton, like M or x because 

<pf> 
a v e e 
a 2+v 2 

It is therefore crucial to measure P or P in order to sort out the relative sign 
T U 6 

between a and v . Once this is done the measurements of any R r and <A_> will 
e e. . . . + - + - * f 

render a^ and v^ m sign and magnitude. Since e e ->• e e also proceeds through 
t channel exchange, we have to apply a correction to this method : however at 
the Z° pole the effect is very small. 

Table I summarizes the various possible measurements (x) with leptons 
and quarks : 

Table I 

f R f <Af> <Pf> 

e X X polarized 
beams 

u X X X 

T x X X 

qi 
SR x 

Ii 
R hard 

qi 

hard 
very hard 

or 
polarized 
beams 

Therefore, as far as leptons are concerned, the measurements of 
R , <A >, R , <A >, R , <A > and <P > (at the Z° pole, where the statistics are 
large) will yield all lepton couplings in sign and magnitude. Such a program is 
obviously an important task to be undertaken at LEP - a unique study of neutral 
weak couplings to be compared to gauge theories and to test lepton universality. 

We do not discuss e +e -*- e +e which has been examined previously^ 
and on which no new work has been done. 

(a) e e •*• p p 

Fig. 3 shows the expected asymmetry using the standard Weinberg-Salam 
model with sin 28 w = 0.23, yielding a small value of v^ = v^ and consequently a 
small <A- U

> a t the pole. From this measurement alone (at the Z° pole) and assuming 
e-p universality, one may deduce |-| for e, p as shown in Fig. 4. Therefore the 
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60 80 100 

\/s~(GBV) 

120 

Figure 3 : Average forward-backward asymmetry <A ) J> in e e y y assuming 
the Weinberg-Salam model with sin26 = 0.23. Each "data" point 
corresponds to 100 h of running 
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a 
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Figure 4 : Model independent measurement of —^—(assuming p-e universality) 
from forward-backward asymmetry in e +e -> p+y at the Z° pole 
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y+y angular asymmetry will be an easy and powerful experiment to measure the 
vector coupling of the charged leptons with good accuracy. 

We also recall the possibility of measuring the y polarization in the 
forward and backward directions by slowing down the fast muons in a 30 m — long 

(2) 
toroidal iron magnet followed by a Polarimeter to observe y decays . While it 
is straightforward on paper, the experiment may be hard and possibly one should 
think of another way to measure lepton polarization. This has been studied and 
is presented next. 

+ - + -
(b) e e -*- x T 

T decays are a good way to analyze the T helicity. This can be 
achieved in the leptonic m o d e ^ 

y v v 
e v v e T 

or even better the simplest 2-body hadronic m o d e ^ 

T - » • TT V 
T 

As it is well-known these parity-violating decays are a powerful way to measure 
the T longitudinal polarization through the angular asymmetry of the decay 
products. This angular asymmetry is,then reflected into a modification of the 
momentum distribution in the e +e laboratory frame. 

Also owing to the fact that the produced T ' S are very fast at the Z° 
peak (y ̂  25) the decay products (e, p, TT) are very collimated along the T + T 

line of flight. This is important for the identification of the T + T events : 
other heavier leptons might be produced at this high energy but they would lead 
to larger opening angles. Typically the acollinearity angle between e and y in 
the process 

+ - + 
e e ->• T 

L + L -
4- e vv ^ y 

is 100 mr at the Z° peak. 

Therefore T + T production is a very useful tool to measure both the 
angular asymmetry and the final fermion polarization. A fully-correlated analysis 
is possible taking into account both T decays, but so far only uncorrelated 
decays have been examined. 

As far as the leptonic decay is concerned the best way is to select 
nearly collinear ey events and measure accurately the shape o.î '.he momentum 
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distribution of the electron or the union. 

2P 

The ratio p defined as 

number of events (x > x ) c 
number of events (x < x ) 

is related to the x longitudinal polarization. 

The method using the itv decay mode is even more straightforward 
can select events of the type : 

(7) One 

+ - + e e ->• T 

L + L -
4- e vv ¥ v 

+ 
p vv which are again nearly collinear. The energy distribution of the pion is then a 

direct measure of the x polarization : 

E - 5 
ËL „ x + < p „ tt 2 
dE x E 

Then, simply, the slope of the spectrum yields <I' T
>. In the Weinberg-Salam model 

the sign of the slope indicates whether or not sin 2 6 W < 0.25 
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Ett (GeV) 

Figure 5 : Energy spectrum of pions from T + or T •+ T T V in the Weinberg-Salam 
theory for 2 values of sin 26 w. The pion energy is measured in a 
calorimeter with a resolution AE ^ .5/E(GeV) 
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Fig. 5 displays simulated spectra where the expected distributions are 
folded with the calorimeter energy resolution. 

Due to the simplicity of the detection and the good statistics 
{y 200 ey and <v 200 (e,u)n events/day on the Z°) the T + T experiments will cer
tainly teach us a great deal about weak-EM interference. 

(c; e e -» qq 

Weak-EM interference with quarks are important, but difficult experi-
ments. The basic problem is of course that only hadron jets are observed in the 
final state and one should infer from them the identify of the initial quarks. 
This is in general quite hard but methods can be developed to measure quantities 
sensitive to the quark weak c o u p l i n g s . This type of approach has to be 
refined when hadron jets are better studied at PETRA energies. 

+ 
2. W~ production 

+ 

One may look at W production at LEP with two points of view : first 
of all what is the capability for discovering the W boson even though everyone 
would bet at present on forthcoming pp experiments. In that case a process with 
a not-too-small cross-section at the lowest possible energy is best suited. 
Secondly, W production dynamics may provide unique tests of the group structure 
of the weak-EM interaction. 

(a) Single W production 

The most economical process with a non-negligible rate is 
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With sin28 = 0.20 the mass of the W boson is set at 83 GeV in the w 
Weinberg-Salam model. The cross-section rises logarithmically with energy as for 
a 2y process and with luminosities as discussed in the design report^ , it 
appears that already a center-of-mass energy of 140 GeV is sufficient as shown in 
Table II. 

(GeV) 
7 = 1¿ 

2 max -2 -1 cm s 

a (cm ) 

(W++W~) 
events/day 

140 510 3 1 -37 
4.5 10 J / 1.9 

200 31 210 J i 1.2 10" 3 6 2.1 

Table II 

The detection of this reaction has been examined and one should pay 
attention to possible background from 2y processes giving large p^ jets. Requiring 
that theWdecays into 2 hadron jets with p̂ , > 10 GeV and that the forward-going 
electron or positron is at an angle larger that I o, results in a detection effi
ciency of 0.65. The experiment would then yield 1.2 event/day with a constrained 
W mass reconstructed from the 2 hadron jets. The 2y background under the W peak 
is typically 2 orders of magnitude smaller than the signal. The situation is 
therefore not subtantially better than the proposed pp searches, except for the 
mass constraint. 
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(b) VMJ production 

W pairs are expected to be produced in a straightfoward -way vhich can 
be calculated using the assumed gauge couplings . From the point of view of 
experimentation the main problem is the maximum energy of LEP : the estimated 
cross section rises sharply above threshold (166 GeV for sin20 = 0.20) - typical-

W 

ly the maximum of the production rate lies about 30-40 GeV above threshold. There
fore if sin29 is ̂  0.20 one needs Phase II LEP to have a good rate and in any 

w _ 
case LEP 70 is not sufficient to produce W W pairs if sin29 < 0.25, as indicated 

w 
by present experiments. 

Using sin29 = 0.20 the peak of the cross section occurs at 
/s ̂  200 GeV with a value of 1.8 10 cm in the standard Weinberg-Salam model. 
It should be emphasized that despite the fact this is not a large cross-section 
it still represents a sizeable fraction (over 30 %) of the total annihilation 

3 1 - 2 - 1 
rate at that energy. An average luminosity of 210 cm s at 200 GeV, yields a 
W +W event rate of ̂  30/day. 

Assuming B(W •> hadrons) = 0.8 and B(W ev, yv, T V ) = 0.2 we get the 
rates of the following final states : 

4 hadron jets ^ 20 events/day 
1 lepton + 2 hadron jets *v 10 events/day 
2 leptons ^ 1 event/day 

Again, the hadronic final states constrain the W mass using calorime-
try : this is a different situation than the pp experiments where the large p^ 
hadronic background precludes the observation of the W hadronic decays. Here the 
situation is much cleaner with 4 hadrons jets with a total energy equal to the 
total CM e 
in Fig. 6. 

(9) 
total CM energy and the mass correlations for the di-jets . This is illustrated 

The cross-section for e +e -*• W +W is crucially dependent on the gauge 
group structure of the electro-weak interaction^^^ : large cancellations 
occur between the possible diagrams : 
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40 50 60 70 80 90 

Di-jet invariant mass (GeV) 

Figure 6 : Di-jet invariant mass distribution in e +e -> W W , each W decaying 
into 2 hadron jets. Jet energy and angles are measured in a fine-
grain calorimeter and only the combinations with total energy equal 
to the beam energy are plotted 
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Therefore it is a fundamental test of the gauge structure to experi
mentally observe this cross-section and measure it. Large deviations could occur 
if the couplings turn out to be different (W magnetic moment or Z°W+W couplings 
different than predicted by gauge group). As an example, ̂  1500 W +W events are 
expected in a 50-day run for the standard model while ^ 3000 would be produced 
if the Z°W+W coupling turned out to be zero. 

± (11) The usefulness of e - beam polarization has been stressed to 
separate the 3 amplitudes corresponding to the production diagrams. Here longi
tudinal beam polarization is important and right/left - handed electrons and 
positrons can select different exchanges : 

x. e 
+ \ e \ L R 

Y 
R Z 0 

V 

L 0 
Y 
Z 

It should however be noted that at the peak of the cross-section 

LR v 

RL a „ "v a a Y,Z v 0.1 

Since the unpolarized rate is : 

°unpol = Z (°LR + °RL + °RR + aLL } 

the cross-section for LR polarized beams is larger 

(1+P)2 + a(l-P) 2 

pol 1+a unpol 
(1+P)2 

1+a unpol 

For a beam polarization P = 0.8 in the e+„ e mode the cross-section is enhanced 
by a factor of ̂  3. This could lead us to dream about a polarized LEP with 

31 -2 -1 
100 GeV peak energy and a maximum average luminosity of 510 cm s : such 
a machine would produce over 500 clean W decays per day ! Unfortunately even in 
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the present design, there is not much hope for beam polarization at the maximum 
(12) 

energy 
3. How many fermion multiplets ? 

Even if the gauge group is confirmed to be SU(2) @ 11(1), we may still 
ask how many multiplets of fermions are active over the energy range of LEP since 
this is not predicted by the theory. 

(a) Charged leptons 

They can be essentially searched for up to a mass close to the maximum 
beam energy. Obviously for masses less than M lï a good source is the Z° itself : 

z + -for example one would expect about 100 eu events/day per each L L pair assuming 
branching ratios : 

B (Z° -> L +L~) = 0.03 

B 2(L -> e vv) = 0.04 
V 

An experimental difficulty is to separate several leptons, all giving 
eu final states (T, L, L'...). If they are not too close in mass, the acollinea-
rity angle between the electron and the muon has very different distributions for 
different masses and hence can be used to identify several leptons. 

For the mass range above the Z° peak the sensitivity is reduced but is 
still adequate for a meaningful search. A 50-day run at /s = 140 GeV with an ave-

31 - 2 - 1 + -
rage luminosity of 510 cm s would yield the following states of L L pro
duction up to >L *v 60 GeV : 

{ e u (+ 4v) 40 events 

lepton + hadrons (+ 3v) 500 events 
hadrons (+ 2v) 300 events 

An experiment at /s - 200 GeV with -t = 210 cm s would have a 
sensitivity 5 times smaller. Therefore it is important to use hadronic decays 
for the identification of new leptons : this can be achieved using visible energy 
(transverse momentum and acoplanarity must be used to fight 2y qq background), 
sphericity and multi-jets. 

(b) Neutrinos 

Stable low-mass (or massless) neutral leptons can play an important 
role since they are coupled to the weak current and yield an "invisible" final 
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state. Since so far neutral leptons are much less massive than their charged coun
terparts (for ex. m(v^) < 250 MeV) they can contribute significantly at the Z° 
peak if many multiplets still exist at higher mass. 

The total Z° width is : 

z ¿_ vv ¿_ Il ¿_ qq 

Within a given model -for example the Weinberg-Salam model- one can 
compute all the partial widths of leptons and quarks known to be excited at that 
mass since relevant couplings are determined independently in interference expe
riments. Any "missing" width can be attributed to neutrinos. 

Better still, it can be determined experimentally in a direct way by 
iting 

peak : 
integrating the "visible" cross-section and the u +u cross-section over the Z 

d/s 
r r . 
ee vis o . d/s - _ vis T 

a d/s 
r 2 

ee 
UP r z 

Since T is measured directly by the line shape, T and V . can be extracted in z J J ^ ' ee vis 
turn. The difference V - V . is then^i~r - and the number H of neutrinos can 

z vis ¿_ vv v 
be deduced. Taking into account normalization uncertainties and radiative correc
tions, one expects to be measured to a few percent, i.e. < 100 MeV. 

In the Weinberg-Salam model, we have 

F z = 0.17 N + 0.09 N„ + 0.32 N + 0.40 N. 
(GeV) V 

where N^, N^, N^, are respectively thenumbersof neutrinos, charged leptons, 
up and down quarks. Therefore, if this model is correct, tieutrinos can be counted 
accurately at the Z° peak : 

if N = N = N = N, = 3 T = 2.9 GeV v Ü u d z 

if N = 10 N„ = N = N, = 3 r = 4.1 GeV v l u d z 

The frustrating case of a large number of neutrinos wiping out the Z° 
. . . , , . (10)(13) resonance is discussed elsewhere 
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(c) Quarks 

This complementary search for new multiplets has been examined throu-
(3) 

ghly and in presented in K.Winter's report 

4. Which gf.uge group ? 

We cannot of course discuss this question on completely general grounds 
and we choose to simply offer two distinct points of view : in the first case we 
assume the Weinberg-Salam theory to be correct and we ask to what accuracy this 
can be tested. In a second part we investigate a different group still not ruled 
out by present experiments and we examine how it could be tested at LEP. 

(a) Consistency of all LEP measurements in the Weinberg-Salam model 

In SU(2)i§ all couplings and boson masses are determined by the 
mixing angle 8 : therefore if the theory is tc hold, consistency should be w 
achieved between a large number of experiments. Most of these measurements involve 
couplings and they have already been discussed above. There should also be con-

o + o 
sistency with the mass values of the Z and W~ bosons : the Z mass can probably 

-3 
be determined to a relative accuracy of 10 from magnet measurements alone. 
It has also been suggested than the spectrum of synchrotron radiation could 

(14) 
provide an absolute calibration of the machine . The W mass cannot be measured 
accurately by calorimetry because of the relatively small statistics involved ; 
however measurements of the cross-section as a function of energy should permit a 
good determination. The situation is quite similar to that encountered with the 

-3 
T at SPEAR and DORIS : one could expect a relative mass uncertainty of "v 310 

We can then summarize some of the possible determinations of sin z 8 
K w 

with LEP with the correspondingly achievable precisions in order to test the 
model : 

some of the measurements 

A(<=in28 ) w 
near sin¿6 = 0.20 

leptons 
T 

TT V 

0.002 
0.007 

0.005 
0.005 

Table III 

quarks 

R A <Q >(up/down quarks) 
A (uu/dd) 

Tt 

A S s K 

M 

0.02 
0.02 
0.015 

0.001 
0.001 
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To summarize, we have seen that the Weinberg-Salam theory can be tested 
extremely well : essentially an order of magnitude improvement in precision is 
achieved for leptons over present experiments and hadron couplings can also be 
determined. 

(b) Another scenario 

Tt could be that the gauge group is larger than SU(2)®u( 1) : experiments 
at present energies are consistent with the Weinberg-Salam minimal model, but 
they cannot rule out some of the larger groups. This aspect has been looked at 
carefully for the SLf(2)T ® SU(2) D © U(l) group in the context of the LEP 
physics : such a left-right symmetric group is characterized by two 2° bosons 
and parameters can be adjusted to agree with present experimental data. This 
usually leads to a lighter Z° not far in mass from the Weinberg-Salan one and a 
heavier Z° which can be anywhere above a mass of *v 130 GeV. 

The standard experiments on weak-EM interference are powerful tests of 
such a behaviour : if the two Z° bosons (Z° , Z° ) are in the mass range of LLP, 
interesting interferences occur which are sensitive to the basic couplings. Since 
maximum beam energy is at a premium for LEP, it is important to see if visible 
effects can still be noticed even though the Z°y mass is not accessible directly : 
it is found that in this model -keeping the consistency with present experiment-
the measurement of <A > at /s = 140 GeV over a 50-day run is sensitive to a y 
second Z° up to a mass of 260 GeV, well above the center-of-mass energy. Going to 
/s = 200 GeV at reduced luminosity yields only a modest increase in mass, up to 
275 GeV. 

Fig. 7 shows a typical situation for <A^ > with M(Z°^) = 79 CeV and 
M(Z° ) = 214 GeV, illustrating the power of the LEP experiments to elucidate the H 
precise structure of the weak interaction. 

5. Higgs particle 

It is usually remarked that finding Z° and W~ bosons is not a proof of 
the gauge theory : unambiguous proofs lie in the Z°W+W coupling -as discussed in 
section 2(b)- and in the existence of Higgs p a r t i c l e s . 

Besides their mass there is a large uncertainty concerning the decay 
modes of Higgs particles - a difficult point when we come to design experiments. 
It is usually expected that Higgs mesons will decay into pairs of heavy leptons 
or heavy quarks : this liking will also prevail for the production process where 
Higgs particles will presumably be accompanied by heavy objects. Therefore a 
particularly attractive reaction is : 
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< A ^ > e-e-—-¡u+fU-

i i i , i i 

50 100 150 200 

VT(6eV) 

Figure 7 : Two different scenarios for the weak-EM gauge groups, both of them 
being consistent with present experimental data. The muon asymmetry 
can distinguish them at high energy and sets limits on a possible 
heavier Z° . The experimental points correspond to 1000 h running time. 



The Z° can be tagged by its e e and y y decays (and may be its qq decays mea
sured in a calorimeter) and H can be reconstructed from the missing mass. Having 
identified a peak, one can then proceed to study its decay modes. 

This beautiful experiment is however limited in the mass range acces
sible for the Higgs particle. The peak of the cross section occurs for 
/s* <v M z + /2 My and the following rates can be estimated (for the ee H and 
yy H final states only) : 

My = 10 GeV /s 'v- 100 GeV -v. 10 events/day 
50 GeV 150 GeV <\- 1 event/day 

If a large fraction of the Z° decays can be retained for this search, 
it seems that a mass range up to ̂  100 GeV can be looked for with a 100 GeV LEP 
with half-luminosity. 

6. Experimentation 

(a) Radiative corrections 

It is well-known that radiation by the incident particles play an 
important role in e +e reactions. The effect is most striking when resonances are 
produced with a large cross section - the expected picture at LEP in the standard 
scenario. 

Radiative corrections should be applied in particular to the lepton-
( 18^ 

pair final states. A calculation has been done for a difficult case - a 
priori : T + T production where the final state does not constrain the CM energy. 
Large effects are found but they are calculable in a straightforward way once the 
experimental conditions are known. It would be interesting to carry out some 
detailed computations to see how radiative corrections affect the accuracy of the 
coupling constants determination. 
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The effect of radiation on the total annihilation rate is demonstrated 
in Fig. 8 in the Weinberg-Salam model : at Js = 140 GeV about 80 % of the raw 
events are in fact Z° production. Collinear (e+e , u +u ) and nearly—collinear 
( T + T ) events are easily studied because events with radiation will show a dis
tinct acollinearity in 6 (polar angle), but not much in <J> (transverse to the 
beams). Hadronic events will be probatly more contaminated : it is clear that in 
this case the impact of radiative effects should next be evaluated. 

(b) Detectors 

îlost experiments we have described so far can be performed with a 
straightforward extension of existing detectors at PETRA : this is the case for 
+ - + - , + - + - + - + - + - + - „ , e e , p u and x T -*• e e , p p , u-e+, e - T r + , p - T t + . Such a detector has been 
briefly described^^ . 

However the range of this set of experiments would be greatly extended 
if detailed hadron calorimetry is incorporated in the design, in particular for 
the hadronic decays of x. Such a fine-grain hadron calorimeter is of course 
needed for heavy lepton searches especially above M z/2 and W production - both 
singly and in pairs. 

Such experiments are probably feasible in a large-size "universal" 
apparatus if it can be designed to performed all tasks with reasonable compromises. 
While this is doubtful, we believe that in any case there is room for smaller 
experiments with a more focussed - yet important - goal. This argument is of 
course greatly strengthened in the orthodox model where the large rates at the Z° 
pole permit a wide spectrum of experiments. 

II. Two-photon physics 

Despite the fact that hardly any experimental information exists on 
them it is widely expected that 2y processes should play a significant role in 
higher energy e +e colliding rings. We have examined this area in some detail 
because of its own physics interest, but also because of the possible danger in 
contaminating (or even swamping ?) annihilation data. 

1. Two-y processes as physics 

(a) 0^, (YY hadrons) and low p̂ . hadronic production 

The bulk of hadron production in YY collisions should occur at low 
transverse momentum for.the hadrons like any hadronic (?) process. In such 
reactions the photons behave like any ordinary hadron and their propagators 
should behave according to vector dominance as observed in low-q2 electroproduc-
tion. More precisely one may assume^^ : 
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-2 , _ 2 ,-2 

This results in a strong suppression of the YY effective luminosity by 
<v 1 order of magnitude for z =\JñXt > 0.8 and <v 2 orders of magnitude foc z < 0.5, 
for a standard tagging scheme detecting electrons at angles larger than 10 mr. As 
a consequence it seems very unlikely to study in detail low p T hadronic YY physics 
- hence o (YY hadrons) — unless it is possible to tag at still smaller 
angles in order to minimize q 2 effects. 

(b) Point-like processes 

For QED processes + + 
e e 

and for point-like interactions as for example (22) 

• 2 hadron jets at large p 

The tagging efficiency is not affected by q 2 effects and can reach 
values ̂  10 % for angles larger than 10 mr. In that case the YY~event kinematics 
is fully reconstructed. 

The large p T qq process is quite interesting since it measures the 
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sum of the fourth power of the quark charges and thus is a new test of constituent 
models - in particular it will test whether quarks have indeed non-integer 

(10) 
charges 

We have estimated counting rates in Table IV for this process with 
3 doublets of up-down quarks. Tagging efficiency is not put in since it is not 
clear that it is really needed. 

+ ~ + - - /s~ = 140 GeV e e e e qq 
P I 25 days at cC = •= J 2 max 

PT(jet) > 4 GeV 

Ss (GeV) 
YY 

10 - 20 20 - 40 40 - 80 

events 2580 660 80 

Table IV 

(c) Deep inelastic ey scattering 

This situation is realized when a large q 2 photon scatters on a low 
q 2 almost-real photon : it will test the quark-antiquark content of the photon -
a situation quite different from the nucleón. Unfortunately rates are not very 
high : in a 25-day run at /s = 140 GeV about 1100 events are expected for 
10 < /s < 50 GeV and 1 < q 2 < 25 GeV2 while the yield drops to ̂  25 events for 
q 2 > 25 GeV2. 

(d) Detectors 

Photon-photon detectors represent an experimental challenge because of 
(i) the necessity of electron tagging as close as possible to the beam pipe and 
(ii) because of the forward-backward collimation of the produced hadrons due to 
the Y ~ Y C M motion. Thus a yy spectrometer has to measure fast particles at small 
angles and is therefore quite orthogonal to annihilation detectors. A very preli-

(23) 
minary design has been studied in order to get a feeling on how it could be 
accomodated in the experimental halls. 

2. Two-y processes as background 

The bulk of yy hadronic production is at low p_ and we have seen that 
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their tagging is very unpractical : fortunately most of the energy flows along the 
beam pipe and little energy is deposited at angles larger than 10°. Thus despite 
their large number the low p̂ , yy events are not dangerous for the foreseen LEP 
physics. 

The large p^ di-jet production discussed in the last paragraph is 
potentially more of a nuisance. Fig. 9 shows the spectrum of "visible" energy, 
i.e. the energy sum for particles at angles larger than 10°, for these events. 
Comparison is made with the annihilation spectrum assuming R = 5 (a pessimistic 
value at /s = 140 GeV) obtained in a calorimeter with an energy resolution of 
0.5 /E(GeV) . First of all we see that imposing a 10° cut on the produced par
ticles does not bias in a serious way the annihilation data, since only <v 2 % 
of the events have a measured visible energy less than 100 GeV. It is clear that 

v. 

the YY background can be very well separated out : the situation is of course 
much better for the larger expected annihilation rates, in particular near the Z° 
peak. 

+ — + — 
The situation is worse for the process e e -v L L -v hadrons (+ 2v) 

with an expected rate about < 1 order of magnitude smaller than the total rate 
shown in Fig. 9 and a peak in the spectrum a little lower because of the 2 unseen 
neutrinos. Even in this case the background is still an order of magnitude smaller 
and can still be reduced further using angular distributions. 

The most dangerous case we haVe studied occurs for the like-leptons 
• * • — . . . . + — + — + — pairs from L L pairs with the background originating from e e -v (e e ) £ Ä : 

eu events are a better signature but it will be important to compare ee, pu and 
ye yields to have a handle on the leptonic number of a new lepton. 

+ — + — + -
The yield for e e + L L p v (+4v) with = 40 GeV is shown on a 

visible energy distribution in Fig. 10 : this signal is completely buried under 
the 2y background. However, leptons from heavy lepton decays have large p̂ , (also 
the lepton pair has a large p̂ ,) : leptons from the 2y background may also have a 
large p^ but this will correspond to a large p T eler "on which can be easily 
tagged (an efficiency of > 99 % is needed still for a good signal/background 
ratio). 

In conclusion, 2y processes give a negligible background at large 
visible energies (> 0.6 fs). At lower energies more elaborate cuts must be used 
to decrease their contribution to a tolerable level. At any rate the background 
should be checked by tagging and measurement of low visible energy events so 
that it is properly understood. 
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9 : Visible energy spectrum of 2y large p̂ , processes and annihilation 
(R=5) at = 140 GeV for tracks at angles 6 > 10° (measurements 
are made in a calorimeter with a resolution AE = CO/EÍGeV) ). The 
integrated luminosity is 10 3 8cm 2 
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Figure 10 Visible energy spectrum of p p production in 2y processes and 
annihilation at /s = 140 GeV for u~tracks at 6 > 10°. 2y events 
have an invariant mass cut /s > 4 GeV. The L L spectrum corres
ponds to a heavy lepton with admass M L = 40 GeV : the large back
ground can be reduced by ^ 2 orders of magnitude by tagging. The 
integrated luminosity is 1038cm 2 
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III. Tests of quantum-electrodynamics 

This area of research appears to be rather restricted at LEP energies 
since it is plain hard to test QED in a process not "contaminated" by the weak 
interaction. 

The electron propagator can be tested to a very large momentum transfer 
+ -

using e e -> yy 

e
+ A A A A ^ y 

q 2 

e" "\f\J\JXP Y 

It has been shown that weak contributions to this process are small (< 10 ) 
and consequently this is good QED testing ground. The cross section behaves 
like sin 26_^ and restricting angles to 30° < 9^ < 90° for an easy experiment 
yields a cross-section equal to "v 3.5 x point cross-section. A 1000 h-run expe
riment at /¡T = 140 GeV would give 2700 clean events for q 2 up to 2i0^ GeV2. 

As far the muon propagator it seems that the process e +e -> e+e u+p 
is a good candidate but it has not yet been looked at in any detailed way. 

file:///f/J/JXP
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Conclusions 

Experiments on weak-Ell interference are powerful tools at LEP to probe 
the structure of the electro-weak neutral current with accuracy and discrimina
tion : 

(1) if the Ueinberg-Salam theory is correct on the 100 GeV seal", it can be 
tested through lepton and quark couplings and bosons masses M ). A typi
cal precision is A(sin20 ) = 0.002. 

1 w 
(2) if nature is different, measurements can disentangle the various couplings 

and investigate possible "Z°" structures up to ̂  275 GeV in mass. 
+ - ± — 

(3) e e ->• W e+ v is measurable. 
+ — + — 

(A) e e •> W W is a fundamental process which can test gauge theories in a 
unique way. By itself it calls for the highest LEP.energy (> 100 GeV per 
beam). 

(5) new charged leptons can be searched for reliably up*to a mass of ^ 80 GeV. 
(6) the number of low-mass stable neutral leptons can be measured. 
(7) Higgs particles can be searched for efficiently in a missing mass experiment 

up to a mass of 'v 100 GeV and their decays can be subsequently studied. 

(8) Two-photon processes can he handled and may provide interesting physics 

(9) QED can be tested to q 2 ^ 2X0k GeV2 

* * * * * * 
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1. INTRODUCTION 

This report summarizes the work on hadronic final states of e +e annihilation 
at LEP energies, contributed by the participants of a working group which met 
first in April 1978 and reported about its studies at the LEP Summer Study 1978. 
Details of this work may be found in 48 ECFA/LEP notes prepared during this study. 
Some of these notes are appended to this report1). 

The physics we can hope to study with LEP has been discussed by Ch. Llewellyn 
Smith2), we have been concerned mainly with the question whether experiments can 
be performed and with the answers they may give. We have used the standard model 
of 3. unified gauge theory, based on the spontaneously broken SU(2) ® U(l) group as 
a guide, to estimate event rates, angular distributions, and polarization effects. 
We have designed experiments to study the following questions: 

- the weak neutral current coupling of the different quark flavours as compared 
to the leptons and their universality; 

- do vector bosons exist and what is the shape of the cross-section at the Z° 
pole? 

- do more quark flavours exist? 

- how strong or weak is the mixing of the heavy quarks? 

- can quarks be liberated? 

Event rates have been estimated based on the luminosity as given in the 
LEP-70 design study, whose dependence on beam energy is shown in Fig. 1. Up to 
70 GeV, corresponding to a total energy of /s = 140 GeV, the event rate 

Ñ = L-a = 40 R/day (1) 

is constant; R is the ratio of the total hadronic cross-section and the point
like cross-section for electromagnetic production of muon pairs. 

In a second stage of LEP, supraconducting RF cavities could be added to 
extend the energy range to 2 x 100 GeV, with constant luminosity, L 'v 10 3 2 cm - 2 s - 1 , 
assuming that the vacuum system is capable of absorbing 75 MW of beam power. The 
event rate is therefore expected to fall slowly beyond /s = 140 GeV and to reach 
a value of 20 R/day at /s = 200 GeV. 

Hence, for a world composed of eight flavours, leading to a value of R = 8, 
we expect 300 events per day from electromagnetic interaction alone. 

2. WEAK INTERACTION EFFECTS : THE Z° POLE 

The standard model2) predicts that the rise of the weak cross-section is 
damped by gauge vector bosons. The mass of the neutral boson, mediating the weak 
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Figure 1 : Luminosity and event rate expected for the LEP-70 design study. 
R = a (hadronic)/a . ... tot point 
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neutral current, is predicted to be 

M - 3 7 . 4 GeV ... 
MZ° - sin 9 cos 6 ' ( 2 ) 

where 8 is the mixing angle of the weak isospin current and the electromagnetic 
current contributing to the weak neutral current, 

J° = J 3 - sin2 9 J*'m' . (3) 

For a value of sin2 9 = h,, as suggested by recent neutrino experiments3^, Eq. (2) 
gives 

tt^ = 8 6 . 3 7 GeV . 

The predicted rise of the cross-section ratio R due to the Z° is shown in 
Fig. 2 ; R is rising by a factor of ̂  1000 in a spectacular way, comparable to the 
rise of the cross-section found at the J/iji(3.1). Event rates per day are also 
shown in Fig. 2 . At the pole we would expect 1 7 2 , 0 0 0 events/day. Radiative 
corrections will eventually decrease the rate at the pole to increase it in the 
high-energy tail. Table 1 gives a breakdown of this rate into the different fer-
mion final states, assuming three families of fermions. 

Table 1 

Event rate at the Z° pole assuming three families 
of leptons and six flavours of quarks 

! Fermion pair 1 R Events/day 

Í + -
" L L (per family) 159 6 , 6 4 0 

' v V (per family) 318 1 3 , 2 8 0 

uu (per flavour) 549 2 2 , 1 3 3 

dd (per flavour) 708 2 8 , 7 7 3 

The width of the pole is predicted as well, e.g. for sin2 8 = \ and assuming, as 
before, three families of fermions, 

r zo = 2 . 2 GeV . 

The branching ratio for decay into (e+e ) is 

r + -IT . = 1 / 9 . 4 N , 
e e Z° 

where N is the number of families of fermions. 



- 98 -

_1 I I I 1 I I 1 | _ 

60 70 80 90 100 110 120 130 140 

v£ GeV 

Figure 2 : Rise of the cross-section, ratio R at the Z° pole (sin2 6 = . 
Also shown are the weak and electromagnetic cross-sections if there 
is no Z° pole. Event rates per day are shown. 
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One of the most important experiments to be performed consists in measuring 
the energy dependence of the cross-section for each fermion pair. If a pole is 
found, its position can be measured with very high accuracy and the values obtained 
for different fermion pairs compared. The absolute energy of LEP can be deter
mined with an accuracy of 'v 10~h, e.g. by a precise measurement of the spectrum 
of synchrotron radiation in a magnet of accurately known magnetic field, or, if 
polarized beams are available, by studying the (g-2) spin flip resonance. 

Should the Z° pole not exist, then we would expect to see a rise in cross-
section, like E 2 ; due to the weak interaction, and a constant electromagnetic 
contribution, as shown in Fig. 2. The sum of the two and their interference would 
bring us to a level of 500 events/day. 

3. THE WEAK INTERACTION OF QUARKS AND LEPTONS 

3.1 The standard model of a unified gauge theory 

Leptons and quarks have been found to form at least three families. As 
regards their weak interaction, we believe this can be described by a simple 
Lagrangian operator, 

L = Ä[JIJX + JXJl] - ^ 

formed by the products of charged and of neutral currents; and are the iso
spin raising and lowering components of the weak isospin current for the doublets 
of fermions 

0) (?) 0) 

(S) 0 (£). 
The neutral current is composed of the third component of the weak isospin current 
and of the electromagnetic current, mixed by the Weinberg angle 6 as given in 
Eq. (3). This structure is now fairly well established for the lepton doublets 

VeJ ar>d f° r the quark doublet ^"J- The standard model conjectures that this 
structure applies to all fermions. d 

The neutral current coupling of the fermions f can be described by the axial 
vector coupling constant 

a f = 2 ( I Í - I?) (6) 

and by the vector coupling constant 
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v f = 2(13 + I?) - 4Q £ sin2 e ( 7 ) 

in terms of the third components of the weak isospin of left-handed (L) and right-
handed (R) doublets of fermions and the electric charge Q^. 

Assuming that all fermio.i families couple in left-handed doublets only, we 
obtain a picture of great universality. In Table 2 the values of a^ and v^ are 
given for sin2 8 = k. Only four groups of fermions are distinguished. All quarks 
of charge -V3 » for example, are predicted to have the same coupling. 

Table 2 

Neutral weak coupling constants of fermions f 
for sin2 6 = k 

Fermion S f V f 

e, U, T, ... -1 0 

e' y' T ' 
1 1 

u, c, t, ... 1 V 3 

d, s , b, ... -1 -2/3 

This conjecture can be verified or invalidated with LEP. 

3.2 Which weak interaction effects can be measured? 

There are three main effects which depend on the weak coupling of the 
fermions. 

1. The shape of the cross-section as a function of energy depends on the 
square of the coupling constants, e.g. at the Z° pole, 

R(ff) = (a2 + v 2)-(a 2 + v 2) 
r 3 ^ 2 

^ Z J 
(8) 

2. The angular distribution of the basic reaction 

e e •*• ff (9) 

may be asymmetric with respect to 90°, owing to interference between the weak and 
electromagnetic amplitudes. A convenient measurement of the interference term 
can be derived from the asymmetry between forward (F) and backward emission (B) 
of the fermion f with respect to the incident e beam, 
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F - B 
F + B (10) 

At the Z° pole, A f is given by 

( H ) 
K + v | ) ( a | + v 2) 

and hence allows us to determine |a„|/|v 

The predicted energy dependence of A„ is shown in Fig. 3 for the three groups 
of charged fermions. Having assumed sin2 0 = \y we find A^ = 0 at the pole. Away 
from the pole there are characteristic differences for the three families which 
should be confronted with measurements. 

3. If parity invariance is violated, i.e. if both a^ and v^ are different 
from zero, fermions produced in reaction (9) are expected to have non-zero 
helicity, e.g. at the Z° pole: 

A measurement of the helicity allows us to determine the product af V£ and its 
sign. 

3.3 Tests of universality 

Measurements of these three quantities — the cross-section R^, the angular 
asymmetry A^, and the helicity — for all fermions would enable us to test the 
predicted universality of weak neutral coupling and, in particular, the predicted 
absence of right-handed doublets. Measurements of these three effects for the 
case of leptonic final states have already been studied in some detail1*) and may 
indeed be performed1^. In the case of quark final states5^ there are many 
experimental problems. 

We now have good evidence that, if there is a quark-antiquark final state, 
these quarks fragment and create jets of hadrons. Thus we have first to measure 
the direction of the jet and infer from it the direction of the primary quark. 
Then we have to distinguish between quarks and antiquarks, so as to measure the 
angular distribution, for example between the incident electron beam and the out
going quark. We must also be able to distinguish between "up" quarks of charge 
2h and "down" quarks of charge -73 in order to test the predicted universality of 
their coupling to the neutral current, and to taste the flavour in the final 
state, so as to distinguish between the different flavours of the primary quarks 
created. We must find a quark polarimeter which will allow us to measure the 

H f = - (12) 
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Figure 3 : Energy dependence of the angular asymmetries of the three groups 
of charged fermions: quarks of charge % and V3, leptons of 
charge 1. 
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helicity of the primary quarks. Finally, we should be able to select events with 
cascade decays of heavy quarks in order to determine the Cabibbo mixing angles of 
flavours. 

Of this big programme, I can describe only a few things we have done. 

We have used the recent work of Feynman and Field6) on quark fragmentation 
as a basis of this study and in order to extrapolate from present low-energy data, 
obtained at SPEAR and DORIS and at the CERN ISR, to LEP energies. We have tried 
to incorporate the effects of gluon radiation, as predicted by QCD 7), to calculate 
the resulting softening of the quark jet. It is clear that we badly need more 
knowledge at higher energies, for which input from PETRA and PEP results will be 
invaluable. 

3 . 4 Flavour determination 

It is fairly clear that, if only pions are detected, "up" and anti-"down" 
quarks cannot be distinguished, because the t t + is composed of these two and the 
tï of u and d. Hence, if we would concentrate only on pions in the final state 
or if we do not identify the particles, a measurement of the weighted charge of 
the jets, 

Q = Y z?e. (P = 0.2) , (13) w ¿_i i 1 

i 

according to fractional momentum of a particle i with charge e^, allows us to 
distinguish (u + d) jets from (u + d) jets. This can be done by selecting jets 
where the weighted charge Q is greater than zero, and measuring the combined 

. s ) W 

asymmetries of u and d, suumed over all flavours, 
N Nj A = R -A v . + R-J-A-Ï -rr-̂ r- , ( 1 4 ) u u N +N, d d N +N-T u d u d 

where A u and Aj are the asymmetries of u and d quarks, respectively; and R-
are the reliabilities of selecting u quarks and d quarks by the condition Q^ > 0, 
defined by the fractions of true (T) and false (F) decisions, 

T - F 
T + F (15) 

Values of R and of the fraction E of events for which the condition Q^ > 0 applies 
have been evaluated using the QCD-modified Feynman and Field extrapolation; some 
results are given in Table 3. The fraction of reactions with "up" quarks or "down" 
quarks, e.g. N^/N^, is a function of the coupling constants, (a2 + v2)/(a^ + v^), 
and of the energy /s, and can be predicted. 
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Table 3 

Reliability (R) and fraction (e) of events 
for distinguishing u/u and d/d quarks 

by the condition Q^ > 0. 

Quark pair R e 

u/u 

d/d 

0.78 

0.65 

632 

52% 

Figure 4 shows how a measurement of the combined asymmetry A, as defined by 
Eq. (14), with 100 hours per point at one-half the maximum luminosity, would look: 
a very precise measurement to check the prediction of universality should be 
possible. 

One can go a step further: kaons can distinguish between jets created by 
primary charm or strange quarks and those created by anticharm or antistrange 
quarks. If jets are selected having leading K + and K which carry a fractional 
momentum of at least 40%, corresponding to only 0.4% of all events, then an 
asymmetry measurement with high reliability can be performed on the sum of charm 
and strange quarks: 

N 

K 1 s s N +N s c 
+ R «A c c N +N s c 

(16) 

The purity of the sample would be ^ 75%, and near the Z° pole there would be 
101* events in 10 days. The same events can be used to measure the shape of the 

cross-section at the Z° pole, 
o -ce R = R — 

v + c a . _ K point 
+ R 

o -ss 
s a (17) 

point 

and to check whether the position and the width of the pole are the same for all 
events. 

By selecting only those events for which the charge of the jet (..•>,raining the 
leading K + is greater than zero, one can single out final states with ss primary 
quarks only (Rg <v 66%), and still get ̂  2000 events over 10 days near the Z° pole, 
to mensure the asymmetry 

\ = R -A 
K +(Q >0) S S 

W 

(18) 
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Figure 4 : Measurement of the combined asymmetry for jets with > 0 with 
100 hours/point. 



- 106 -

The cross-section and the asymmetry depend also on the polarization of the 
beams. A spectacular prediction of the theory is that for beams which are polar
ized to the same longitudinal state, e.g. both left-handed, the Z° peak will 
disappear, the cross-section dropping by a factor of nearly 1000. Beam polar
izations will thus give very big effects compared with those on hadron machines. 
Figure 5 shows the large effects predicted for the asymmetries, e.g. for down 
quarks, with polarized beams for the two different combinations of unequal longi
tudinal polarization, e^e and e*e , as compared with unpolarized beams. For 

R L Li R 

beams polarized to the same longitudinal state the asymmetries vanish. 
3.5 A quark Polarimeter 

The measurement of helicity in the final state should be quite easy for the 
newly discovered T lepton1). In the case of quarks it is expected that the 
helicity is conserved along the jet development, owing to the vector coupling of 
gluons. The question is how to determine it from the observed fragmentation pro
ducts. Augustin and Renard9) have shown that the quark helicity is transferred 
exactly to the leading vector or axial vector mesons or to the leading baryons of 
spin i¡. An analysis of the decay angular distributions of these leading mesons 

it it — -f. 

( P -*• 2ir, K -»• KT7, D ->- DTT, CÜ or Ai •* 3TT, etc.) or baryons (A -* PÎR , L -*• PTT°, 

etc.) can demonstrate this helicity conservation and measure the degree of polar
ization of the primary quarks. The measurable effects are quite large near the 
Z° pole. 
3.6 Mixing of quark flavours 

If n quark doublets exist, a future theory of "flavour dynamics" would have 
to predict10) 2n quark masses, n(n-l)/2 Cabibbo mixing angles and (n-l)(n-2)/2 
phase angles. All these quantities are on an equal footing and we have therefore 
discussed ways of measuring the mixing angles. 

The current between "up" and "down" quarks is of the form 

(u,c,t)Yjj(l+Ys)M s j (19) 

and contains a mixing matrix M composed of these mixing angles 1 1). Hence we must 
study cascade decays of heavy quarks and compare the rates for different degrees 
of flavour changing, to determine the mixing angles, e.g. 

t •+ e+vb •* evc ->• e+Vs -> evu , (20a) 

t "> eve , (20b) 
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Figure 5 : Angular asymmetry for dd production near the Z° pole using 
polarized beams. 
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Decays to the next flavour are expected to be Cabibbo-allowed, e.g. process (20a); 
the other decays are expected to be suppressed, e.g. (20b) and (20c), perhaps by 
the ratio of the quark masses. An experiment has been sketched1°) in which 
detection of three charged leptons, e.g. from the cascade decays of t quarks 
(20a), is required on one side of the final state, to tag the production of a tt 
state. On the other side, one then obtains a sample of unbiased t decays which 
can be studied: 

Tagging s i d e 

Unbiased decays 

Ali 1 2) has shown that leptonic decays to different quarks may be distinguished. 
The transverse momentum of the lepton reflects the mass difference between the 
primary and secondary quark. A schematic example is shown in Fig. 6. However, 
details of such an experiment remain to be worked out, e.g. the problem of deter
mining the jet axis when neutrinos are present in the final state. 

Tc sum up: 

- consistency with universal neutral current coupling can be tested by measuring 
A u g, the combined asymmetry of Q̂ t

 > 0 jets; 

- coupling constants can be measured for ss final states; 

- the shape of the Z° peak can be measured for a single flavour (ss) and compared 
with the shape for leptons (yu); 

- the helicity of the primordial quarks can be measured; 

- flavour mixing angles can be determined. 

To perform these experiments we need a detector which identifies K + and K , 
measures the momenta of all particles, and identifies leptons, and also does this 
in final states which are tightly bunched into jets. 

4. SEARCH FOR NEW QUARKS 

Evidence for two new quarks has already been obtained using colliding e +e 
beams. Figure 7 shows the now familiar scenario. As we go up in energy, from a 
regime with very tightly bunched jets from the "old physics" of the preceding 
threshold, we expect to observe narrow resonances in the cross-section, due to 
the bound vector states of the new quark flavour, then to go over the threshold 
to where the "naked" new quarks can be produced as mesons, and to a new level, a 
step AR higher than the hadronic cross-section, with new jets. 



- 109 -

Figure 7 : Scenario of a new quark threshold. 
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One of the very spectacular events at the SPEAR-ADONE-DORIS energy region 
was this tremendous peaking-up at the J/tJJ, and, again at DORIS, a smaller peaking-
up at the T(9-5). The question is, How does this look in the new energy range? 

The cross-section integral for producing a vector meson QQ of mass Î1 is 
expected to be 

/ 0 f dE - 10 nb GeV [§} [^] , (21) 

corresponding to a decay rate of I" = 5 keV for quark charge k. The total 
hadronic cross-section at the mass M is 

Otnt = ̂ J ^ . R . (22) tot Ma 

The beam energy in storage rings has a spread due to radiation, which depends on 
the energy and on the ring radius. LEP-70 has a beam energy spread of 6E i> 
10 - 3E^ e a i n, and we therefore expect an energy uncertainty of 'v. 100 MeV, which 
somewhat washes out the effect of these narrow resonances. The peaking observed 
at the J/ty resonance was a factor of 200 above ö t ; with LEP-70, at a mass of 
100 GeV, we would observe a peaking by a factor of only 1.4 for e^ = 2/s and by a 
factor of only 0.35 for e^ = V 3 • 

To find these resonances13^ we would have to measure at least 20 points/GeV, 
taking on the average 10 hours/point for e^ = 2A, and 30 hours/point for e^ = V3 

to get 5 standard deviations above the background, a proceeding which, over the 
whole LEP energy range, would take 50 years or so. We had therefore to devise a 
different method, e.g. to make a scan for events with large sphericity. 

Sphericity S is defined with respect to an axis which minimizes the transverse 
momenta of hadrons in a jet, , 

3 K-
^ L . 

(23) 

Far above threshold the events are expected to have small sphericity, i.e. to be 
bunched tightly together in a small angular cone (Fig. . If we come to new qq 
vector mesons, they are expected to decay either into . le gluons or, at high 
mass, by charged weak current into six quarks'*^, and therefore into final states 
with large sphericity (Fig. 9). Then, crossing the threshold for mesons associ
ated with these new quark flavours, the mesons, being slow, will again decay into 
final states with large sphericity (Fig. 10). 



- Ill -

Figure 8 : Far above threshold jets have small sphericity. 

Figure 9 : Direct decay of heavy QQ-onium into three gluons or six quarks 
gives final states of large sphericity. 

Q 
q — (Q q)— hadrons 

°. —• (Qq ) — hadrons 
0" 

Figure 10 : At threshold for producing naked new quark flavours the final 
state has large sphericity. 
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This picture has in fact already been observed in the energy range of DORIS 1 u'; 
Fig. 11 shows the peaks in sphericity for J/i¡i and the charm threshold and for T 
observed by the PLUTO Collaboration1^. Scanning for events with large sphericity 
therefore gives great sensitivity for new quarks. Figure 12 shows the time needed 
to find at least two events (90% confidence limit) with sphericity larger than 0.2 
as a function of the mass of the QQ vector meson. On the average it will take 
30 hours to scan 20 points/GeV for a quark of charge 2/3, and 60 hours for a quark 
of charge 7 3 . In this way these states can be searched for across the whole 
energy range of LEP. 

This procedure may be further accelerated by first making measurements of the 
quantity R ĵ see Eq. (8)3 at several energies and searching for steps. This quan
tity is expected to be energy dependent owing to the effects of Z° formation and 
decay. In terms of the number of quarks of charge Va (Ni/3) a n <* V3 ( N 2 / 3 ) a n t* °f 
the number of charged leptons (N T), R is of the form 

Li 

R = V3(l + 13x 2)N v + V3(A + 10x 2)N 2 / + (1 + X
2)N. , (24) 

/3 h L 

where 

x 2 = (gm 2) 2 ^ (2 5) 
(t-1) 2 + r 2o/m 2

0 

and t = s/m|o, gm2o = 0.3277 for sin2 9 = k• 

Table 4 gives the magnitude of steps in R for new quarks of charge 2/3 and V 3 
and the time it would take to detect them with 5 standard deviations. 

Table 4 

Detection of new quarks by steps in R 
assuming eight flavours below 30 GeV 

/s (GeV) R AR 2 / 

/3 
hours/5a ARi, 

/3 
hours/5o 

30 8.1 1.34 43 0.35 153 

50 9 1.45 41 0.50 108 

80 180 28 11 35 8 

100 45 5.7 23 6 22 

150 14.3 2.1 36 1.4 55 
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Figure 11 : Mean sphericity of hadronic events in the energy range of DORIS 
as observed by P L U T O . 
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Figure 12 : Time required to detect two events (90% confidence limit) with 
sphericity > 0.2 due to the decay of a new QQ resonance. 
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A L low energies a systematic uncertainty of AR ̂  1, mainly due to the low multi
plicity of the final state, has made this method unreliable. At LEP energies the 
multiplicity is large; hence, we expect more reliable measurements of R. 

Once a new quark threshold is found, the rates of production, after folding 
in the spread in beam energy (as shown in Fig. 13) are large enough to study the 
spectroscopy of the radial excitations of the vector mesons and thereby the strong 
interaction of quarks of high mass. Owing to the high mass of naked states there 
would be many decay modes, and each of them may have only 1% branching ratio 1 3). 
Near the Z 0 pole the rate per channel would then still be a few hundred per day. 
A detector must therefore be designed for high-mass resolution to reduce the 
combinatorial background. 

To sum up : 

- narrow QQ states due to new quark flavours can be found over the complete energy 
range of LEP; 

- the spacing of their radial excitations can be measured if A M > 2ÔE (beam); 

- once found, the total width of the resonance and the charge of a new quark can 
be determined; 

- the spectroscopy of heavy mesons associated with new flavours is possible if 
2M ^ Q-^ is not much larger than the Z ° mass. 

To perform these experiments a detector is required which can identify particles 
and measure their momenta and angles in high-multiplicity final states. 

5. NEUTRINO COUNTING 

Heavy leptons may exist with mass beyond the energy range of LEP. By count
ing the massless neutrinos which exist in nature we would also count the sequential 
leptons. A particularly interesting laboratory experiment15) which would measure 
their number is by detecting the chain of reactions 

e +e~ •> O' •> OTTÏÏ (26) 
i—> vv 

in which first an excited QQ-onium state is nade (O') and then decays into a 
state 0 plus two pions. If the decay 0 VV occurs we would detect two pions only, 
with a missing mass for 0. 

The branchirg ratio for 0 -*• VV depends on the mass of the 0-state, on the weak 
.'sospin, and on the electric charge of its quark. For a hypothetical tt state of 
charge 2/3 and mass 30 GeV we would expect a branching ratio of 
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Figure 13 : Rate of production per day of new vector mesons of charge % and V3 

folded with the energy'spread of the colliding beams. 
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r ( 0 -* V ^ = 1.2 * 10"3 N , . (27) 
r(0 e V ) V 

Using an estimated branching ratio of 3% for the decay (tt) ' •*• (tt) + 2TT, it 
would take 1000 h at one-third the maximum luminosity to obtain ten events 
(tt) VV if N = 7 . 

V 
The present laboratory limit on N , derived from the upper limit 1 5) on the 

rate of K -> TTVV, is N < 6 X 10 3. LEF can therefore contribute a more sensitive V 
method of measuring N . 

SEARCH FOR FREE, FRACTIONALLY CHARGED QUARKS 

The search for free quarks in particle beams at high-energy accelerators has 
so far been unsuccessful. The limits range from 10 - 9 quarks/pion at low p T to 
10~ 6 quarks/pion at high p T- Several hypotheses have been put forward to explain 
this failure to find free quarks, e.g. perfect confinement. However, being 
experimental physicists we do not accept dogmas, and we are therefore more tempted 
to ascribe the potential failure of free quark detection to their properties. 

Do we understand the properties of free quarks? Until recently, free quarks 
were assumed to behave like muons, i.e. to penetrate matter with small interaction 
cross-section. 

• 17") 
De Rujula et al. ' have investigated the properties of free quarks, as pre

dicted by QCD. They find them very different from those of muons: owing to 
unsaturated colour force lines, free quarks may gain large mass, large nuclear 
cross-sections (maybe 100-200 mb), and an appetite for nucléons, while they are 
slowing down, as a surrogate for their missing antiquark partner. Consequently, 
the sensitivity of many of the quark searches reported in the literature has to be 
re-evaluated. New experiments should use detectors containing virtually no 
material. 

If we estimate the cross-section for producing massive quarks in hadron 
collisions via the Drell-Yan type processes, we may in fact argue that present 
experiments have not been sensitive to free quarks of mass larger than *v 2 GeV 1 B ) . 
Figure 14 shows the 90% confidence limit on R^ defined as 

a(pp -> quarks) 
R = ^rr~ » 

x a(pp •> I y. ) 

as a function of the quark mass, derived from previous searches in hadron 
collisions. 
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Figure 14 : Ratio R^ of quark to Drell-Yan cross-section as a function of 
free quark mass derived from previous searches in hadron 
collisions. 
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The existence of hadronic jets in e e annihilation is suggestive of strong 
forces between the initially created qq pair. It is therefore conceivable that 
the higher energy available at LEP not only gives access to larger quark masses 
but may also help in liberating lower-mass quarks 1 8). 

It has been argued that free quarks may be very special particles, escaping 
detection in conventional equipment. If the quark were an "imp" (indefinite mass 
particle)19^ its diameter would increase with time, and previous experiments, 
based on the detection of particles by ionization far away Ov 1 0 - 1 0 sec) from the 
source, could not have seen it. 

In view of these arguments and because of the large rate available near the 
Z° pole (perhaps 10 7 events in 100 days), we have concluded that LEP is the most 
suitable machine for a sensitive search for free quarks. Some experiments which 
have been designed to find free quarks of special properties are described else
where1 8 ' 2 0 ' 2 1 ) . Among them, the "super energy" method 2 0), based on a search for 
events with visible energy (measured by magnetic deflection) larger than the 
collision energy, may be the most sensitive. Table 5 gives the reconstructed 
total energy for different kinematical regimes of quark liberation, as well as 
the standard deviation of measuring it using the jet detector, a general-purpose 
detector which will be described in Section 7. In calculating Table 5 it has 
been assumed that quarks are leading particles and that their mass is 5 GeV. 

Table 5 

Reconstructed final-state energy E f for E. = 200 GeV 
for different kinematical regimes. Use o? the LEP 

jet detector is assumed. 

Reaction Ef 
(GeV) 

CT(Ef) 
(GeV) 

+ -
e e 

+ 
(hadrons) . , jet 1 
(hadrons). „ jet 2 

200.8 1.8 

+ -
e e 

+ 
(u + hadrons). ._ . 

jet 1 (u + hadrons). _ „ jet 2 

234 8 

+ -
e e ->• 

+ 
(d + hadrons). ^ , jet 1 
(d + hadrons). _ „ jet 2 

340 32 

+ -
e e 

+ 
(hadrons). 

jet 1 (u + u + hadrons). _ „ jet 2 

227.4 5.2 

+ -
e e 

+ 
(hadrons). 

jet 1 (d + d + hadrons). t „ jet 2 

309.6 21.2 
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Note that the super-energies are in all cases at least 4 standard deviations above 
the nominal collision energy. To summarize, LEP will be the best source of quarks 
if they can be liberated. 

7. THE JET DETECTOR 

Most of the experiments discussed in this report require a detector having 
the capability 

- to separate the tracks of particles in jets and to measure their vector momenta; 

- to identify kaons, electrons and muons; 

- to distinguish photons and charged particles and to measure the angles and 
energies of photons; 

in other words, to reconstruct the full final state. 

The design considerations clearly have to take into account the jet structure 
of hadronic events, and here we have to rely very much on theory to predict this 
with some reliability. We have simulated22) the fragmentation process of the 
primary quarks and the radiation of gluons, as predicted by QCD, so that, as the 
energy of the primary quark increases, the fraction of it given to the quark jet 
decreases. Let me describe what we find to be some of the properties of the 
hadron final state. The multiplicity distribution is Gaussian with a mean value 
of 26, including neutral pions. Particle spectra are shown in Fig. 15; the 
fastest particle has a mean momentum of 29 GeV/c, the mean momentum of all charged 
particles is 6.3 GeV/c, and the mean energy of y-rays from T t 0 decay is 2 GeV. 
Figure 16 shows that the experimental task is dominated by the low-energy part of 
the final state; essentially because of gluon radiation, 50% of all particles 
have momenta less than 1.8 GeV/c. 

The size of the detector is therefore dominated by the requirements of par
ticle identification and not by those of momentum analysis. We have adopted the 
technique of measuring the specific ionization in gas. Other techniques have been 
reviewed by us, but it was felt that their technical feasibility had not yet been 
sufficiently demonstrated23). Sampling the specific ionization, dE/dx, along a 
track of 1.25 m length in argon gas under 4 kg/cm2 pressure one hundred times, we 
estimate21*) that we can measure it with a standard deviation of a = 2.7%. The 
relativistic rise of dE/dx is well known21'). Figure 17 shows the difference of 
dE/dx for K / i r , K/p, e/iT, in units of the standard deviation of the measurement, 
as a function of momentum. The difference for K/TT is 3a in the momentum range 
1.5-45 GeV/c, clearly sufficient to select events with leading kaons. Identifi
cation of protons, however, is marginal. 
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2 0 0 0 

1000 

The leading but four particle (p = 3.8 GeV/c) 

The leading but three particle (p =5.3 GeV/c) 

The leading but two particle ( p « 8.0 GeV/c) 

Jhe leading but one particle { p = 13.4 GeV/c) 

The leading particle ( p = 29,1 GeV/c) 

Figure 15 : Simulated particle spectra of the hadron final state in 70 + 70 GeV 
e +e~ collisions. 
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Figure 16 : Differential and integral momentum spectrum of all particles. 
Note that 50% have less than 1.8 GeV/c. 



- 1 2 3 -
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Figure 1 7 : Difference of dE/dx for K / T T , K/p, e/u, in units of the standard 
deviation of the measurement, as a function of momentum. 
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Electrons have to he discriminated against pions at a level of 10 for 
measurements of the cascade decays of heavy quarks. Measurement of dE/dx gives a 
factor of 10 - zi the remaining factor has to be achieved with the help of an 
electromagnetic shower detector, by comparing energy and momentum of particles; 
for electrons the ratio of visible energy and of momentum is peaked around unity. 

The track length of 1.25 m, required for particle identification, must be 
free of crossing with neighbouring tracks in the basic cells of the detector. 
Figure 18 shows the simulated distribution of angles between any two charged 
tracks in the same jet. The most probable angle is 3.5°. Thus very small detec
tor cells are required to keep the overlap probability of cracks small; for 
example, for a cylindrical detector with three coordinate measurements 
(azimuthal Acp = 1 cm, radial AR = 1 cm, and longitudinal AZ = 10 cm), we require 
a granularity of 7 x 10 s cells, which can however be achieved with about 6000 wires 
and the use of multi-hit electronics. Since all tracks must have' a length 
of > 1.25 m without overlap, we have to worry about how many tracks we lose. 
Figure 19 shows the loss of track length due to overlap in a detector of 1.8m 
radius, including an allowance of 10 cm for the beam tube, and the effect of a 
solenoidal magnetic field of 1.5 T. The number of lost tracks in 100 simulated 
events is tolerable, as shown in Table 6; 95 events can be fully sampled. 

Table 6 

Track loss due to particle overlap in the jet detector 

Number of tracks lost 0 1 2 3 

Number of events 95 2 2 1 

The other parameter to be fixed is the magnetic field, by considering the 
required momentum resolution. We have assumed that each wire measures the co
ordinate to a precision of 0.2 mm, and have then taken into account two consider
ations for choosing the magnetic field: 

- the spiralling of low-momentum particles, cutting off the momentum measurement 
at i/ 500 MeV/c for a field of 1.5 T (so we do not want to push it up for that 
reason); 

- the mass resolution: we want low combinatorial background when doing the 
spectroscopy of rare decay modes. 
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Figure 18 : Distribution of angles between any two charged tracks with p > p 
in the same jet. 
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Figure 19 : Loss of track length owing to overlap of particles in a detector 
of fine granularity, A<j) = 1 cm, AR = 1 cm, AZ = 10 cm. 
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A field of 1.5 T gives a mass resolution of 1.2% for reconstructing inclusive 
events of 140 GeV, and of 6% for a two-body event, e.g. y +u of 140 GeV. The 
combinatorial background of K n pairs is shown in Fig. 20; a K (800) signal on 

*) 
the peak of the background is clearly resolved '. 

Outside the charged particle detector, but still inside the coil of the 
solenoid, we would have to detect electromagnetic showers, measure their energy 

2 s ) 

and angle, and reject pions. A device which uses drift chambers for sampling 
can be built in a compact way, covering 100 m 2 of surface area. It would measure 
y-rays with A8^ n, 2 mrad and AE/E ^ 20%/v/E/GeV. A granularity of ̂  8 cm is 
required to overcome the problem of y-y and n-y overlap. 

Figure 21 illustrates a possible detector of this kind: a solenoid, con
taining a charged particle detector of 1.8 m radius, followed by the electro
magnetic shower detector, a superconductive coil, the return yoke organized into 
a hadron calorimeter and serving also as a muon filter, and finally proportional 
tubes for muon detection outside. Our design did not take into account the 
machine design's limiting size, but we found that we came out with a length of 
11 m which, although of course not yet an engineering design, will fit roughly 
into what has been foreseen. 

To summarize, a detector for the hadron final state can be built using 
available techniques. 

8. CONCLUSIONS AND QUESTIONS 

There has been much progress in our understanding of how to perform the 
difficult experiments on the h ¿ ronic final states at LEP. 

Summarizing, there are sevi. al ways in which the weak interaction of the 
primary quarks can be studied. >.'_> cross-section, angular asymmetry, and helicity 
can probably be measured for different quark flavours. The Cabibbo mixing angles 
will be measured as soon as t-containing mesons have been detected. A search for 
free quarks will reveal even a small "leakage" of quarks if they have detectable 
properties. 

Finally, we will count the number of massless neutrinos in the laboratory 
and, indirectly, their heavy lepton partners. 

If new quark flavours exist, we can detect them. 

The detector required for these experiments can be designed and built, even 
using available techniques. Because of its size and cost, a large group of 
physicists will be needed to build it. 

In simulating hadronic final states, resonances, e.g. K (800), have been given 
zero width. 
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gure 20 : Combinatorial background of K~TT + pairs and a K*(800) signal. 
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Figure 21 : Two views, (a) from the side, (b) into the crossing beams, of 
the jet detector. 
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Among the many questions we have asked ourselves, some should be recorded 
here : 

- Can we develop specialized detectors, dedicated to a specific experiment for 
which their performance can be better than that of the big general-purpose 
detector? 

- Which new techniques should we develop now, so as to have them available for 
construction in five years time? 

- How can we better understand and calculate the process of quark fragmentation? 

These questions and all the others are with us for further consideration. 
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EVENT SIMULATIONS AND PARTICLE TRACKING 
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CERN, Geneva, Switzerland 

1. INTRODUCTION 

A detailed study of jets in e +e collisions at LEP energies calls 
for accurate tracking and unambiguous identification of all particles. 
Present day drift chambers or time projection chambers placed in a magnetic 
field enable us to follow charged particles with a wealth of information 
sufficient for pattern recognition and momentum measurement. The basic 
question to be answered is how well one is able to measure a single track 
and separate it from neighbouring tracks in the same jet. 

Charged particle identification is a more difficult task and can 
possibly be attempted on a large scale by energy loss measurements in a 
gas, in the same volume used for particle tracking. 

The majority of the neutral particles are photons and their energy 
and direction can be measured in an electromagnetic shower detector 
surrounding the charged particle detector. A few of the remaining neutrals 
are short-lived and can be detected by their decay into charged particles. 
The rest of the neutrals can be detected only by a hadron calorimeter which 
falls outside the limits of this note. 



- 134 -

In what follows we describe some of the tools we have used ourselves 
or made available to other people for optimizing the jet detector with 
respect to momentum measurement, particle separation in space and a 
particle identification. 

2. JET SIMULATION 

We start from exclusive events with jet structure generated according 
to the recipes given in Appendix I. We have not considered 3-jet events 
coming from 3 gluons, as expected when sitting on a resonance, because we 
believe they represent a topology easier to disentangle than 3-jets 
originating from a quark antiquark pair accompanied by gluon bremsstrahlung. 

Some features of 2 and 3-jet events are shown in figs 1 to 5, just to 
give a feeling. 

3. TRACKING THROUGH A MYTHICAL DETECTOR 

3.1 Charged particles 

We have assumed that the charged particle detector operates basically 
as a drift chamber. Position in space is recorded by combined measurements 
of 3 quantities: 

(a) accurate location of a drift wire in space, 

(b) time of arrival of the first electrons drifting to the wire, 

(c) location along the wire as for instance by charge division. 

For each of the three measurements giving a space point we have to 
determine two essential quantities: 

(i) Double hit separations, i.e., the shortest distance along a 
coordinate allowing full separations of two tracks; 

(ii) Precision of measurement. 
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The first requirement is pictoriaily looked at as the granularity of 
the detector, where the detector itself can be considered as subdivided in 
a number of cells. 

The boundaries of such a cell can be genuine mechanical boundaries, 
as for instance the field wires separating two sense wires in a conventional 
drift chamber structure. However, more often the boundaries are determined 
by drift velocity, gas amplification and electronics, as for instance the 
double pulse separations of two sequential pulses in drift time measurements 
or double pulse separation in pulse height measurements. 

As pointed out in the introduction, we consider energy loss measurement 
in the gas as the most promising method for charged particle identification 
[1], The same ingredients used for momentum measurements are therefore 
used for energy loss measurements. However, on account of a different 
performance in measuring time or pulse height and of the fine 
sampling required for dE/dx measurements,we are lead to a different 
granularity for energy loss and for position measurements. 

3.2 Neutral particles 

Let us consider only photons for the moment. We can measure the 
photon energy and direction only outside the charged particle detector 
where we place an electromagnetic shower detector . 

Accuracy of energy and direction measurements put stringent limits 
on the nature of the shower detector [2]. 

The structure of the jets and the lateral shower development 
determine its granularity. 

4. DETECTOR DESIGN 

With all of these prejudices in mind we have sketched a detector. 

It consists of a solenoid with the magnetic field in the direction of 
the colliding beams. The coil contains the charged particle detector and 
the electromagnetic shower detector (fig. 6). 
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A.1 Charged particle detector 

The charged particle detector is a cylindrical gas volume, 
pressurised,with sense wires in the direction of the beams. 

We refer the plane perpendicular to the beams to a (y, 2) or Cr, il

r) 

system of coordinate. The sense wires cross this plane giving a regular 
pattern of paints. For tmckin^ purposes we have investigated a cartesian 
structure where the plane is divided into squares by the crossing wires 
and a cylindrical structure where the wires cross the plane along radii 
(fig. 7) (Appendix II) . The former allocs easier computation and uniform 
granularity as we move along r. The latter preserves a desirable cylindrical 
symmetry. 

The granularity of the detector (iy, <5z) or (5r, ro$) is determined 
by the number of samples desirable for efficient dE/dx measurements and by 
the double hit resolution for pulse height measurements of tracks drifting 
towards the wires. Efficient dL/dx measurements require 100 to 
200 independent maasurements, [1,3], hence samples of ~ 1 cm 
for aetector radii between 1 and 2 m. With inverse drift velocity of the 
order of 20 ns/mm and a charge collection time of ~ 200 ns, independent 
charge measurements are possible on two tracks separated by ~ 1 cm. In 
the z direction, along the wires, there is no double hit separation, 
because two tracks getting simultaneously to the wire 1 m apart along z 
are seen from each end as being separated in time by a few nanoseconds 
and collected charges are merged. 

The requirements on granularity coming from pulse height measurements 
are possibly adequate for momentum measurement. It should be noticed 
however, that for the purpose of momentum measurements alone, performance 
could be pushed towards obtaining a finer granularity if needed. 

Before closing this section, let us make a guess on space resolutions, 
relevant to both momentum and energy loss measurements [A], for the detector 
we have sketched. Positioning of the wires can possibly be done to 
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~ 0,1 mm: this determines the error in r and, what is more critical, 
influences the gas amplification coefficient. Drift time measurements 
can be pushed to give an error in <J> of ~ 200 pm. Charge division or time 
difference measurements can be pushed to \Z of the wire length, giving 
an error of ~ 5 cm along z. 

4.2 Ihe electromagnetic shower detector 

The electromagnetic shower detector has been placed inside the coil. 
This choice avoids spoiling the resolutions particularly for showers penetrating 
the coil at angles far from the normal, but creates serious difficulties 
for shower counters using photomultipliers. 

In ref. [5] the idea of a shower drift chamber has been revived , which 
drifts charge through holes in a solid material onto receiving proportional 
wire arrays. We have assumed that our shower detector combines some of the 
positive features of the shower drift chamber, namely: 

- compact and self supporting structure, 

- good space resolution, allowing determination of both shower position 
and direction, 

- double shower separations as permitted by lateral shower development. 

EXAMPLES 

As an illustration of what the programs can do, we show some results 
obtained by tracking 2-jets (qq) through a charged particle detector 600 cm 
long (LIMITS (x) = 300), with a square beam tube of 20 x 20 cm2 (TUBE = 10; 
and an outer radius of 130 cm (LIMITS (y) = 180, LIMITS (.".) = 180, 
RADl = 180). 

The detector is devided into cells of 1 x 1 cm2 in the y • z plane 
(NUMBERS = (1, 360, 360)). 

The photon detector inner radius is 190 cm (RAD2 = 190) . The 
magnetic field strength is 1.5 T. 
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5.1 For each charged particle track we want to find the number of cells 
with a single hit, hence useful for particle identification (figs 8 
and 9 ) . 

5.2 For each charged pion and photon pair we want to make a scatter plot 
of energy of the photon as a function of the momentum of the pion and 
introduce cuts on the distance of the impact points on the inner surface 
of the electromagnetic shower detector. This allows an estimate of the 
Try pairs who could simulate an electron (fig. 10). 

5.3 For each pair of photons belonging to the same jet hitting the inner 
surface of the electromagnetic shower detector the frequency of the 
distance between the two impact point is plotted (fig. 11). This permits 
to guess the granularity of the electromagnetic shower detector. 

5.4 More examples can be found for instance in refs [1,6,7,8]. 
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FIGURE CAPTIONS 

Fig. 1 (a) Total multiplicity distributions for event with 2-jets (qq) 
with TT° assumed stable. 

(b) Solid line: Total multiplicity distribution for events with 
3-jets (qqg) with TT0 assumed stable. Dotted line: Total 
multiplicity distribution of the gluon jet for events with 3-jets 
(qqg)» with r° assumed stable. 

Fig. 2 Momentum distribution of all particles of events with 
2-jets (qq), with TT° stable. 

Fig. 3 Momentum distribution of leading particles in 2-jets (qq) 
events, where leading is defined as the highest momentum particle 
in each jet. 

Fig. 4 Angular separation of any two charged particles in the same jet, 
in 2-je's (qq) events: Cumulative distribution. 

Fig. 5 Solid line: Sphericity of2-jets (qq) events. 
Dotted line: Sphericity of 3-jets (qqg) events. 

Fig. 6 Schematic layout of charged particle and photon detectors inside 
the coil. 

Fig. 7 In a plane perpendicular to the beam the charged particle and 
photon detectors are referred to a system of cartesian coordinate 
(7a) or polar coordinates (7b) . 

Fig. 8 Frequency of tracks crossing the number of cells given as abscissa. 
The solid line gives the frequency when many tracks are allowed 
in the same cell. The dotted line when only one hit is allowed 
in a cell. 
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Fig. 9 Frequency of cells with multiple hits as a function of the 
radius 

Fig. 10 Scatter plot of the energy of a photon E as a function of the 
momentum of a pion p belonging to the same event for 100 events. 
The distance of the impact point on the inner surface of the 
photon detector is selected to be smaller than 8 cm. 

Fig. 11 Solid line: frequency of distance of impact points on the 
electromagnetic shower detector for any two photons belonging 
to the same jet. 
Dotted line: two photons originating from the rr0. 
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APPENDIX I 

JET SIMULATION 

(by D. Drijard) 

The object of the exercise is to generate a sample of jet-type 
exclusive events, in order to study the qualities of different methods of 
analysis. Such studies extend from the detector optimization (acceptance, 
precision of the observations'), to the construction of estimators of 
parameters characteristic of the underlying physics (e.3. which function 
of the observations is most strongly correlated to the nature of the quark 
which produced a jet). 

I expect to issue a detailed report describing the method used and the 
comparison with available data, together with the main results of the 
model (essentially for the case of three-jets which are not treated in the 
reference paper of the method [1]). Since, however some studies are now 
presented which use this simulation, a brief sketch of what has been done 
is given here for definiteness (but [1] should be consulted for details). 

The work involved has been done only very recently, hence could not 
be checked yet with enough care. Although the method used has been extracted 
from a published thorough study [1], some time should be devoted to the 
adjustment of the parameters of the model. Finally, some less trivial 
studies are necessary (gluon fragmentation, production of baryons, how 
to enforce quantum numbers conservation). To summarize, this work is 
only preliminary. 

It is assumed that the physics studied -nay be approximated by a 
process where successive, independent steps occur: the production of basic 
constituents, quarks and gluon, followed by their fragmentations into jets 
of hadrons. 

JET PRODUCTION 

1.1 Two-jet case 

The process is assumed to occur via an intermediate photon 
e + + e -+ y -+ q + q. The angular distribution is dN = (1 + cos29)d cos0 
(the polar angle the only relevant variable for unpolarised beams). 
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1.2 Throe jet case 

Starting from the basic production of two quarks via a photon, the 
gluon is assumed to originate by bremsstrahlung from either quark. The 
cross section for this process is given in [2] for massless quarks and 
gluon. Since one later let these constituents fragment independently 
into hadrons, non-zero masses are necessary (the fragmentation method 
used gives rise to masses 10 GeV/c2 at LLP energy). The 5-told 
differential cross section of [2] was consequently reformulated for massive 
particles. 

2. JET FRAGMENTATION 

2.1 Longitudinal phase space 

We started with a simple model which we successfully used at the ISR 
for the last 5 years or so. Given in the c.m.s. the direction of the two-
jets, the hadrons are produced according to a matrix element 

1 ( . 
exp (- —„ Z¡pt^j ) where p ̂  0.4 GeV/c Leading particles effect may be 
introduced using an additional factor Ej ' E 2 > product of the energies 
(in c.m.s.) of the leading particles. Energy momentum conservation can 
be correctly enforced, and this has been shown to be still an important 
effect at ISR energies (although contradictory opinions have been given, 
based on the a priori feeling that ISR energy is close enough to infinity, 
which has the great advantage to make calculations easy, that is fast). But 
this mo'ol has serious drawbacks: it cannot be applied to three-jets, the 
nature of the hadrons produced and their multiplicity distribution are 
not predicted (i.e. must be decided upon by other means). 

2.2 Individual fragmentation 

I have used a method described in [1], originally proposed for quark 
jet, which prescribes rules for the fragmentation of one jet (thus applicable 
to three-jets). It predicts completely the nature of the particles produced, 
and in particular the multiplicity distribution. Energy-momentum is not 
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conserved per jet, but may be globally enforced in a plausible way 
(only if more than two jets are produced). Quantum numbers are evidently 
not conserved per jet (since the charge of a set of hadrons is necessarily 
an integer), and, which is less satisfactory, are not globally conserved 
either (but this could probably be done with modifications under study). 
There are in fact more fundamental difficulties in this model (see sect. 
4.3 in [1]), but it seems to be the best (completely predictive) model 
presently available (its comparison with data w.is ihuvit in [1] rcnartcabLy 
good) . 

The basic process is (qq) production by bremsstrahlung, q^ — (qq) + q!, 
followed by recombination into hadron, q. , + q. — hadron, leaving a 

l+l i 
bachelor quark, <Î£+1, c o which the same process is applied in a recurrent 
way. The authors of [1] define quantitatively the process by the probability 

i 
density function f ()"|) (assumed universal), where r\ = (p )./(pT ). and 

L+ l !*•" i 
p L + = E + p , and adjust f (M) = (1 - a) + 3a n 2 with a = 0.77. The quarks 
a. , and q. , are given opposite Gaussian transverse momenta (and thus l+l ni+l 
(qq)^ +^, is purely longitudinal, but some more freedom could be introduced, 
as well as correlations between successive pairs which are presently 
neglected). Eventually, the produced mesons have a definite quark content, 
spanning a nonet (the relative frequency of pseudo-scalar nonet and vector 
nonet is adjustable, ratio 1 to 1 is used in [1]). Finally, when relevant, 
decay of resonances is applied. The recurrent process is in principle 
endless; it would give rise to mesons with arbitrarily small values of P^+> 
i.e. arbitrarily large negative values of p . The authors of [1] discard 

Li 
all mesons with negative longitudinal momentum. 

This method constitutes our basis, with slight modifications. Neither 
energy nor momentum are conserved in [ 1]; I choosed to conserve the energy 
per jet, then the momentum for the set of jets (three-jets only). The p^ >0 cut 
is applied in [l] to decay products, but I rather choosed to apply it to 
primary particles (consequently some decay products are backwards in their 
jet). For simplicity,I took constant matrix element for resonance decays 
(it is not mentionned in [1] for the simulation). Not ideal generation 
of the jets production,followed by the modification of the quark 4-momenta 
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due to the fragmentation schema,imply the use of weights applied to the 
ï 

events. Finally, all parameters adjusted in [l] have been kept but that 
one which defines f (n) was taken to be a = 0.6 instead of a = 0.77 
(giving for 2 x 70 GeV a total mean multiplicity of 25 instead of 30). 

2.3 Gluon fragmentation 

Only quark jets nre considered in [l]. We assumed for gluons a 
similar bremsstrahlung process, but replaced the parent quark by a pair 
(qq). Quarks rearrangement into mesons presents now one alternative 
(the numbers of which we assumed equiprobable, hadrons could here be 
introduced in a natural way but I think this deserves more thinking). 
Finally, one must define the assumed universal function which defines 

b 6 
fragmentation. As a first guess [3] g(n) = (b + l)n with b = 1 
to adjust (asymptotically) multiplicity in gluon jets twice that one of 
qt ,-rk jets. 

RCMARtC 

The three-jet cross section diverges for jet masses equal to zero. 
This was temporarily avoided by imposing a mass threshold. Given the small 
amount of time devoted to this study, this is certainly adequate but a 
more serious work is needed. In particular for the gluon jet, this mass 
threshold implies a threshold on the gluon energy, which triggers otherwise 
a divergence. It follows, crudely speaking, that the mean gluon jet has an 
energy strongly correlated to this threshold (it would be 0 if the 
threshold were 0). Since one aims in particular at three-jets observation 
over a background of two-jets, we cannot use a model where all (since 
divergence) three-jets are in fact two-jets with a dummy gluon. Infra-red 
divergences are not new problems, but in this case one has no observations 
about gluons to help. 
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APPF.IimX IT ( by M. Grote) 

LEP JFT STUDIES 

PROGRAM LIBRARY 

Introduction. 

In order to study different aspects of the two- anri three-jet 
events generated by n . Hrijard's Droeram (1). a set of 
programs and utility routines have been written and are 
available to users. ^or the utilitv routines, there exists a 
short write-up. For the programs marked *. neople interested 
should contact me. 

Programs. 

All procrans listed below use the outDut of D. Drijard's 

«IET production program (1). 

There are: 

GEANT (2) 

CELLS (description in appendix) 

ELRACK * 

JETPRO * 

and utility programs ( 3 ) (accessihle through macros on CDC, and 
EXEC files on JBM) to format and transfer binary files from the 
CDC to the IBM through CERMET. 

Short description. 

i.GEA'IT. 

GEAUT (2) is a general, multi-purnose simulation and/or 
tracking program, which is so flexible it can be adapted to 
practically any detector and field geometry. 

Here, a routine has been added to use D. Dri.iard's jets, which 
are tracked through the field and detector specified, and the 
tracks are then written out onto disk. (GEANT is extremely 
useful for any type of detector simulation studies, and is 
being widely used by now). 
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ii.CELLS. 

CELLS uses the output o f GEAtJT to study the resolution power of 
a cylindrical detector vis-a-vis jets. Since hoth for 
measurements o f dE/dx, and for track finding and fitting, the 
signals o f neighbouring tracks should be distinguishable, it is 
interesting to see how different geometries and magnetic fields 
help to separate the tracks. To this end, the detector can be 
sub-divided into cylindrical cells, given through x, r, and D h i 
steps,or into brick-shaped cells of given x, v, and z 
dimensions, which represent the signal-to-signal resolution 
power of the hypothetical detector (e.g. drift chambers). Tn 
a typical detector with longitudinal wires along the cylinder 
axis (=field axis =beam axis =x axis), the dimensions o f a cell 
would be 70x?x1 cmxcmxcm (in either geometry), thus 
sub-dividing the detector ( a cylinder with P=1 Q0cm. L=600cm ) 
into about 6 million cells.(The upper limit for the number of 
cells the program can treat depends o n the multiolicitv and is 
probably situated around 50 million). All charged particles 
are followed through the cells, after which one knows which 
cells have been hit only once,i.e. represent signals senarated 
from all others, which ones have been hit twice, three times, 
etc. For each track, the full track length, and the unobscureri 
track length are calculated, and can be used to studv losses 
when certain minimum lengths are required. Various histograms 
allow then to study the distribution o f the singly and multiply 
hit cells, and other such items o f interest i n order to test 
the detector's suitability for jet physics. 

Run in another mode, the program allows to studv the 
distribution of hits of gammas or charged particles on a 
cylindrical photon detector around the beam tube. 

iii.ELBACK. 

ELBACK allows to study combinations of charged pi's and gamma 
hits which would simulate an electron in a shower detector. 

iv.JETPRO. 

JETPRO is an open-ended program allowing to study different 
physics aspects of the jets, like decav losses in front of a 
calorimeter, total energy effects of free quarks, charge and 
strangeness imbalance in the jets, and others. 
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Final remark. 

GEANT (2) runs on both CDC 7500 and I B M 370/168 and is 
documented in a report. 

CELLS runs only on IBK 1ue to storage needs. 

PHOTON, ELBACK run on IBM, JETP^O on CDC, but could easily be 
transported to either computer. 

All programs (except GEAUT) are written in M0RTPAN. 
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Detector Cell Program 

The detector cell program developed for the LF.P jet studies has 
now been put into a form easy to use (hopefully!) through data 
cards. Option which are not foreseen can he either implemented 
by me on request, or the user can modify the "ORTRAN source of 
the program, which is available in PATCHY format, and 
referenced in the batch job execution file mentioned below. 

The detector can be either divided into cells in cylindrical 
geometry, or in cartesian p.eometrv. The atter case just piv<»s 
cells of equal dimensions , i.e.xsizeXysizeXzsize. 

In the case of cylindrical geometry, things are more 
complicated. Since it is of little value to use the same ohi 
step from inside, i.e. at the beam tube, to the outer limit of 
the detector, a set of phi steps is used in such a way that the 
circumference step of each cell is kept between <">.5 and 1 times 
a specified value. As a consequence, the number of steps at a 
fictitious radius greater than the detector radius must he a 
power of two. 

The user specifies the number of phi steps on the outer 
detector circumference, and optionally as well a maximum step. 
From these two values, the corresponding maximum number of 
steps is taken, and then finally the nearest higher power of 
two. For this, a fictitious outer radius is calculated. 

Example: if the user requests 1000 steps, the program will 
choose 1024, and will use a circumference step of 
2*pi*fictitious-detector-radius/1000. 

How to run a job. 

Use $DL.HGR.LlB(RUNCELL), which looks as follows: 

// JOB ,TIME=(14,59),BEGIOH=800K 
/*J0BPARM PR0CDSH=DL.HGR.PR0CLIP 
// EXEC YPATCHY,YPRT = DUMMY,PAMDSN= DL.HGR.CELLPAM ' 
//Y.SYSIN DD * 
+USE. 
+EXE.MACROS,COMDECKS. 
+EXE,P=PR0GRAM,D=MAIM. 
+EXE,CRA*. 
+ PAM. 
+QUIT. 
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// EXEC MORT,MPRT=DUMMY 
//M. SYSIN DD DSN = UASM,DISP=SHR 
// EXEC XF0RTCLG fCPRM=-0PT(1) ,GRGH=800K, 
// CPRT=DUMMY,LPRT=DUMMY, 
// LLB1 = *DL.HGR- CELLIB' ,LLB2= ' DL.HGR.JETLIR',LL*3 ='CR.PUR.GEHLIP' 
//C SYSIN DD DSTI = 'c&T,DISP=S!iR 
//G.FT03F001 DD DSH=DL.HGR-GJ2F15,^ISP=SHR 
//G.SYSIN DD * 
LIST 
RUN 1 50 
tlOHEADER 
NUMBERS 60 360 360 
STOP 

In this file. 

i. modify the time limit on the job card if necessary, 

ii. insert your source modifications behind EXEC CRA* , 

iii. modify the data cards and insert new ones. 

Then RUN it. 

The data cards and their defaults are listed below. 
Cards are read in free format, with key words (see F r R E A D , 
CERH-DD/EE 78-2). Only the first four characters o f the keys 
are significant. Blanks o r commas act as separators. The 
values given on a data card overwrite the defaults in the 
program. P o r logical stearing flags, it is sufficient to give 
just the key word (like LIST). 

Key parameters default(s) 

CARTESIAN true 

CELL true 

CHARGED false 

CIRC max. circumference step 1000. 

CMUMBERS no. of x, r, phi steps 60,180.1024 

CYL false 

DEBUG false 

FULLDEBUG false 

HITS false 
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LENGTH f a i se 

LIMITS x upper limit, y z 300.,180..ISO. 

NOHFADER f a l se 

NOHISTOGRAMS •f a i se 

NUMBERS no. of x cells , y cells, z ceils 60, 360. 360 

PHOTONS true 

PLOT no. of events 0 

PROJECTION f p i s e 

RAD 1 radius (cm) 1?o. 

RAD2 radius (cm) iqo. 

RUN 1st event last event 1,0 (i.e.none) 

RTUBE tube radius 10. 

SMINIMUM s 1, s2, s 3 etc. (cm) s1=1on. 

TIME time (sec.) 10. 

TUBE upper y, z values of tube in.,10. 

ZDERUG f a i se 

Explanation. 

General flags. 

ZDEBUG is for the specialist (to debug errors through 7R00K 
facilities) and should normally be OFF. 

N0HIST0GRAM suppresses the filling and plotting of histograms, 
which is default. 

N0HEADER must be given for all input files from GEAHT runs up 
to now. If you have however produced your GEANT file after 
Sept. 25th, 1978, by using SDL.MGR.LIB(NEUGEAUT), it w i n 
contain a header record, and the card should 'IDT be entered. 

RUN specifies the first and last event to be processed ( 1 = 
first on input file). 

TIME sets the internal time check: if less than this amount in 
sec. left, the program stops and prints the histograms. 
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Geometry flags and run modes. 

R AD 1 and RAD2 are the outer radius of the cell detector, and 
the inner one of the photon detector, respectively. 

CELL requests cell calculation, HITS requests calculation of 
hits on the photon detector ( inner radius = photon radius). 
The program can only run in one option at a time- If both keys 
are given, HITS wins. 

If CELL is true, then the following flags are active: 

CARTESIAN requests to run in cartesian cells-

CYL requests to run in cylindrical coordinat0«?. 

If both CART and CYL are given, CART wins. 

LENGTH requests the calculation of the total, and of the 
unobscured track length. 

SMINIMUM (only active if LENGTH) allows to specify up to 20 
different clean track lengths which will result in a table 
specifying the losses of tracks/jet for each given length. 

PROJECTIONS requests a (superimposed) plot of all tracks in 
three projections. 

If CART is true, than the following flags are active: 

NUMBERS specifies the number of cells in x, v and z direction 
( cartesian geometry). 

LIMITS specifies ax, ay, and az of the total volume split into 
cells, which is then -ax...ax, -ay...ay, -az...az . 

TUBE sets the y and z upper limit of the beam tube, by and bz, 
which is then defined as rectangular, -by<y<by, -bz<z<hz. 

If CYL is true, then the following flags are active: 

CMUMBERS specifies the numbers of x and r steps, and of phi 
steps at RAD1. 

CIRC specifies the maximum circumference step. 

From the given phi step, and maximum circumference step, the 
actual number of phi steps is being calculated, being a power 
of two. 

RTUBF. is the radius of the cylindrical heam tuhe. 

If HITS is true, then the following flags are active: 

PHOTONS requests hits of gammas, CHARGED requests hits of 
charged particles on the photon detector. These are 
conflicting options. If both are requested, PHOTONS wins. 

PLOT gives the number of events for which the hits on the 
cylinder and the end caps will be plotted separately. 
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ECFA/LEP 18 
19 September, 1978 

Particle Identification by Ionization Measurements 
in the LEP—JET Detector 

A. Wagner 
University of Heidelberg 

Introduction 

At present the most promising method for particle identification 
in a storage ring detector seems to be the measurement of the eneigy loss of 
the individual particles in the gas of the central tracking device, together 
with the determination of particle trajectories and momenta. It requires a 
high resolution measurement of the ionization. This technique has already 
successfully been studied in the External Particle Identifier at CERN1) and 
in the ISIS-detector2). Two storage ring experiments (TPC at PEP and JADE 
at PETRA) are going to use this method in the near future. The purpose of this 
note is to study in which range of momenta particles can be identified by 
ionization measurement in the LEP-JET detector3^ . 

Energy Loss Difference and Resolution 

Two quantities determine whethtr the mass m of a particle with 
measured momentum p and energy loss ¿ £ caí be uniquely identified: 1) the 
difference in energy loss (AE J 2) between particles of masses m^ and m^ at 
the momentum p and 2) the accuracy o £ with which the energy loss can be measured. 

The quality of particle separation is then given by AE /o_, which 
12 L 

should be bigger than 3 in order to reach a level of misidentification < 5% 
in the case of equal occurrance of nij and m 2 > 

The difference in energy loss in the region of relativistic revise 
(where dE/dx-^ iny) is generally rather small, i.e. ~17% between K's and T T ' S 
in the case of argon, from p/mc ~ A up to momenta where due to the density 
effect the rerise reaches the Fermi plateau and dE/dx is no more dependent 
on p/mc. 

The fluctuations of the ionization losses on the other hand are 
very big (100% in 2 cm argon at NTP). Although the width of the energy loss 
distribution decreases with increasing sample thickness it does not become smaller 
than ~20% even in very thick samples. The resolution can however be improved 
by measuring the ionization in many independent samples along each track. 
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This was studied in detail in connection with the development of the EPI-detec-
tor 1). Figure 1 shows a summary of the findings. The result is that a 
sampling length of ~ 3 cm at NTP yields the highest possible resolution for 
a given total track length, but that a change in the sampling length by a 
factor 2 decreases the resolution by less than 0.5%. Figure 1, which is valid 
for argon, can be used to derive the dependence of the resolution a_ on the 

h 
total tracklength L (in m) and the gas pressure P (in atmospheres); 

o E = 5.65 (L.P ) " 0 - 4 5 % (1) 

for 3 cm sampling length. The factor in front of the bracket depends on the 
gas, the number of samplings and the method for determining the mean energy 
loss. 

The resolutions quoted in this note are determined by the method of 
truncated means: given N independent ionization measurements along a track, 
only the lowest 60% of the pulse heights are used to determine the mean energy 
loss. This method is very fast and only slightly worse than a maximum likeli
hood fit of a Landau distribution to the measured pulse height spectrum. It 
is important to note that the distribution of the truncated means is itself a 
gaussian distribution with tails not exceeding 2 - 3 standard deviations. 

If the total track length L is limited by external constraints as 
the radius of a solenoid, one can improve the resolution by increasing the 
pressure. Going from 1 atm. to 4 atm. reduces according to formula (1) o by 
a factor of ~ 2 . 

Going to higher gas pressure changes also the dependence of AE on p/mc. 
The main feature is that with increasing pressure the density effect sets in 
at lower momenta, thus limiting the particle separation at high momenta. 

Since few measurements of dE/dx as function of p at higher gas 
pressures are presently available a Monte Carlo program had to be used to study 
this behaviour. The program was developed by Cobb et al.1*). The results from 
this program for A-CH^ at 1 atm. were compared with recent measurements of the 
EPI Group1) and found to be in very good agreement. Figure 2 shows the mean 
energy loss in 1 cm A-CH, at P = 4 atm. for e, n, k and p. 
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Particle Identification in the LEP-JET Detector 

Using the energy loss curves of Figure 2 the particle identification 
in the L£P-JET detector was studied. The inner radius of the track chamber 
is 10 cm, the outer radius 180 cm, the total track length as seen under 
8 = 90° is 170 cm. The energy loss is measured radially in 1 cm samples. If 
the detector is pressurized at A atm. this corresponds to the optimum sampling 
thickness of A cm at NTP. 

In the case of multibody final states, especially jets, not the full 
track length can be used for particle identification, since tracks will cross 
each other. A jet model based on quark iragmentation5^ was therefore used in 
order to determine the effective track length. The result is that this length 
lies between 130 cm and 160 cm depending on momentum. (The shortest track 
length corresponds to momenta where the energy separation is biggest.) The 
resulting energy resolution is therefore 

o E = (2.5 - 2.7) 1 (2) 

Figure 3 shows the corresponding particle separation AE /o as function 
12 E 

of momentum. At the 3o level pions and electrons can be separated below 
30 GeV/c, pions and kaons between 1.5 and A5 GeV while a kaon-proton separa
tion is only possible at a 2a level above A GeV/c. No straightforward particle 
separation by ionization measurement can be done in the momentum regions 
where the energy loss curves cross each other. 

From past experience one can hope to reach the quoted separation 
even in a large experiment. Effects like gas gain variation as function of 0 
can be corrected for without loss of resolution 
Further Studies 

As a next step towards an improved particle identification one has 
to optimize AE 1 2/o by variation of the gas pressure and by studying other gases. 
First results from calculations for propane and xenon however indicate that 
no significant improvement in particle separation can be expected. 

Test measurements at higher pressures are needed to verify the cal
culations and to check if unexpected saturation effects set in. 

A recent analysis of test measurements by the TPC group"7) has indi
cated two possibilities for improvement of the resolution: 

by cut-ting not only on the truncated mean of the pulse height but on 
the mean as function of the width of the pulse height distribution, one 
can achieve a better particle separation; 
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- in the region of the crossover points one can use the fact that although 
the mean energy loss of particles with masses m^ and is the same, the 
shape of the Landau distributions differs slightly. 

Through appropriate fits one can therefore improve the probability to identify 
the particles correctly. 

Conclusion 

Particles can be identified over a wide momentum range, even in the 
unfavourable case of jets, through a high resolution ionization measurement. 
This requires however a central detector with a diameter of 3 - 4 it. At low 
momenta where different particles have the same ionization loss, a time—of-
flight measurement might be used for particle identification. The present 
design is a first attempt and should be optimized. 
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Figure 1 : Resolution as function of detector length and number of samples 
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Figure 2 
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Figura 3 
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Forward-Backward Asymmetries with Quark Jets 

M. Davier and F. Richard 
L.A.L., Université Paris-Sud, 91405 Orsay, France 

One of the most challenging experimental problems at LEP is the 
measurement of the weak couplings of the quarks. As is well known for lepton 
pair production, forward-backward asymmetries are very sensitive to these 
couplings.* In this note we address ourselves to the problem of determining 
the jet flavour in order to measure such asymmetries. 

We can think of two methods: 

(i) to measure the charge of the jet 1) which should reflect the quark 
charge with unfortunately large fluctuations2). This could be a way to isolate 

2 
Q = -j quarks (top) and measure the asymmetry for these tt pairs. If the 
distribution of the average charge is the same for all top quarks, this will 
test the possible universality of the top quark couplings by comparing to 
the uü couplings accessible in v,v scattering. It is however very hard 
experimentally to discriminate a u quark against a 3 quark. The same method 
could in principle be applied to strangeness3). 
(ii) to use leading particles to assign the jet flavour. We know that, 
when E/Ek e a m = x -v 1, the probability that the leading meson carries the initial 
quark will approach unity 2). 

We study this possibility below. 

Leading Particle in the Feynman-Field Model 

If we define the leading particle as the fastest with x > x m we 
can compute the probability P( x

m) that this particle came from the breakup 
of the initial quark. The breakup is characterized by a scaling function 
f(x). For x m > 0.5, a good approximation for P C x ^ is: 

P(X ) ~ ^ — 
m7 , 1 - x m 

1 +Xf(l) 
2 

Feynman-Field's parametrization for T Í * and K yields Xf(l) = 1.10. 
This results into P(0.5) = 0.78 and P(0.7) = 0.86. 
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From the same model we also calculate the probability Q(x m) to 
have a particle with x > X j , , . We estimate Q(0.5) = 0.17 and Q(0.7) = 0.06 
(these numbers apply to a single jet). 

Leading it-

A T I + could be formed from a u or a 3. Therefore: 
N A - N,A, + u u d d 

it N + N, u d 
where N u, are the total numbers of produced uü and dd pairs, and Ay, Aj 
their respective asymmetries. Such a measurement is very sensitive to u, d 
weak couplings and would be a good check of the neutrino analyses. 

We have computed A1I+ using the Weinberg-Salam model and the result 
is shown in Figure 1. With sin z6 w = 0.2 we have A„+ = -0.06 at the Z° peak. 
To test the sensitivity to the couplings the dispendence of on sin'9w is 
shown in Figure 2. Within this model the measured asymmetry will be 
P(x )A_+ determined with a rate: 

m " 
2(NU + N d ) Q(xm)Ç 

where Ç is the probability that u (or d) will turn into a n + (and not a ti0 

or a K°). We note that resonances (p+ for example) have been included in the 
estimate of P(x m). We estimate Ç = 0.5. 

A 1000h-run at the Z° peak would result in a measured asymmetry of 
-.047 + .009 for ti1 with x > 0.5 (statistical error only; o¿f = \¿¿ ) . 

Leading K-

This is potentially more interesting since the K + asymmetry will be 
sensitive to the ss couplings which are not directly accessible otherwise. 
A K + could be formed from an I or a u . Following Feynman-Field, we assume 
ratios of 2:2:1 for the creation of uü:d3:ss pairs in a quark breakup. It 
yields : 

N A - 2 N A . _ u u s s 
\ + N + 2 N u s 

The calculation for the Weinberg-Salam model is shown in Figure 1 
with sin 20 w =0.2 while the sin 20 w dependence at the Z° peak is indicated in 
Figure 2. 
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The calculation for the Weinberg-Salam model is shown in Figure 1 
with sin 26 w =0.2 while the sin^O^ dependence at the Z° peak is indicated 
in Figure 2. 

Again the actual asymmetry will be P(xm)A^, measured with a rate 

( Nu + 2 V Q ( V «' 
Taking again Ç' = 1 the same 1000 h-run with K 1 identification for x > 0.5 
(22 < p < 45 GeV) will yield an asymmetry of -.105 ± .011. 

Such a measurement is very sensitive to the ss couplings (see 
Figure 2) and would permit a comparison of d3 and ss couplings, thus testing 
down-quark universality. 

References 

1) This is studied by H. Grote and K. Winter 
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Figure 1 
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"Onium" Kev Flavour Identif ication 

J.J. Aubert, LAPP 

There arc possibly new flavours appearing in the future LEP energy 
range, These; now quarks might be observed as "onium" (bump in the cross-
section, observation of a sudden change of sphericity of the events — ) or 
associated with old quarks in meson-like states qQ (mass peak observed in the 
2 decay, semi-leptonic cascade decay, sphericity change associated with 

" • , • , v . r T 1 ,0 hadronic,, semi-lcptonic decay) or finally by an increase of R ( ) 
uu 

Most of this note comes from previous work. 
CERN Yellow Report 76-18 
B. Vliik, talk at Les Houches 

- Roy Schwitters, private communication 

Search for "Onium" 

Cross-sect ioji 
•J r Vr r a- — , \ J T T ee 1 a (ce •* V -y f ) = — 

s ( M - v ^ ) 2 + r2/ 
if energy spread is larger than the resonance width. 

6ÏU J° 
r r f 

-d/s = ~ ~ — - if f = hadrons — T f i ee 
r r 

c2 if f e VP ee vp 

e 2 

d/s~-Mt 

if ve normalized this result on the J/<|> production 

* jot/i = 10000 nb MeV ( p f ^ ) 2 (^) 2 

the total cross-section (ly exchange) is R = n D 

10 nb CeV \M/ \,2/3 
background 87 R , . w 

— 5 — x 2 0 E 
M ¿ 

6 E is the a of the beam spread (we will assume 6 E = 1.23 1 0 - 3 E 
R = 6) 



signal 
background 
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2 90 C GQ/2 / 3) 

87 x 6 x 2 x 1.23 10~3 E 
2 

70 
E in GeV 

.083 
1 E (in GeV) ( 2 / 3 ) 

(2/3) 

Mass 6Q Signal/Background rate/day 
60 1/3 .58 140 "\ Use 40 events/ 
60 2/3 2.4 560 y day for R = 1 
100 1/3 .35 84 C 
100 2/3 1.4 

336 f 140 1/3 .25 60 \ 
140 2/3 1.0 240_y 
180 1/3 .20 9? Use 8 events/ 
180 2/3 .80 36 day for R = 1 

So to see a bump in the total cross-section at the onium mass will 
require very long scanning-time if one has to scan a full range of energy. 
As an example: with a mean signal/background of 1 (for a quark charge of 
2/3), a 40 events/day luminosity per unit of R, for a 5o effect 5 hours are 
needed per point. With at least 20 points per GeV and 50 GeV range, this 
rough scan will need 5000 efficient hours (for a quark charge 1/3, this will 
increase by 10). 

But if other indications will give an approximate mass value for 
an onium within 1 GeV, a scan of 100 hours will give precise indication on 
the onium mass. 

Change of Sphericity at the Onium Mass 

What is known: At DORIS there is a large increase in sphericity 
when one crosses the Y mass. 

Qualitatively one expects this to be the same for the next onium. 
Trying to be quantitative, one has to go through a model. We use the Monte-
Carlo events of Drijard, Grote, Innocenti* for the 2-jet events and the 3-jet 
events (qqg). 

For 2-jet events the sphericity is always smaller than .01 (100 
events with a mean value of 4.3 10~ 3). One could ask whether this Monte-Carlo 
simulation reproduces the DORIS result, it is not obvious and events seem to 
be too jet-like. 

* see LEP/ECFA note 
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For 3-jet events (qqg) generated according to J. Ellis, M.K. Gaillard, 
and Dc Rujula, out of 79 events thete are 2 events with a sphericity > .2 and 
6 events with a sphericity > .1 (the wean value is .03). 

Taking these simulations for granted, i.e. no background for 
sphericity larger than .2, one can sec how long one will have to scan to see 
at least two large sphericity events. 

Onium mass e_ Number of hours needed to see 
^ 5.3 onium events (i.e. > 2 with 90% CL.) 

if sphericity > .2 
60 1/3 1 
100 1/3 1.5 
140 1/3 2 
180 1/3 14 

So if for high mass onium one can make a sphericity cut at .2 a 
scan of (1.5 x 20 x 50) 1500 hours will be OK. If for any reason sphericity 
of onium events would be smaller or tails of jets even larger (i.e. a cut in 
sphericity at .1) such a scan would be much longer. If for any reason useful 
luminosity would be 4 times smaller, 6000 hours of scan would be necessary. 

As a conclusion, direct oniura search by scan seems to be difficult 
even if sphericity signature is more powerful than bump in total cross-section. 

Search for qQ State in the S° Peak 

A known proportion of QQ pairs are 
produced at the 2° peak (See R formulae). 
These Q quarks will be dressed with ordinary 
quarks (u, d, s, c ...) to build new 
states q. 

These states will decay weakly (semi-leptonic decay, hadronic decay, 
or cascade down via hadronic decay C(qQ)* -> qQ + hadrons). 
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1) Hadronic Decays : Search for Invariant Mass 

MZ° = 86 GeV sin20 = .23 rate of 2° per dayc-T lO1* 

The number of QQ pairs produced per day is around 15% of the total 
2° production for a new Q with a mass smaller than M2°/2. Assuming a hadro
nic branching ratio of 1% per channel, this will lead us to 300 events in a given 
channel for 500 hours of running time. Now detection efficiency has to be 
folded in and the background has to be looked at. The larger the Q mass, the 
larger the p f of hadron debris from qQ states and the smaller the background 
coming from multiple combinations of hadrons will be. 

2) Scmi-leptonic Decay 

As an example we will look at the cascade decay of a top meson 

T -*• B v 

1>C A± v 

So c + e - TT will be a source of multilepton final states. Assuming a 10% 
branching ratio for all semi-leptonic decay, we have the following ratio for 
500 hours of running time at the 2° peak. 

Number of 2° Events Number of TT Number of Dileptons Trileptons Quadri-
1optons 

2«10 5 3'IQ1* 1200 240 4 

If it is not clear how to disentangle different contributions, TT 
events will lead to lepton-charge correlation on each side improving the rejection 
of the background. Furthermore, charm or K will help to find a solution. This 
technique to prove the existence of new states may well be powerful. 

Search for AR Step* 

R = ' (e*e~ '->• u+u~) ' ^ c t l R is a purely electromagnetic 
process it is called R̂_ and on the 2° pole it is called R^. Crossing a new 
threshold will increase R by AR. 

* Taken from M.K. Gaillard and J. Ellis CERN Yellow Report 76-18, page 55 
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AR 4 AN + AN^ + 3AN^ 
R 4N + N + 3 N„T p n HL 

AR„ 

'3(2 - sin 20 u + s i n ^ e j AN + 3(2 - | sin 20 u + ~ sin'-e..) AN o w y W p J w y w n 

+ (2 - 8 sin 20 T T + 16 sinV,) AN ) ' W W HL / 

'3(2 - & sin 2O w • f- sin\) N p + 3(2 - | sin 26 w + f sin*^) ^ 

H2 - 8 sin 26 w + 16 sin-Oy) N R L ^ 

Where N^ and N^ are the numbers of 2/3 and -1/3 quark charge and t r i e 

number of heavy leptons. 

AR 
With R = 6 Y 

ï. 
R 
Y 

22% 5% 17% 

h 
14% 17% 5% 

AN = 1 P AN = 1 n A NHL » 1 

Even in the most unfavourable case (AN^ = 1 for pure e.m. case) 
40 hours of running time will give a 5 effect. So the result will depend 
more on the ability to control systematic error. 

Conclusion 

Even if new quark threshold will be more difficult to find at 
LEP energies, existing different possibilities could hopefully be successful. 
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HOW T O Q U A R K H 2 L I C I T I S S I N e + e ~ ~* H A D R O H S 

J.^. AUGUSTIN 

L a b o r a t o i r e d e 1 ' A c c é l é r a t e u r L i n é a i r e 

U n i v e r s i t é r a r i s - S u d , 9 1 4 0 5 O R S A Y C S D E X , F r a n c e 

a n d 

F . H . R E N A R D 

D é p a r t e m e n t d e P h y s i y u e M a t h é m a t i q u e 

U . S . T . L . , 3 4 0 5 0 i l O N T P ' C L L U R CSpax, F r a n c e 

A b s t r a c t : I n o r d e r t o r e a c h c o m p l e t e l y t h e v e c t o r a n d a x i a l c o u p l i n g s 

o f t h e n e u t r a l c u r r e n t s t o q u a r k s w e p r o p o s e t o m e a s u r e q u a r k h e l i c i t i e s 

f r o m t h e p o l a r i z a t i o n s o f t h e l e a d i n g s p i n o n e m e s o n s o r o f t h e l e a d i n g 

b a r y o n s o f t h e j e t s - A p p l i c a t i o n s a r e g i v e n f o r e + e "* 2 j e t s w h e r e 

l a r g e d e g r e e s o f p o l a r i z a t i o n a r e o b t a i n e d f r o m Y - 3 i n t e r f e r e n c e . 

P l I / 7 8 / " : 2 

N o v e m b e r 1 9 7 8 

P h y s i q u e t t a t h é m a t i q u e e t T h é o r i q u e , á q u i p e ü e r e c h e r c h e a s s o c i é e a u C N R S 
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+ -
One of the most important goals of e e annihilation at 

high energy is to reveal the structure of the neutral currents of 

leptons and quarks. This is a vital information for the assignement 
P i , " ] 

of these fermions in the multiplets of the gauge group - . For exam

ple in 3U(2) U(1) the neutral current has the form 
o I 3 2 em J = J - sin 8 j ; the measurement of the vector and axial parts v* 
of J° determines the 3 r d component of the weak isospin C1^) °f 
the left-handed and of the right-handed fermions• Such an information 
is already partly contained" J in the unpolarized angular distribution 
d° + - _ . « + - — 

•Ĵ JJ (e e -* * ¿ and qq) but a complete disentangling of the vector 

and axial couplings of the Z boson to ^ & and qq requires pola-

rization measurements. This has boen already studied " in the case 
+ - + - + -of leptons (e e ~* M- V- and T T ). v;e discuss here the case of 

quarks ( e +e "* qq). 

From helicity conservation at the y and Z vertices it is 

well-known that strong restrictions on the quark helicities appear 
(X. = _ \_. i s only allowed) and in addition we know that vector-axial q q 
interferences of Y and Z amplitudes lead to large values for the 

degrees of polarizations. We give in Sect. 2 the complete formulas 

for the cross-sections, density matrix and degree of polarization in 
the general case (e e "* Cermion + antifermion) with polarized 
+ 

e beams. 

The important point is however how to measure the quark pola

rizations. Vie answer this question using the properties of the jet 
2 n C3l mechanism. The ('1 + cos 9) distribution observed •' in 

+ - 't 

e e ~* Y "* 2 jets shows us that the spin — of the quark is an infor
mation which is conserved all along the jet development ; it is gene
rally expected that this development (proceeding by soft qq creations) 

1. Introduction 



- 187 -

e Q f v u 

(O, = for f = ¿~ and o. = -| or - for f = q) r "r, 3 3 
— V- 5 and of the Z boson : e v V (a - ibY )u 

(a and b given in table I for the '.J-S-G-I-M model 

we get the general e +e "* ff amplitude : 

conserves the other quark quantum numbers like flavours* He expect 

here that helicity vill also he conservée!. The process is similar to 

the scattering of fast electrons through matter ; at high energy the 

vector couplings (here of the çluons creating the soft qq pairs) 

conserves helicity. The final question is how to measure it at the 

end of the chain. He show in Sect. 3 that this quark helicity is exactly 

transferred to the leading vector or axial nesons or to the leading 

spin ir bsryons. An analysis of the decay distributions of these leading 

mesons ( P ** 2n , K - > K~ , "> -* V>TT , y or A "* JTT , ... ) or baryons 

can show this helicity conservation 

and measure the degree o¿ polarization of the initial quarks. We cal

culate this degree in the diffierent cases anc". give its angular distri

bution for low and high energies and around the Z peak. It reaches 

very high values in many cases (hyperons A , 2 a n (j charged mesons). 

-inally as a hy-product we apply this property of helicity 

conservation to the quasi-2-body limit e +e~ "* H + K' far above 

threshold. This leads to the result that asymptotically 
+ - + -

C(e e -* spin 0 + spin 0) ant! °"(e e "* spin 1 + spin 1) must vanish 

more rapidly than 0(e' e -* spin ": spin 0) and given constraints 

among the various spin couplings. 

?.. The production process e'e" "* y,7. ~» f f 

With the usual point-like couplings of th»j photon : 
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(2) 
7 ~ 

• ^ r ( e + e~ ~ ; f , 7 , ) = — i V o + — S — a - oo a e ( — ) a , ] d^ 1 h' h ^ - X i ' -",s T V j n Z "f V D Z ' I 

' °Y = ~A C ' -hh 'M-.-XX ' j^+cos 'e ) + 4(h*-h)(>'-X) cos B 

o„ = (a2+b2)(a2+b^)a + "aba.b.a . + ?.a_b..(a2+b2)°\ * 2ah(a2+bl)c 
u r í Y t r i r r d. r r J 

°\ = 4(h'-h){X'-X)(¡+cos20) + • £ ( ! - h h ' ) ( i - x x ' ) cos 6 

a = 4c— hh')( *'-?O('<+cos20) + v ( h > - h ) ( 1-XX« ) cos 9 2 

-i { ; - X X t )(h'-h)( i+cos?' 9) + j ( X « - X ) ( l _ h h ' ) cos 

+ 

The case of unpolarized initial c is obtained by using h = h' = 0. 

If the final polarization is not observed, one sets X = o and an 

overall factor 2 for each of the final particles. 

The density matrix of the final Sermion is given by : 
2 

O'l C + — S-—• C, - >.r, Re(—) C, 
-f Y In I 2 - f D z 1 

(3) " Ä( X^ Xn> 

with : 

e ? 2 f _ + p, _ _ 
(1) K = £ v(e )Y u(e ) u(£)Y,,v(f) + 

s v-

+ yj^- v(e+)Yk!'(a-ibY5)u(e~)ü"(f )Y^z-iï>V5)v(J) 

2 -. D„ = s - m + im l ., 

ci Z Z ¿i 

Neglecting the fermion nass ra,. , we get the differential 

cross-section for arbitrary helicity states : 
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C y = -f(''-hîi,)('i+x-X-,H1^os?e) - -r(h'-h)(x..-!-x
2) cos 9 

C_, = (a":-Hb2)(a2-!-b2)CY + labafbfC. + ?.afb£(a2+b2)C2 + 2ab(a2+b*)C3 

\ C, = - ̂ -(h,h)(x.+x
2)C:+cos:î9) + •£( l-hh'MVA^) cos 6 

C_ = - -f£1-hh")(X + X _ ) ( ^cos^S) +-¿(h-h')(".+X X ) cos 6 

^ =](h>-h)(^^,)(.+oos''9) - j{ ;-hh<)(x,+x
;i) cos 9 

and where "° , °"° , c° rafer to the quantities in eq(2) taken for Y ¿ 2. 

X = Xi = o . 

Finally the degree of polarization of the final fermion 

5 . = P-(-H-) - P («) is : 
r f f 

° f \ + ] f y \ - 2-v e (fc } ^ 
(.1) = " 

,t { 0
2o° + — ¿ - o° - 20 Re(—) a°} 

f Y I n . I 2 2 " f V 1 

with : 

n.. = - 2(a 2+b 2)(a 2 + b*)(h'-h)cos 9 - -laba.b .(h'-h) ( 1+co s
20) 

•J r r t t 
- 2a.b.(a?'+b2){':-hh,)(':'-cos29) - -îab(a2 + bf)(".-hh') cos 9 f f f f 

•H- = - 2aaj.(h'-h)cos 8 - bbc(h'-h) ( 1+cos2e) - ab_< i-hh' ) ( 1+cos28 ) 

- 2a 3 (•:-!*•) cos 9 
«y. f 

Notice that because of the factors C¡+'l„x_) and (X +X ) we have 
i 2 12 

P(+-) = P{-+) = 0, which reflects helicity conservation (when m f is 

neglected) at the Y and Z vertices. 
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3. Helicity properties of the jet mechanism 

We suppose that after having been created with a point-like 

coupling, the quark and the antiquark evolve fastly eioitting soft 

gluons which create qq pairs which finally recombine into sort 

hadrons, see fio ''• At each step of the chain as the quark (or anti-

quark) remains highly energetic and undeflected the vector coupling 

to the gluon conserves the quark helicity. At the end of the chain the 

quark q catches a soit antiquark q' and Jrorm the leading hadron 

of momentum p that we consider. In the case of a leading vector or 

axial meson K with p p ^ p^ » m^, p_ the final vertex 
5 n q ' v(q* )\P ,f V /e,-(p "P )/•• 'u(q) conserves helicity in the sense that H H H cj 

q" m H 

longitudinal helicity states X̂_ = O are depressed (like — ) and 
that only « = ?.X = ± . is allowed in this limit. H q 

The mesons H(qq') is produced with 2 amplitudes : 

e e "* qq the fast q cater ing a soft q' ?.ncl e*e "* q'q1 the fast 

q' catching a soft q. except in the very limiting case of a quasi-
- r - — 

2-body process e e HH' discussed in Sect. 5, these two amplitudes 

do not interfer because they occur in very distant kinematical domains ; 

the overlap of the systems associated with K(qq') in the jets in 

these two amplitudes corresponds to the process 

(fast q + soft q') > (fast q' + soft q) which is an exotic ex

change and therefore vanishes quickly at high energy. 3o the probability 

of getting H(qq') is obtained by summing the probabilities of 

e e "* qq and of e e ~* q'q* using eq_{'i,Z,A) with •"> = - Q , 
q' 5 

a " - a , and b = + b , . The density matrix of the spin one 
q' q q' q 

meson H is finally simply : 
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(++) 
/ P _ . O O \ 
/ q+q' \ 
i 1 

j o o o 

\ 0 O P _ 
\ q+q' j 

o 
where P _ refiïrs to eq{3) where the quantities o and C are 

g+q' _ 
taken by summing f — q and f = q '. 

! 

The saue kind o£ argument works for a leading spin — baryon. 

In tnis case the chain enris as shown in fig. (2); for a low-lying 
;+ 

(~ ) baryon state the diquark system is in an •» = O states ; its 

total spin can be S = O or 3 = I j Tor S = O we have obviously 
X

B = "* ; Tor o = •: in the leading case P D p g » m ß , P ( q I q„j 
we have again helicity conservation at the B(q'q")q vertex 

m 
and up to •— corrections we get \, = x = - ~r . The baryon 

P n D 9
 + _ 2 

B(qq'q") is produced with 3 amplitudes (e e qq / q'q' « q"q"). 
+ - — 

H«re also apart from the quasi-T-body case e e "* BH , these ampli

tudes do not interfer because the overlaps like 

(fnst q + soft q'q") < ? — > (fast q' + soft qq") are negligible at 

high energy (even if the flavours of q and q' or q" are the 

same their colours should be different and we have still an exotic 

colours'! exchange). "Je have then to sum the 3 probabilities with 

f = q / q' / q" and the density matrix of the leading baryon is simply 

q+q'+q" \ 

D P j q-tq'-hq- / 

One has now to find a way of measuring these hadrons polari

zations. The existence of a >. = í 1 polarization of the spin í meson 

can immediately be seen in strong decays like P ~* 2TT , 

w or A. -* 3n , K*" -* KT , ... etc. Let us call N(9 .ra ) the 
( « H 

-» direction with resoect to the axis of the jet p either of the 
g. 
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— cos 26 O i(-:-0) cos -,-„ + Im P(+0) sin sp. 
/ r - N I; i IT 

- .7e 0(û~) cos •? - Im P(O-) sin C^) 

In the case of an unpolarized spin 1 particle Tr(P'i) = ~r . In the 

case of a spin i particle without longitudinal helicity : 

Tr(PA) = ~ sin''Otj(P(-H-)-:-p( — ) - :,.Re P(+-)cos 2!?N - Tin D(+-)sin ?.o ) 

And in the special casfe of our jet emission : 

Tr ( PA) = y sin"9H(P<+-¡-)+P( — ) ) with P(++)-;o( — ) = ¡ . 

So we have here a clean test of the mechanism by verifying experi

mentally that the angular distribution of the decay products of a 

leading spin meson is indeed in sin'S., with respect to the jet 

axis. But we cannot measure the actuc.3 degree of polarization 

Ç = P(+-:-)-P( — ) in this way. This requires a parity violating analy

zing matrix, i.e. a weak decay of the hadron. Kor example if the lep-
± ± — 

tonic decay of the vector meson V ~: & + V ( V ) covld be observed 
+ 

then the forward-backward asymmetry in the *• distribution would 

be exactly equal to the degree of polarization Ç . 

This is also the case of a baryon decaying weakly 

(A -> p + rr , £ + -» p + rr° , ... etc) where the forward-backward asymme

try is exactly a Ç , a being the well-known asymmetry parameter of 

non-leptonic hyperons decay ; this is probably the best experimental 

way of reaching the actual value of 5 . 

relative momentum p.- p' oí the 2-body final state or of the 

normal p̂ . '« to the plane of thn 3-body final state in the meson 

rest system ; the final analyzing matrix is then : 

and the angular distribution of the decay is proportional to 

Tr(PA) = •jtru ++)*P(--)) sin 7 9 t T + p(OO) cos 7 *6 ; i 

- sin"9 (.le i(:-)cos + im p ( + - ) s i n '-.t? ï 
I! 11 i! 
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1. examples 

He have to distinguish ? cases of leading mesons : 

top like ' -su , cc , tt , uc / ... ex r Í , D* ° , ... 

, — — — —• <%/ *o down like : Cd , ss , bb , ds / •. . es- s 9 , Y , K , ... 

(the r.ii::ed cases (uü" ± cil)/ like 0° , ta , a° , ... 

are exactly obtained by averaging the results for top and for down 

cases). 
— — — — ^ f>+ íh-charc.eil : ud , us , cá , es , ... ex : P , K , D , F , . .. . 

In the case of baryons we consider for brevity only the 

r.ost interesting cases A (ucc) and £ (uus). 

The coefficients of interest for using eq. (.":), (3) and (<L) 

are given in table II where we recall for comparison the cases of 
+ - — + - ,+ , -neutral and charred leptons production e e -» w and e e ~* -*» * . 

The angular distribution of the degree of polarization takes the gene-
+ 

ral form In the case of unpolarized e beams : 

(c¡) Ç = At l-i-cos?'Q) -i- E cos 6 
C( I-! cos 3 ) + D cos 6 

with : 

I A = - -f~ ia'+ïT) ¿3 a.b.. + 2Re(f-)a Z) Q b 

! k . r f t 

\ " ,* - -
I 3 -

• - - — ah "¿j (a^b*) * 4Ite(f-)b E Q a, 
Inj'' I ¿ * 'V. f 1 f 

2 
0 = S % + T - ^ " i * ^ 2 ) S (aj¡b^) - ?.I?e(f-)a 23 Q a 

f Inj r r f ^ r 

D = C — — ab 23 a.b. - 4Re(-s-)b 23 O b . 
\ \urf X £ «̂3 f 

He show in fig. its value for leptons, mesons and baryons for 
+ - r— 
e e energies v's = 30, 00, So, \00 and '.0O GeV assuming = 90 GeV 

•> and sin c.., = 0.27; . W 
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± 

In this case oC initial unpolarized e beams § is al

ready non negligible at Petra energies and it reaches high values 

quickly beyond these energies. 

Obviously largor values of ? can be obtained by polari

zing longitudinally the initial e" beans (i.e. h = - h" = - " t ) see 

eq. (4) ? in such a case one has !§1 = 'i in the forvard and back

ward directions. This could give a clear test of the wo<l«l. 

5. The quasi-2-body limit 

As a final remark we try to apply this helicity conserva

tion mechanism for getting the asymptotic behaviour of the quasi-2-

body production e e ~! H+H». '"e suppose that far above the threshold 

(where p H ~» r.̂ ) the dorainant process is still that of fig. (4) 

and that helicity conservation of the quarks can again apply. Notice 

that contrarily to the general case oí Sect- 2 one has here to add 

the two or three amplitudes (and not the probabilities) taking into -• 

account the peculiar spin and flavour combinations of the II and H' 

quark bound stato wave functions. Nevertheless the prediction of 

helicity conservation is that the final state (HH') can only be in 

helicity states ( X
H = O , X^ = ± 1 ) or (X = ± í , = 0). This 

corresponds to the fact that asymptotically 
dc + - ^ d^ + - — ? r̂ *. (e e " HH')CC (e e "* qq) which contains only (i+c03~9) 

terms and interference torns in cos 9 but no sin"9 terms. 
+ -

The consequence is that ^(e e _ > spin O + spin O), ex : 
+ - ^ + m + - — + _ 

e e T T T T , K K , TiO , ... and °(e e ~> spin 1 + spin 1 ) , ex : 
+ — , S _ * a * -.ï e e ~*PP , K K , D P , • •. vanish more rapidly at high energy 

+ - + - *.v than o(e e ~» spin 1 + spin O), ex : e e J n u , TTA.(, pe, n:t , ... . 

In addition the couplings to the spin i + spin 0 states must be 

such that only = o and X = ± , appear. This is automatically 
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i ± the case for vector couolinos W ï (ex : "Y "* '• + 0 , TUB, A.&/.-•) 

like G o V v Op v Q ; but lor axial couplings AVP 
a. — 

(esc : V - ; 1~+ o"', ra , oc, . . . ) i i j ç e 

2 g (V.Ap„ + V.p„ A . o ) + S^CV.p, A.p,T - V.Ap .p„) this requires a 
> V v V ¿ A V V i \ 

r s l 
relation between the two couplings , either g1 — 0 or at least 

<!m2 

g ¡ = T * V 
These results are valid only asvüiptotically, i.e. far above 

the threshold ; this is why they, are different from the onos discussed 
— ["7"] recently for the DD/ m / D ii ratios by many authors who used 

various assumptions about the helicity amplitudes near threshold. 

This work has boon undertaken during the L'lPSU'¿UvK STUDY 

at Les Houches (¡97C) and benefited from the exciting atmosphere of 

this meeting. 
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table I 

v ST u,c,t,... d,S,b,... 

1 -'i+4sin2e, W 
, 0 . 2p 
1 - 3- sin <?w 

-1+ ± S±n\ 
a 2sin 26 

W 
2sin ?6 

w 
2sin 26 

W 
2s in 29 

w 

*î 1 '1 
Î3 ?.sin ?6 

w 
2s in 7.9, w 

nsin & 2sin 26 

table II 

>-(a?+b2) 
r r 

0 
:--sin''29 ^ 

¡ 

A s i n ?'29 : j 

0 0 

X~ '• 

'.+[l-4sln28wf -.-4sin"9.? 
1-4sin29ti 

X~ '• 

w 4sin229 
W 

2sin 29^ 2sin 29 
W 

tc\> 8/9 O O tc\> 8/9 
4sin" ?.9 

A' 

O 3sin 29 O 

down 2/9 O 
i- - ^ s i n " 9.; 

O down 2/9 
4 s in 2 ?.9 

W 

O 3sin 29 O 

charged 5/9 
- s i n \ . 20 . 2fl 

i charged 5/9 
¿sin''" 3sin2P.9 

w 
2sin 29 w Ssin 29 , 

A(uds) 2/3 3 + r i - fWe^^f i - l - ^ V , ">6 . 2ñ 2-4sin''9tj ?. A(uds) 2/3 
'Isin3 29„ 

W 
- . S i n 2 20 

w 
3sin 29 

r 
3sin 26 j 

^ (uus) 1 
3-K[-.- §sin\ ; R < - t ^ J 2 0 - -rsan 9tJ 1 -îsin'O , w 5 ^ (uus) 1 

" 4sin2 29„ 4sin2 ¿6 
w 

?sin 7.9 
w 

6s in ?9tj 
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i L _ L _ L J L 
—Y~~—V——If— if——If—^""If-

Figure 1 : The jet development with a leading meson. 

Figure 2 : The jet development with a leading baryon. 

Figure 4 : The quasi-2-body formation e +e~ -*- H + H'. 
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Figure 3 : Angular distribution of degree E. of polarization of final leptons, 

leading mesona and baryons (in the case of unpolarized e± beams) : 
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. . . dd mesons _ X (uus) 
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1 . Introduction 

A study carried out in 1976 on a large electron-positron storage ring, 
which included a top luminosity of 1 0 3 2 cm - 2 s - 1 at a nominal energy of 100 GeV, 
did not conclude with sufficient confidence regarding its feasibility (this was 
the main conclusion of the extended ECFA meeting held at DESY in May 1977). A 
new study, less ambitious since it assumed 1 0 3 2 at 70 GeV, began in June 1977 and 
ended a year later with the so-called "Blue Book" ("Design Study of a 15 to 100 GeV 
e +e~ Colliding Beam Machine LEP" - CERN/ISR-LEP/78-17). Included in this new 
design was however the possibility to reach 100 GeV with less luminosity by assu
ming that conventional RF cavities could bu replaced at a later stage by super
conducting ones. This optimism certainly follows the very recent interest ex
pressed in this field. 

It should be mentioned that very rapidly the non-conventional part of the design 
(70 to 100 GeV) became known as SLEP, which stands for SUPER LEP. The activity of 
the machine experts during this meeting mainly concentrated on the existing design 
in order to make a careful assessment of its feasibility, and also on the 
general constraints which are related to very large e +e~ storage rings for both 
conventional and non-conventional techniques. 

2. A Brief Description of the Present LEP Design 

The basic assumptions included in the design were: 

- 70 GeV nominal energy (conventional first stage); 

- luminosity of 10 3 2 cm - 2 s _ 1 at nominal energy; 

- 8 interaction regions; to avoid bad effects from beam separation a natural 
choice of A bunches was made (half the number of crossing points). 

The ring size, for a 70 GeV top energy, was determined by using the 
B. Richter approach for cost minimization assuming pure conventional elements 
(magnets, RF). Unie costs included in that scaling mostly refer to SPS and PETRA 
constructions. 

where 2 is the shunt impedance per metre of RF structure. This parameter is di
rectly connected to the RF power dissipated in the cavity walls: 

The "les Houches" meeting followed the publication of the "Blue Book". 

From the previous approach, one gets separate laws for the bending 
radius and the total cavity length: 

p °= E 2 

V 2 

(V = total peak accelerating voltage). 
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The factors entering in the proportions involve unit prices, as pre
viously mentioned, which are mainly the costs per metre of the ring, per metre 
of RF cavities and per Watt of RF power, including ten years of operational cost. 

Table 1 gives the corresponding basic parameters of the ring 

bending radius 

cavity length 

p = 2.344 Km 

g = 24 m/m 
L c = 1.344 Km 

fR.F. = 3 5 7 M H Z 

Table 1 

The radius being defined, it remains to discuss the beam characteristics, 
and hence the optics, to fit the required performance. The luminosity, which 
represents the rate of events for a process which has a unit total cross-section, 
is purely a machine parameter: 

L *r b.S 

where: f = revolution frequency (= -r——) 
= total number of particles in each beam 

b = number of bunches per beam 
S = effective interaction cross-section (S = 4iraxaz) . 

Clearly, the luminosity depends on the transverse particle density and 
the number of circulating bunches. However, the beam-beam interaction (space-
charge effect) set a limit on the number of particles that can be stored and then 
on the maximum luminosity that can be reached. That limit also depends on the 
transverse particle density, but in such a complex way that finally it leads to 
the paradoxical fact that more luminosity is obtained for larger transverse beam 
sizes. 

The corresponding number of particles can be minimized by using "low-ß 
insertions" which turn out to be very strong focussing (at least in one trans
verse plane) straight sections. This number of particles, or the corresponding 
beam intensity, is very important as it determines the amount of beam power that 
must be provided by the RF accelerating system: 

P b = 2 I.U0 (I 1 = N± e f r) 

where U 0 is the accelerating voltage seen by the particles which compensate for 
the energy lost per turn, mainly due to the synchrotron radiation: 
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U 0 = 88.454-10-6 )±Ë1L 
(GeV) P(m) 

Notice that there are other sources of energy losses in large electron-positron 
storage rings which depend on the peak current so that finally the right optimiza
tion can only be reached by a series of trials. 

Table 2 gives the main beam characteristics and the corresponding optic 
parameters which comply with the assumed performance. 

Nominal energy 70 GeV 
Number of interaction regions 8 
Number of bunches per beam 4 
Ring circumference 22.208 Km 
Mean radius of the ring 3.535 Km 
Circulating current per beam 10.5 mA 
Number of particles per beam 4.9-1012 

Relative energy spread (oE/E) 1.24-10-3 

Natural bunch length (a) 12.7 mm 
Beam-beam bremsstrahlung lifetime 6.6 hours 

Luminosity 1 0 3 2 0.5-1032 cm2 s - 1' 
Amplitude function at crossings (f3*) 10 20 cm \ 
Dispersion function " (D*) 0 0 , 

Transverse beam size at crossing i 0 H 
I CT*V 
o* H 0.32 0.45 mm 

0.02 0.028 mm 
Free space for detectors 10 20 m 

R.F. frequency 357 MH g 

Energy loss per turn (S.R.) 906 MeV 
Beam power (S.R.) 19 MW 
Cavity power dissipation 51 MW 
Peak R.F. voltage 1243 MV 
Cavity length 1344 m 
Total R.F. power (including parasitic losses) 74 MW 

I 

Table 2 



- 205 -

Let us emphasize a few points. 

- The beam lifetime due to beam-beam bremsstrahlung is relatively low. This 
is partly due to the large number of crossing points as they all add to the corres
ponding rate of events, but it is also a compromise with beam power as it turns 
out that beam-beam lifetime becomes shorter if a given luminosity is obtained with 
smaller current: 

I 

- In order to satisfy detector requirements the straight sections have been 
split into two types: 4 short sections with ± 5 metres free space and 4 long 
sections with ± 10 metres free space. The latter have only half the maximum 
luminosity because it is more difficult to get a low-ß function in long straight 
sections without entering into optic problems (aperture, chromaticities). 

- The additional beam power which comes from parasitic losses is down to a 
satisfactory low level assuming that it will be possible to lengthen the bunch 
with the use of a harmonic RF system (notice that natural bunch lengthening may 
occur but scaling laws are still unreliable). 

Below 70 GeV, where the space-charge effect limits the stored current, 
the natural variation for the luminosity is expected to scale like E1* '{Fig. 1)» 
assuming fixed optics for which the beam transverse cross-section varies by E 2. 
The corresponding stored current will scale to E 3. 

The luminosity at 15 GeV (injection energy which permits to link up 
with PETRA energies) is then down by more than two orders of magnitude (factor 
- 1/500) and probably useless for good physics apart from resonances. Obviously, 
it has to be improved quite a lot. In the present LEP design, this is done by 
using sets of "wigglers" (three poles short bending magnets) correctly located 
in the ring lattice. The main effect of the wigglers is to increase the average 
radiated power and a direct consequence is an increase of the relative energy 
spread of the beam* (ag/E). The beam transverse dimensions being proportional to 
the relative energy spread, it is now clear that they can be controlled by 
powering the wiggler magnets. It is expected from wiggler operation to maintain 
constant beam sizes over the whole energy range up to 70 GeV, and that corres
ponds to a luminosity variation of E 2 (and beam current of E) . The li sity 
at 15 GeV is now roughly 0.4-10 3 0 cm - 2 s - 1 (Fig. 1: nominal performance). 

The increase in beam power does not matter at energies below the nomi
nal one as long as the stored current there does not exceed the stored current at 

Large energy spread is certainly undesirable for studying narrow resonances, 
but in this case less luminosity is tolerable so that wigglers can be turned off. 



Figure 1 : LEP Performance (Stage I) 
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top energy; then one always stays below the beam power limit. 

In fact the present LEP design includes some more hope in the low energy 
range. Provision has been made for large closed-orbit distortions that may happen 
at the very beginning of machine operation. As soon as the closed orbits are 
brought to a proper correction level, the corresponding aperture gain can be used 
to increase (further) the transverse beam dimensions at low energies. This pos
sible improvement is also shown in Pig. 1; however the increase in beam dimension, 
going down in energy, has to stop when the aperture limit is reached. This is ex
pected to happen around 35 GeV and then, for energies below, the beam size at 
the best must stay constant again. Such a procedure may permit a luminosity varia
tion such as y (constant stored current) between 35 and 70 GeV, while below 35 GeV 
it will scale again to y z . 

Up to now the discussion centred on the conventional part of the LEP 
design (Stage I). A second stage corresponding to a future improvement has been 
looked at, where all the copper cavities are replaced by superconducting cavities 
(such an improvement has already been considered for PETRA). It is likely that 
the frequency of 357 MHz will remain the same so that the klystrons and much of 
the RF hardware can be retained. The expected performance above 70 GeV shown in 
Fig. 2 call for the following comments: 

- The beam power is kept constant at a value of 25 MW which presently corres
ponds to the maximum power the vacuum chamber can dissipate. The slight increase 
in beam power from 19 to 25 MW explains why the maximum luminosity is slightly 
increased above 10 3 2 cm - 2 s - 1 and occurs above 70 GeV. This increase in beam 
power is dissipated in the superconducting cavity walls. If the vacuum chamber 
could dissipate more power better performances could be reached, otherwise the 
missing dissipation in the cavity can be considered as operation economy. 

The fact that beam power must be limited imposes a reduction in beam size 
when going to higher energies. This is done by two methods: variable tune and 
variable coupling. Assuming that these two methods together permit reaching the 
space-charge limit, the luminosity will scale to E 3, otherwise it would drop 
rapidly to E _ I " and even faster. 

- The high shunt impedance which characterizes superconducting cavities satis
fies accelerating voltage requirements at higher energies. However, due to sur
face effects, the accelerating field will be limited around 3 MV m 1 and then the 
maximum energy will be limited too, very close to 100 GeV. 

In concluding this section, let us point out that the present design 
assumes that the machine is to be constructed near the present CERN site, following 
in that way an ECFA recommendation. The machine is to be built underground (60 



- 208 -

metres average depth) and makes use of SPS techniques. The main problems will 
certainly consist in the existence of very large underground experimental halls, 
but it seems that appropriate solutions can be found. 

The capital cost for construction can be summarized as follows: 

Ring 470 MSP 
R.F. 200 " 
Injector 90 " 
Tunnel & Buildings 280 

Total 1,040 MSF 

while operation costs are estimated to be 90 MSF per year. Construction time 
according to present calculations will be approximately 6 years. 

Superconducting Cavities 

Assume : — constant beam power 
- variable tune 
— variable coupling 

^0 $o 3o loo 

Figure 2 : LEP (Stage II) 
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3. The LEP Summer Study? Discussions and Conclusions 

The main topics discussed in the "machine parameter" group*, which were 
brought into discussions many times with the other participants, were 

design philosophy, 
- performance in the space-charge limit domain, 

injection improvements, 
- optimization of storage rings with and without superconducting cavities, 
- constraints related to very large e +e~ storage rings. 

Part of the work consisted also in presenting and explaining the present 
LEP design as described in the "blue book" and summarized in the first part of 
this report. 

3.1 Design Philosophy 

The design philosophy of a large electron positron storage ring such as 
LEP is similar to that adopted for PETRA and PEP. It is mainly dictated by the 
SPEAR performance which in turn confirmed in many ways results obtained earlier 
with smaller rings. New ideas which have never been checked on existing machines, 
but which may provide more hope, can either be considered as future improvements 
or directly included in the project, depending on the amount of difficulty expec
ted from them or on the corresponding development stage. 

An interesting fact which has been established at SPEAR is the simplicity 
of operating guide fields made of F0D0 channels with in addition low-ß insertions 
which turn out to give high performance, at least with single circulating bunches 
per beam. SPEAR results may be roughly summarized as follows: 

at low energies the luminosity scales as E1* (Fig. 3.a)); 
- for a fixed energy there was no more gain in luminosity when lowering too 

far the amplitude function ß at the crossing points. In practice ß = 20 cm 
or 10 cm gave the same luminosity (Fig. 3.b)); 

- additional energy losses corresponding to the excitation of high-frequency 
modes in the vacuum pipe and the cavities were found to be in very good agree
ment with theoretical models. Of course, these losses came in addition to 
the synchrotron radiation loss. At high energies these additional losses 
limited the current because of vacuum chamber heating problems (Fig. 3.a)); 
making use of electrostatic fields to separate the two beams at one crossing 
point led to less performance for the remaining crossing point. 

The Working Group at Les Houches consisted of W. Bauer, M. Bassetti, E. Keil, 
J. Le Duff, J. Maidment, M. Month, G. Saxon, W. Schnell, M. Sommer, S. Tazzari, 
H. Wiedemann and H. Zyngier 
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So finally what did we learn from SPEAR results? To go further it is 
necessary to introduce a few formulae which describe the beam-beam interaction in 
a very simple way. 

The luminosity defined in the previous section may be written as follows: 
•nf e 
r 2 b Y ß * £ 

e M2 
with r = classical electron radius e 

f r = revolution frequency 
y = E/E ' rest 

& • • • • . ß 2 = vertical amplitude function at crossing point 
e = horizontal emittance for zero transverse coupling 

X O r e . e = a 2 / ß is invariant, xo xo x ' 
and where £ is a parameter related to the beam current: 

N = — b y e Ç r ' xo e 
very often called the space-charge strength. If the tuning of the machine is 
not too close to an integer, this parameter Ç is equal to the linear tune shift 
AQ caused by the additional thin quadrupole lens which to first order represents 
the electromagnetic interaction of the two beams colliding. Let's remind the 
experts that the previous formulae include optimum coupling or in other words 
equal AQ for both transverse planes. 

Knowing that for a fixed optic the natural variation of the emittance 
goes like e x « E 2 it becomes clear that L •* E1* implies a constant Ç value (or AQ) . 

SPEAR performances described in terms of AQ (per crossing ) become: 

ß* = 20 cm AQ = 0.06 
max 

ß* = 10 cm A0-max = °" 0 ¿ t 

At this point one should notice that SPEAR has a maximum of two crossing 
points and there is still some doubt about getting the same maximum AQ value if 
the number of crossing points is increased by having more bunches per beam. This 
kind of problem emerged after the observation of ACQ and ABONE, where it was 
emphasized that the maximum AQ per crossing was lower when increasing the number 
of crossings (roughly <* l//b). However AD0NE, with 6 crossings (3 bunches per 
beam), and operating very close to an integer, has been able to reach a maximum 
AQ per crossing of 0.04 which in that case corresponded to a Ç value of 0.06. 

The result of this discussion was certainly that LEP it; not too conser
vative as it uses the following numbers: 8 crossings, ß* = 10 cm, 
AQ = Ç = 0.06. PETRA and PEP used practically the same hopes at the design 

iDcLX max 

level, so it now remains to see the operation on these machines before eventually 
correcting the LEP performance. 



- 211 -



- 212 -

3.1 Performance Close to the Space Charge Limit 

This corresponds to the low energy range from 15 to 70 GeV, or Stage 1 
of LEP. Nominal performances for LEP assume a constant emittance which should 
lead to an E 2 variation for the luminosity. During the meeting at Les Houches 
the different emittance control methods were examined, and Table 3 summarizes the 
advantages and disadvantages of each method. 

Emittance Control 
Methods 

Advantages Disadvantages 

variable tune No change in the 
energy spread (oj?) 

Catalogue of operating 
points 

wigglers lower damping times increase in energy spread 

mismatch dispersion no change in the 
energy spread 

chromatidty corrections 
did work at SPEAR but 
never used for operation 

non-zero dispersion no change in the 
energy spread 

non-operational results 
on existing machines 
(synchro-betatron coupling) 

stochastic kicking never worked on existing 
machines 

Table 3 

The wiggler method has been used in the LEP design although it has 
never been tried on existing machines. A wiggler consists of additional short 
bending magnets suitably located in the lattice and certainly the corresponding 
free space is much easier to find in very large machines in comparison with the 
existing small rings. No surprises are expected from bending magnet operation 
and no criticism was expressed of the LEP choice. However, during the discussions 
it was stressed that a second approach should be studied in addition. This cor
responds to the variable tune method (presently used at PETRA) and has the disad
vantage of requiring the computing of a catalogue of operating points which must 
satisfy both injection and chromaticity corrections. It may also require more 
aperture and this has still to be investigated. However, this second method has 
the advantage of not producing additional energy spread which looks better for 
resonance studies. 
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The use of larger emittance at lower energy is included in the design in 
order to improve the luminosity (L <* E ) later on. The aim is to regain, after a 
while, the aperture provision left for closed orbit distorsion. The correspon
ding increase in emittance should permit an E variation for the luminosity (con
stant current) between 35 and 70 GeV. It was pointed out at the meeting that an 
even larger increase in emittance could be obtained by increasing the aperture in 
the large insertion quadrupole to have it fit with the arc aperture. This could 
help to lower the variation of the luminosity to E at very low energies. It 
should be mentioned however that an increase in the aperture of these big quadru
poles may later require superconducting qua^lrupoles when one reaches the second 
stage using superconducting cavities with beam energy up to 100 GeV. 

If electrostatic beam separation at a few discrete crossing points was 
proved to work in the future, it could be used to increase the number of bunches 
(keeping the same number of interaction points) at low energy to improve the 
luminosity. An improvement in the E law will need more stored particles however, 
and it then becomes mainly an injection problem. The method could only be used 
to reach the E law with less aperture. No promises could emerge from discussion 
as to that method, although simple methods of obtaining beam separation in the 
arcs were brought to our attention by H. Wiedemann. 

It was agreed that the top luminosity occurring at 70 GeV could be 
improved upon at the expense of a larger number of stored particles, and probably 
some further provision for aperture requirements with, as a direct consequence, a 
need for more beam power. An increase in the number of particles per bunch would 
increase energy losses into higher modes of the cavities. This would be in addition 
to the radiation energy losses and would enhance the required generator power and 
wall heating. Such an improvement in the luminosity at the design energy (first 
stage) is therefore strongly correlated to the overall cost. One has however to 
keep in mind that any change in AQ^^ will result in a change in luminosity pro
portional to (AQ^ax)2-

3.2 Injection Improvements 

The LEP filling time for maximum current, which may correspond either 
to the normal design energy ( L

m a xj ° r to all energies up to 70 GeV, should not 
exceed 15 minutes. This is necessary in order to maintain a good average lumino
sity. Experience with existing storage rings caused some problems (for example 
4-turn injection, average filling time) and new safety factors were sought which 
could be included in the present design without bringing about any fundamental 
change. It was concluded that: 

i) the positron rates can be raised by at least a factor of 2 using high 
loaded cavities for the Linac. This was proved to work with NINA; 
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ii) an energy compression process for positrons at the end of the Linac 
will reduce the energy spread of the Linac pulse and favour the capture 
into the first injection ring. Such a scheme uses an achromatic guide 
field followed by an accelerating cavity; particles with different 
energies have a different path length so that they will see a different 
accelerating voltage. The method does not much disturb the pulse shape. 

In addition to this, it was agreed that any attempt to raise the injection energy 
would be welcome. 

3.3 Optimization of Storage Rings With and Without Superconducting Cavities 

Discussions on these problems were triggered by a talk given by W. Bauer 
during a plenary session. 

The usual cost optimization as performed by B. Richter for conventional 
large storage rings fails to a certain extent when superconducting cavities are 
considered. The fact is that superconducting cavities lead to an improvement 
factor of 10 5 for the shunt impedance per meter, at least in the frequency region 
of 357 MH Z. As a result, the optimized total cavity length would be very short, 
which is completely unrealistic just because superconducting cavities are limited 
by the maximum tolerable accelerating field gradient (around 3 MVm - 1 for the 
frequency considered). This limitation corresponds to the surface effects. Then, 
this new parameter has to be taken into account in the optimization procedure. 

Table 4 shows comparative optimization with and without superconducting 
cavities. The result is: 

i) the first column practically corresponds to the present LEP version, 
stage I; 

ii) the second column shows that an optimized 70 GeV storage ring with super
conducting cavities is smaller in size by a factor 0.64 as compared 
to an optimized conventional 70 GeV ring. Moreover, the reduction in 
the cost is expected to be also a factor 0.6; 

iii) optimization at 100 GeV with superconducting cavities has to be made on 
the assumption of a maximum beam power of 25 MW. It appears then that 
the second stage of LEP is quite close to an optimized 100 GeV machine 
with superconducting cavities when including a maximum available beam 
power of 25 MW. 

It appeared that more experience with superconducting cavities is needed, 
in particular when discussing unit prices, reliability and maximum field gradient 
(extrapolation to low RF frequencies), before one can reasonably include them in a 
realistic design. The optimized 70 GeV with superconducting cavities, which at 
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first looks very exciting, doesnot permit the extension of the energy range at a 
later date. Now, if such a non-conventional machine was really proved to work, 
there is no doubt that LEP stage II could reach energies much beyond 70 GeV when 
replacing the cavities. Higher beam power should help to obtain better performance 
in the high energy range, but this needs more investigation on vacuum chamber 
heating limitations. 

j Ring 
j Parameters 
i I i 

70 GeV 
Normal Cavities 

70 GeV 
Superconducting 

Cavities 

100 GeV 
Superconducting 

Cavities 

i 
1 p(n¡) 2469 15 7 à 2355 
! L (M) 
1 c 

1491 629 1753 

j Pb(MW) 
18.9 29.6 25 

1 Pjj(MW) 40.5 0.005 0.013 

¡ > T A L ( M W ) 

j ^'(cm - 2s - 1) 

59.4 
1 0 3 2 

29.6 
1 03Z 

25 
4xl0 3 1 

Table 4 

As previously mentioned, LEP Stage II assumes no change in the RF 
frequency (357 MHg). However, it appears that experts in the superconducting 
field would prefer higher frequencies (an optimum is set around 700 MKg). Table 5 
shows the expected advantages and disadvantages of higher frequencies. 

Advantages of High Frequencies Disadvantages of High Frequencies 

- maximum accelerating field 
gradient is higher 

- high synchrotron frequencies 
(synchro-betatron coupling) 

- cavity easier to build - smaller bunch length (higher 
mode losses) 

- better stability - klystron more expensive 

- smaller cryostat (less helium) - more expensive to go from 
Stage I to Stage II 

- lower price (?) -+ at least 
for materials 

- harmonic RF system more dif
ficult to design 

Table 5 



- 216 -

It was agreed that additional cost related to the cavity replacement (LEP Stage I 
•+ LEP Stage II) needed more investigation. 

3.A Constraints Related to Very Large e^e- Storage Rings 

The second scheme which could be used to reach higher energies with 
conventional elements requires a larger ring and cost optimization gives a radius 
increasing as E 2. We are then back to the difficulties encountered with the ini
tial LEP 100 design study, namely: 

i) sensitivity to closed orbit distortions, 

ii) low bending field at injection energy, 

iii) high beam loading. 

Since the time the initial report on LEP 100 was published, better under-
understanding of closed-orbit distortion effects reduces the problems, though it 
is still expected that operating a larger storage ring will bring more difficulty. 
Scaling laws are not very useful here and the remaining difficulties can only be 
determined, for a practical case, by computer simulation of particle behaviour. 

The low injection field related to very large storage rings imposes 
some serious constraints on the vacuum requirements. Distributed pumps must be 
replaced by something for which new ideas have still to germinate. New types of 
bending magnets may also be necessary. These constraints appear finally as more 
of a technical development and cost problem than as real limitations. 

In a larger storage ring, to maintain a design luminosity of 1 0 3 2 cm - 2 s - 1 

the number of stored particles has to increase because the revolution frequency 
is lower. If a large number of particles is distributed in a small number of 
bunches the corresponding bunch spacing becomes important and gives rise to 
heavy transient beam loading on the fundamental mode of the RF cavities. At each 
bunch passage a considerable amount of stored energy is taken from the cavities which 
have to be refilled before the next bunch passes. This results in a voltage modu
lation and corresponding reflected power to the generator. In addition to this 
effect comes the beam loading on the higher modes of the cavities (or any other 
boxes along the ring circumference) which causes particle energy losses. Finally 
the efficiency in transforming power from the RF generator to the beams is reduced. 

The first effect becomes very important when the bunch spacing is of the 
same order of magnitude as the cavity filling time. The second effect depends 
strongly on the longitudinal bunch distribution and is useful for smaller bunch 
lengths because higher and higher order modes can interact with the beam. 

The total generator power should be written: 

Pg = Pb + Pb h.m. + P D ( 1 + ) 2 + Pref 
o 
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where 

U = synchrotron radiation loss o 
m = higher order mode losses 

P^ = synchrotron radiation beam power 
p 
b h.m. = higher order mode beam power 
P D = cavity dissipation in the absence of higher order modes 
P _ = reflected power, ref v 

Figure A shows that the slope of the power generator drastically changes 
at higher energies as the radius becomes larger. These curves were computed by 
E. Keil on the assumption of different optimized rings for different energies from 
70 to 100 GeV with conventional cavities, and four bunches per beam. 

The amount of reflected power can be reduced by increasing the number 
of bunches. For the same luminosity the number of particles per bunch is then 
reduced and the higher order mode losses too. This was the reason for having 32 
bunches in the initial LEP 100 design. As a severe consequence the beams must be 
electrostatically separated at all useless crossing points, a method which still 
gives cause for thought. 

However, these effects do not give a fundamental limitation, apart from 
the cost, if the number of bunches is kept small enough to fit the number of 
interaction regions. 

3.5 Conclusions 

These may be briefly summarized as follows: 

i) The present LEP design is quite feasible; 

ii) Improvements in luminosity are strongly related to cost; 

iii) Corrections to the present design may emerge very shortly, as further 
insight is gained from PETRA and PEP operation; 

iv) Improving the energy requires far more knowledge of a theoretical and 
technical nature before a realistic design may be settled upon. DORIS 
operation with a single cell superconducting cavity may soon help in 
that way. A comparative design of a conventional 5 Km radius storage 
ring will help too. 
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1. Introduction 

Polarization at LEP was not the subject of specific studies in a specia
lized working group at Les Houches, but its various aspects have been examined in 
each of the working groups separately1)• Reviews were presented on several 
occasions, both of the implications it has on the machine front2) and of the pos
sibilities it offers for physics3). The present note is an attempt at giving a 
brief and elementary summary of the present ideas in this domain. 

Beam polarization is expected to induce spectacular effects at LEP. 
This contrasts with proton (or antiproton) machines which we use as parton 
(quarks and gluons) accelerators, and where the incident polarization in a parton-
parton collision is not simply related to that of the composite incident protons. 
The situation is completely different in e +e~ annihilation processes, where the 
quantum numbers of the intermediate state are precisely those of the incident 
beams. In addition, electroiiagnetic and weak interactions, for which LEP is a 
privileged laboratory, procead via couplings which induce effects having charac
teristic dependences upon the incident electron helicities. As an example, at the 
2° pole, the interaction rate is expected to increase by three orders of magnitude 
when switching from e£ e£ to e£ ej£ ! The mere possibility of such a dramatic 
effect is sufficient proof of the potential power of a polarized beam facility for 
experimentation at LEP. 

However, technical difficulties attached to its implementation, con
straints it imposes on the machine design, and limitations in its expected per
formance invite us to make a more careful evaluation of the advantages it would 
provide for physics. 

2. Polarizing the Beams 

The present section gives a very elementary and superficial presenta
tion of the basic principles. In addition to original articles2»1*»5), excellent 
reviews2) are available on this topic. 

2.1 Spin Motion 

The motion of a spinning electron circulating in the machine is governed 
by 

= a x n + spin-flip terms (1) 

where o is the electron spin (more precisely its mean value calculated from the 
density matrix describing the beam) expressed in the local frame rotating with 
the electron (Fig. 1). The rotation frequency of the particle on its orbit 
(radius R) is UJ = ~ ~ 85 kHz, independent of the energy E. 
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The vector ̂  around which the spin precesses has its major component 
J2j_ directed along the guide field. Electric fields can usually be neglected. 
The precession frequency iî̂  increases with energy 

a - = % E 2Ï5 = U o Ä4ÖEMeV ( 2 ) 

ct E~2 
Here a is the fine-structure constant; 2"~> 8 ̂ s gyromagnetic ratio of 
the electron and m its rest mass. At E = 70 GeV the spin nrecesses about 160 
times per revolution. 

Magnetic fields directed along the particle velocity contribute to Í2, 
but in a high energy machine their effect is small: at E = 70 GeV, a complete 
turn of the spin vector around the particle velocity requires a field strength of 
- 14680 kGm. Field inhomogeneities induce small radial and longitudinal compo
nents of Î which result in oscillations of o j , the spin component parallel to the 
guide field (Fig. 2). As long as these oscillations remain small enough, their 
net effect is simply to slightly reduce the transverse polarization. In high 
energy machines radial field inhomogeneities are the dominant source of such 
oscillations. 

2.2 Transverse Polarization1* ) 

The "spin-flip" terms in Eq. 1 correspond to spin-flip emission of 
synchrotron radiation, which occurs with a probability per unit time 

°.f =10 ( f ) 2 ï 5 « 0 F ( î > 0> 

where F (a) = 1 - | a 2 + ~ a, (4) 

Here, r is the electron radius, =2.8 fm, and y = E/m. Owing to the linear 
dependence of F upon a,, a transverse polarization P, directed along the guide 
field (for e +, or against it for e~) builds up with a characteristic time (Fig. 3) 

T = = ( TTI) * 20 minutes (5) 

At equilibrium the polarization reaches a value P such that 
max 

1 - P / o/=r\ 1 + P 
max 

P 0.924 (6) max 15 v ' 
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Figure 2 : Spin oscillations and precession 
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The fraction f of synchrotron radiation power is usually very small, 
of the order of 1.26-10 - 1 1 at E = 70 GeV: 

The critical energy where f is of order unity is of the order of AO TeV correspon-
/ a R \ ^ 

ding to Y c = I — J . The spin-flip terms are responsible for a spontaneous 
build-up of transverse polarization, which however will only become sizable at 
high energies (T r 20 minutes at E = 70 GeV, - 2 hours at E = 50 GeV). 

2.3 Depolarizing Resonances 

In the above discussion it was implicitly assumed that field inhomo
geneities drive only small oscillations of a(_ around its mean value; this is 
unfortunately not the case at LEP where depolarizing resonances preclude the 
successful completion of the polarization process. 

Spin resonances are very similar to more familiar resonances such as 
those occurring in betatron and synchrotron oscillations; it may therefore be 
useful to review briefly the mechanism of betatron resonances before considering 
the spin case. 

Possible trajectories in a given machine are defined from their devia
tions from the closed orbit; transverse deviations correspond to betatron oscil
lations, longitudinal (energy) deviations to synchrotron oscillations. The radial 
deviation x(s), where s is the azimuthal coordinate along the machine, can be 
written 

x(s) = a/¡3(s) cos (<i>(s) - 0) 

( 7 ) 

Eqs (7) define a two-parameter (a and 6) family of possible trajectories (Fig. A). 
At fixed s, x takes values ranging between -a/f3(s) and +a/ß(s) depending on the 
phase advance per turn (Fig. 5) 

« K D - *(o) = 9 = 2*Q <f-È*L 
j 3(s': x 

where L j>às< - 2ÏÏR. 

When a small perturbation is introduced at s = 0 , such as a transverse 
kick causing a jump j of x' = -— , the new family of possible trajectories is 

c? s 
centred around a new (disturbed) closed orbit defined by its deviation Ax(s) from 
the original one. Everywhere but at s = 0, Ax(s) satisfies Eq. (7); at s = 0 
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0.924 

Figure 3 : Spontaneous build-up of transverse polarization P. as a function of 
time t x 

iX(s) 

(modulo L) 

Figure 4 : Betatron oscillations: an electron trajectory at the n-th, n + 1-th 
and n + 2-th turns. The envelopes x(s) = ± a/8(s) are indicated 
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Figure 5 : Deviations of an electron at s = s 0 for successive passages 
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the continuity of the new closed orbit implies 

A x (L) = A x (0) ( 9j 
A x' (L) = A x' (0) + S 

Solving in a and 9 we obtain 

6 = T T Q X 

_ ' (10) 
6 /S(s) 

2 sin ir Q x 

If Q x takes integer values, a becomes infinite: there is no closed 
orbit in the perturbed machine; it corresponds to a resonance condition for which 
no beam can be kept (Fig. 6). 

The same applies for vertical betatron oscillations (Qy) and for synchro
tron oscillations (Q g), the general resonance condition being satisfied whenever 

n x Q x + n y Q y + n g Q s = integer, (11) 

where the three n's are integer numbers and where the Q's take the following 
values at LEP: 

Q x = 66.208 
Q y = 74.272 
Q s = 0.1075. 

In the spin case the closed-orbit equivalent is obtained when the spin 
is directed along the guide field; the spin-precession around the guide field 
corresponds to <f)(s), with a phase advance per turn 

n - a E - E M?"> ^ 27im 440 MeV ^ J 

As in the case of betatron oscillations, a small perturbation will cause 
a divergent increase of the amplitude of the a. oscillations, and therefore will 
destroy polarization, whenever 

Q + = n 0 + n x Q x + n y Q y + n x Q g. (13) 

A set of Q values which satisfies Eq. 13 corresponds to a depolarizing resonance. 
In particular, for two neighbour resonances corresponding to n Q and n Q + 1, we 
have 
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b) Resonant case: the electron trajectory as seen in successive 
passages 
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1 , AE = 440 MeV (14) 

The beam energy spread at E = 70 GeV is approximately Gaussian with 
variance r j g i 86 MeV, a value as large as one fifth of the energy spacing between 
neighbour depolarizing resonances: this is sufficient2) to cause a rapid depola
rization. As a result, spontaneous transverse polarization has no time to build 
up at LEP. 

2.4 The Siberian Snake Scheme5) 

Depolarizing resonances would in principle be avoided if QJ. could be 
made energy independent. A typical example of a configuration where this is 
achieved is provided by 8-shaped machines (Pig. 7). In such machines the preces
sion accumulated in one loop of the 8 is exactly compensated in the other loop 
with a net result, independent of energy, Qf = 0. Any spin configuration corres
ponds to a closed solution. 

A similar situation is obtained with the Siberian Snake scheme2*5) which 
can be implemented in a circular machine. It consists of introducing a 180° 
spin rotation around the beam at some fixed location (S) in the machine. There 
exist two closed solutions, with the spin parallel or anti-parallel to the electron 
velocity at S' diametrically opposite to S (Fig. 8). Transverse spin components 
change sign after one turn, corresponding to Q̂ . = \, an energy-independent value, 
far from integers. Longitudinal polarization can therefore be maintained without 
suffering from depolarizing resonances. 

This very elegant scheme is proposed as an option for LEP but its actual 
implementation has several important consequences: 

(i) A storage ring injector with a short spontaneous polarization time is 
necessary. Injection lines allowing for spin rotation to left or 
right helicity states have to be provided for each beam separately. 

(ii) It does not seem feasible in practice to use a solenoid to drive the 
180° spin rotation: 7330 kGm would be necessary at E = 70 GeVl 
A set of horizontal and vertical bending magnets (the snake) rotates 
the spin with a much smaller field strength but alters the orbit as 
well: for a fixed snake geometry the polarization is optimized at a 
single energy (which may be modified during shutdowns) and depressed 
otherwise. The present LEP design requires one of the eight interac
tion regions to be devoted to the snake. 

(iii) Polarization is optimized in the interaction directly opposite to the 
snake but is usually depressed elsewhere. 
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Figure 8 : Siberian Snake Scheme: the snake inserted at s induces an 180° 
spin precession around the electron velocity 
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(iv) Spin-flip emission of synchrotron radiation induces depolarization with 
a characteristic time7) T =. (70/E)5 x 20 minutes. 

(v) Introducing the snake breaks the machine periodicity, which may have 
unpleasant consequences on beam optics. 

2.5 Summary 

There seems to exist a possible scheme to maintain longitudinal polari
zation in the machine. However sizable polarizations would not be obtained at 
all energies (and in particular seem excluded above 70 GeV) nor at all interaction 
points. The maximum polarization which can be obtained is in principle 92. 
but substantially lower values should be expected in practice. 

Detailed studies should be actively pursued to answer the following 
questions: 

how much depolarization is expected from other sources (experimental 
magnets, . . . ) , 

how much does the snake disturb beam optics, 

are there alternatives to the Siberian Snake scheme 8' 9). 

The study of polarization effects at PETRA and PEP will be very informa
tive for the injector design. Recent measurements performed at SPEAR by a SLAC-
Wisconsin Collaboration were reported at Les Houches by R. Schwitters1°). The 
excellent quality of the data produced (Figs. 9 to 11) is very encouraging. 

3. Physics Considerations 

As we see it today, physics at LEP may schematically be split into two 
main regions of interest: 

one located in the vicinity of the 2° pole where the various 2° couplings 
will be measured; the enhanced cross-section at the pole will permit the 
study of low branching ratio decay modes. This region is well covered by 
the machine version using conventional RF cavities. Our present knowledge 
of weak neutral currents in other sectors is such that important effects 
are expected in this region: their absence would set dramatic constraints 
on any theory; 

the other region demands high energies and is covered by the machine version 
using superconducting RF cavities. The aim there is to demonstrate that we 
are indeed dealing with a gauge theory. Processes of particular interest 
are the production of Higgs1 particles, the study of the 2° W +W~ vertex, etc. 
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Light 
(200 MeV) 

Figure 10 : Spontaneous build-up of transverse polarization at SPEAR 



Figure 11 : The measured ratio Tp/Trj between the polarization and depolarization 
times as a function of energy. The full line is the result of a 
calculation accounting for depolarizing resonances 
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In each region individual reactions have been considered by the working 
groups1^ and the importance of a polarized beam facility has been assessed for 
each of them separately. A general conclusion is that in the framework of theo
ries containing only few parameters - such as SU(2) H U(l) — polarization does not 
bring much additional information, a result which could be expected. But in all 
cases polarized beams appear to be very powerful revelators of unorthodox couplings. 
Rather than review a long list of different reactions, I shall instead illustrate 
the above statements by choosing two processes, typical of each of the two regions: 
annihilation processes proceeding via a 2° intermediate state and pair production 
of W± bosons. 

3.1 Annihilation Processes3) 

The 2° coupling to a fermion-anti-fermion pair ff (Fig. 12) is given by 

_ M a L 7 2 J f Yv 72 f ( 1 5 ) 

where M^ is the 2° mass, Gp the Fermi constant and v^, a^ the vector and axial-
vector couplings. The cross-section for ff production depends on the helicities 
of the incident electrons and outgoing fermions. In particular 

a (hf = hj = ± 1) = a (he = h- = ± 1) = 0 (16) 

More generally we may write 
o, n M2 

d coTs ë - 16 72 ( s ~ MS) { f + h g } ( 1 7 ) cos e 16 y/2 (s - M2.) 

with two possible interpretations of Eq. 17: 

(i) the incident electrons are polarized, with helicities h = h, h- = -h and 
e e 

no analysis is performed of the final state helicities; 
(ii) the incident beams are unpolarized but the final state helicities are 

analysed, h^ = h, h- = -h. 

In both cases, a measurement of g is performed (f is simply obtained 
from the angular dependence of the cross-section measured with unpolarized 
beams). Explicit forms for g are: 

(i) g = A (1 + cos26) + 2 B cos 6 
(18) 

(ii) g = B (1 + cos26) + 2 A cos 9 
where A and B exchange each other when (a e > v^) and (a^, v^) are permuted. 
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A = a (Q v - Xv (a 2 + v 2)) 
t i e t e e ( l g ) 

B = a e (Qf v f - Xv e (a 2 + v 2)) 

G F s U| 
H e r e X = 8 .>2 TI a s - M| 

and is the charge of f. For ff = eë" we ohtain g = (1 + cos8) 2. 

It therefore appears that measurements (i) and (ii) provide the same 
information in principle. However it should he noted: 

- that (i) and (ii) suffer from very different systematic uncertainties: 
knowledge of the beam polarization, necessity to perform two different 
measurements in one case; knowledge of the analysis power, difficulty to 
deal with quark jets in the other; 

- that (i) and (ii) have different angular dependences, the coefficient of 
(1 + cos26) in one case being that of 2 cos9 in the other and vice-versa. 

The additional information provided by a measurement of g is only the 
sign of v/a. However, g has a better sensitivity to a small v contribution than 
a simple measurement of the angular dependence of the unpolarized cross-section. 
We also note that using polarized beams permits control over different quark 
flavours, or conversely, eases the experimental measurement of different quark 
flavour couplings. For example in SU(2) 8 U(l) with sin26^ = k 

and 

a = e a 
u 
= -1 V 

e 
= V = 

u 
0 

a = u a 
c 
= 1 V 

u 
= V = 

c 
1/3 

ad = a 
s 
= -1 vd = V = 

s 
-2/3 

A = e A 
U 
= 0 B 

e 
= B = 

V 
0 

2 
9 A = u A 

c 
= X. 3 B 

u 
= B = c 

0 
2 
9 

A, = A = B , = B d s 3 d s 

How this fact can be exploited in practice is investigated in the summary report 
by K. Winter1). 

Therefore a polarized beam facility provides some convenience in the 
framework of a theory containing only point-like vector and axial couplings but 
is not at all essential. A radically different conclusion would be reached if 
nature would appear more complex than we now believe; in particular polarized 
beams provide a sensitive revelator of scalar couplings. 
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Figure 12 : Annihilation into a ff pair via a (Zc,y) intermediate state 

w 
v 

Annihilation 

Figure 13 : The exchange and annihilation diagrams contributing to W± 
pair production 
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3.2 Pair Production of Bosons3) 

Pair production of bosons is expected to proceed via two different 
mechanisms (Fig. 13): a neutrino exchange diagram to which e£ contributes 
alone,and an annihilation diagram having both e T e* and e~ e* contributions. Here 
again beams of equal helicities yield zero cross—sections. Cancellations between 
the different contributions are inherent to gauge theories and, as a result, 
o (e R e£) « o (e~ e^). To differentiate between various possible gauge theories 
would require a detailed study of the annihilation diagram, and imply disentangling 
the more trivial exchange diagram. A possible approach is to take advantage of 
the different angular distributions corresponding to the annihilation and exchange 
diagrams. However, because of the low expected event rate (~ 2000 events for an 
integrated luminosity of 10 3 8 c m - 2 ) , the sensitivity of the method is not very 
satisfactory11). Another approach would be to switch off the exchange contribu
tion by using polarized beams with helicities e^ e*, but here again the expected 
rates are much too small (Fig. 14). Differentiating between various gauge theo
ries from a study of the 2°W+U~ vertex appears therefore to be a very difficult 
task. However, the mere observation of a strong decrease of the production rate 
when switching from e^ eĵ  to e~ e* would provide an important evidence that we 
are indeed dealing with a gauge theory, or more precisely, its non—observation 
would be a good revelator of non-gauge theories. 

Also, from a purely pragmatic point of view, event rates are multiplied 
by a factor of : 4 when the incident beams are fully polarized in the e£ ejj 
helicity state as compared to unpolarized beams. The importance of this enhance
ment should not be ignored: a large event rate in this channel will help the 
study of interference between the"annihilation and exchange diagrams and possibly 
permit evidencing second-order effects. 

3.3 Summary 

In annihilation processes proceeding via point-like vector and axial-
vector couplings polarized beams permit a measurement of the sign of v/a, a 
result which can be obtained as well from an analysis of the final-state helici
ties. However, they are sensitive revelators of other couplings. 

The study of the g'̂ W'ti- vertex, which is important in differentiating 
between various gauge theories, appears to be a difficult task, even when using 
polarized beams. However colliding different incident helicity states would be 
a powerful revelator of non-gauge theories. 

In addition, a polarized beam facility would bring convenience for ex
perimentation at LEP: possibility to perform cross-check measurements, to under
stand the 2y background, to enhance annihilation rates, etc. 



14 : Contributions to W+W - production 
and an e~ e* state (dotted line) 
helicity configurations (axes 1, 
lower part of the figure). From 
reference 3 

from an e~ e* state (full line) 
for each of the final-state 
2 and 3 are defined in the 
K. Gaemers and G. Gounarie, 
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4. Conclusions 

Having briefly assessed the benefits which a polarized beam facility 
would provide at LEP and being aware of the technical difficulties attached to 
its implementation, of the constraints it imposes on the machine design and of the 
limitations in its expected performance, we may conclude by drawing the following 
guide lines: 

(i) avoid taking any step which might preclude implementation of a polarized 
beam facility; such a facility may become a very useful revelator of 
unorthodox phenomena; 

(ii) within conventional gauge theories, and in particular if SU(2) S U(l) is 
sufficient to describe all aspects of weak and electromagnetic interactions, 
it is difficult to make a strong case for polarization; it seems therefore 
appropriate to keep it as an option to be implemented at a later stage; 

(iii)continued studies of possible depolarization effects and of alternatives to 
the Siberian Snake scheme should be actively pursued 

* * * * * * 
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The Problem of Radiative Depolarization in the "Siberian Snake" 

R. Schwitters 

As pointed out by Derbenev and Kondratenko1^ and by the LEP Study 
Group 2), a "Siberian Snake" may be a convenient method for providing longi
tudinally polarized beams at LEP. We wish to show that at the highest LEP 
energies synchrotron radiation with spin-flip3'1*) may depolarize the 
beams. 

As is well known3'1*), the transition probability per unit time 
for emission of synchrotron radiation with spin-flip is given by: 

u - f ||^|¿la[i- \ (f4)\ <# §• ($4)] „, 
A -

where f is the initial spin direction in the electron rest frame,/fi is the 
laboratory acceleration and/?, are unit vectors along the velocity, 
acceleration directions respectively. ^ is the Lorentz factor of the 
particle. 

It can be shown5^ that the spin motion of particles moving on the 
equilibrium orbit of a storage ring, when viewed at some particular azimuthal 
position s along the orbit, is simply precession about a fixed direction Y \ ( S ^ 

with a constant phase advance per orbital resolution. In the absence of 
depolarization phenomena, a beam of particles initially polarized along "VAfs) 

will remain polarized in this direction. The direction 'VuS) and the spin 
phase advance per revolution <|> depend on the lattice of the storage ring. For 
example, in a conventional storage ring with horizontal bending magnets and 

A 

no solenoids, y> points in the vertical direction (direction of the guide 
magnetic field) and £ is given by 

c{> = ZirV V = V ( ^ ) (2) 

O . A W i G,e\J 

A 

In the case of the Siberian Snake, ~h depends on azimutal position, 
but is perpendicular to the guide field in the normal arcs of the machine and 
is parallel to the beam direction in the interaction region opposite the snake 
magnets. In the snake magnets, "W depends on the exact choice of magnet con
figuration. In all cases, the phase advance <|> is equal to 'îr . 
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Equation (1) shows that the spin states of particles moving in a 
storage ring change through emission of synchrotron radiation. Neglecting 
depolarization and spin-orbit coupling effects, the various quantities 
entering into Eq. 0) are periodic or nearly periodic functions of azimuthal 

A 
position and the evolution of polarization along the direction» can be cal
culated by averaging Eq.(l) around one orbital resolution. This leads to the 
following time dependence of the beam polarization along "VA : 

277£ 

|3 /l i s\ Jv (3) 

= s ß \ J * I?' ^ - ^ ^ 3 
~ ~ — CI _ -I— u 

P. is the initial beam polarization and R is the mean radius of the i r 

storage ring. 

For a conventional storage ring, Eq. (3) gives the familiar result 

1_'8 v Ä 5 ^ J ~ • • ... J — Í J = J Äv.wtj 
(4) 

where p is the bending radius of the machine. 

In the simplest case of the Siberian Snake, where the special spin 
rotation is made with a solenoid, Eq. (3) gives: 

Tc 
^ iL ~t 
— g "o 

(5) 

and P^ = 0 
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Therefore, the longitudinal beam polarization will decay exponen
tially with a time constant nearly equal to the build-up time for transverse 
polarization in a conventional storage ring. In LEP, T 0 is given by: 

Other configurations of snake magnets such as the bending magnet schemes 
suggested in the LEP Design Study will have slightly different time constants 
and may even leave the beams partially polarized. These have to be studied 
in more detail. 

In this analysis, other depolarization mechanisms which are present 
in conventional storage rings have been neglected. These are expected to be 
small because of the inherent stability of the Siberian Snake topology. It 
has been suggested1'6) that spin-orbit coupling terms may actually cause a 
build-up of longitudinal polarization in a Siberian Snake Storage Ring. It 
is difficult to know whether this effect is practical in a machine like LEP, 
but it should be studied carefully, as it may provide the best source of 
polarized beams. 

In conclusion, while the Siberian Snake is an attractive idea for 
providing longitudinally polarized beams at LEP, it appears likely that for 
energies above 60 or 70 GeV, synchrotron radiation with spin-flip may seriously 
reduce the average beam polarization. 
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1. Introduction 

We report in this note on the work done at Les Houches to study: 

the space and operational requirements for the LEP interaction regions; 
- the background conditions; 

the experimental implications of the machine design in the interaction 
regions and the tagging of Y Y events. 

Before entering into discussion on the above points, let us briefly 
describe how an interaction region looks in the LEP design study. Figures l.a) 
and l.b) show the layout and the beam optics at an interaction region, respective
ly. At the interaction point, on the left side of the figure, the beam is dis
persion free and is focused to minimal size by the quadrupole doublet formed by 
Qll (focusing vertically) and Q12 (defocusing vertically). At these quadrupoles 
the beam is considerably larger than in the rest of the lattice, as shown in 
Figure l.b). Bending occurs more than 200 m from the interaction point, so that 
this source of synchrotron radiation can be shielded by collimators: moreover the 
last bending magnet before the crossing point is operated at 10% of the standard 
field. The straight sections on either side of the interaction region are used 
to hourse the RF system. 

In the LEP design study one foresees four interaction regions with ± 5m 
free length between the Qll quadrupoles and four with ampler space (+ 10m), but 
with a luminosity which is correspondingly lower by a factor of two (0.5 x 1 0 3 2 

instead of 1 0 3 2 cm - 2 s - 1 ) . 

2. Space and Operational Requirements for Interaction Regions 

2.1 Central detectors 

The references for determining the space requirements for LEP experiments 
are the PETRA and PEP detectors and the detectors discussed at Les Houches for 
LEP. The detectors discussed at Les Houches are of varied types but, limiting 
ourselves to central detectors for the time being, they may be classified roughly 
in size as follows: 

Detector Type Length along Beam Diameter across Beam 

a) "Jet" Detector 10 metres 10 metres 
b) Total Energy Detector 7 metres 8 metres 
c) Lepton Detector 8 metres 7 metres 

However, these sizes are those of the basic detector and do not include 
space for additional equipment which must be in juxtaposition. We must then 
evaluate the space which is needed to "dress-up" these detectors. 
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Figure l.b) : Schematic magnet layout and orbit functions in an octant. The ± 5 m (± 10 m) interaction region is at 
the left (right). The schematic magnet layout is indicated at the top: upwards (downwards) bars are 
vertically (horizontally) focusing quadrupoles, blocks and bending magnets. / ß x and /ß y are proportional 
to the horizontal and vertical beam size, respectively. D is the (horizontal) dispersion. 
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From experience at PETRA and PEP, it is known that considerable addi
tional space is required compared with that for the basic detector. This space 
is needed for: 

- supports, cables, piping, etc.; 

- fast electronics which must be close to the detector; 

cryogenic equipment. 

For example, it is often necessary to incorporate the local electronics 
in a trailer which moves together with the detector, as is done with CELLO at 
PETRA, or as is planned with the SPS antiproton-proton experiment UA1. Figure 2 
shows as an example the CELLO detector with its electronics and cryogenics at
tached. The large PETRA detectors are presented in LEP Summer Study/1-16. 

When considering the size of the experimental area, it is the total 
volume needed for the experiments that must be estimated. 

Considering the above points, the following "typical" overall size of 
central detectors has emerged: 

Overall Detector Volume ± 6 metres wide transverse to the beam 
2 3 metres along trie beam, 
± 4 metres high. 

This corresponds approximately to typical PETRA or PEP detectors plus 
about 1 metre all around. On one side only, transverse to the beam one must allow 
for: 

± 1.5 metres for access 
± 1.5 metres for shielding 

(where necessary) 
± 6 metres for electronics and 

cryogenics 
(e.g. on a trailer). 

This amounts to a total space requirement of 15 m on one side and 7.5 m 
on the other side, transverse to the beam. 

2.2 Minimum Requirements of an Area 

Having defined the size of a "typical" detector, the other input which 
is needed to evaluate the required size of experimental areas comes from opera
tion requirements. The most important operations which have to be performed to 
install and run an experiment are: 

assembly of major components (e.g. large magnets); 
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- assembly of the detector itself; 
- testing of the complete detector; 
- moving of the detector into the beam; 
- data—taking, when the detector is operational; 
- moving out of the detector for major repair or modification. 

Allowing for such operations provides requirements for an experimental 
area which are "minimal" in the sense that no consideration is given to ease the 
changeover to another experiment. 

The combination of the space needed for one detector in the interaction 
region together with the "minimal" operational requirements outlined above have 
lead to the conclusion that the length required transverse to the beam axis is 
in this case about 40 metres. Indeed, an area of such a size was foreseen in the 
LEP Report 78-17. Figure 3 shows a sketch in elevation of such a "40 m" experi
mental area. 

2.3 Requirements for "Fast" Changeover of Experiments 

One of the severe limitations of colliding beam machines is the strong 
coupling between the operational status of all experiments since one cannot work 
close to the detectors when the beams are in the ring. This is in contrast with 
fixed-target machines where a given beam can be turned off without interrupting 
the whole experimental programme. 

For LEP, it is strongly felt by this Working Group that at least some of 
the interaction regions should be liberated from this constraint by designing, 
from the beginning, for "fast" (one week as an order of magnitude) changeover of 
experiments. 

Under the assumption that the same assembly and testing space is pro
vided for Experiment I, an estimation is made of the additional space needed to 
assemble and test a second experiment - Experiment II - whilst Experiment I is 
taking data. It is assumed that one of the experiments is smaller than the other. 
The changeover facility is similar to the one which is provided at PETRA for PLUTO 
and CELLO. The reader is referred to Ref. 2 for a more complete discussion. 

In order to satisfy the requirement for fast changeover between two 
experiments in a given area, additional assembly space is needed on the other side 
of the beams, which adds about 20 metres to the transverse length of the experi
mental area leading to a total transverse length of approximately 60 metres. 

The resultant experimental area resembles those discussed in the LEP 
report but is longer. A schematic drawing in plan view is shown in Figure 4. 
Hereafter, such an area will be called a "60 m" area. 
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The rapid changeover of experiments is achieved by moving one experiment 
backward (i.e. out of the interaction region) and the other experiment forward 
(i.e. into the interaction region). 

This scheme was retained after study of many of.t^r r-oŝ 'blfe ways of 
interchanging two experiments, and insures that experiments can no noved in or 
out in a time of the order of one week. 

A symmetric layout of the exper-n¡er.i.cil ..--'as on the two bides or the 
beam is also suitable for experiments with particularly large dini<;n=: or.s trans
verse to the beam, like TASSO at PETRA. We remark that speci.il »-.xperimental 
requirements may however impose an interaction region which is» in some respect 
different from the "typical" ones discussed in this report (we will discuss later 
in Section 2.5 those required by large forward detectors). 

One of the problems raised by an underground 60 m area is how to gain 
access to the assembly zone located on the far side of the beams from the access 
shaft. Several solutions to this problem have been studied, which are discussed 
briefly below: 

Solution A. Provide a second (smaller) access shaft purely to enable detector 
components to be transported to the assembly zone in question. This solution, 
sketched in Figure 5.a), is costly and moreover it vc;;ld be better to spend money 
in experimental area space rather than in vertical shafts. 

Solution B. Make the experimental area higher to allow equipment to be passed 
over an experiment installed in the interaction region. With this solution, 
sketched in Figure 5.b), the additional height is not very useful for other pur
poses . 

Solution C. Widen the experimental area to allow equipment to pass over the beam 
pipe but on one side of an experiment installed in the interaction region (Figure 
6). This seems to be a good solution, since additional width is extremely valuable 
to facilitate assembly and repair of experiments, and the area has to be anyway 
considerably wider than the detector for assembly purposes. This remark also 
applies to the 40 m areas (the width of the PETRA and PEP experimental halls is 
20 m). 

A sketch of the required cross-section of the 60 m area is shown in 
Figure 6. It should be noted that more extra space on one side only can be ob
tained by locating the axis of the transverse tunnel asymmetrically with respect 
to the crossing point. This may be advantageous in certain cases depending on 
the details of the eventual experimental detectors which will be used. Clearly, 
a better definition of the dimensions of the experimental areas (both "40 m" and 
"60 m") awaits progress in the design of detectors. 

http://speci.il
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Figure 5.a) and b) : Two schemes for a second access to a 60 m area 

Figure 6 : Sketch of cross-section of a 60 m area 



As a final remark, it should not be forgotten that if some of the experi 
mental areas can be located close to the surface (say, less than 20 metres below 
ground) then a separate access becomes realistic in terms of cost. 

2.4 Time Sequences During Changeover and Major Modifications to Experiments 

In order to illustrate the advantages of a 60 m area during operation, 
it is useful to look at the time sequence of the operations needed to make a 
changeover in the case of a 40 m area compared with a 60 m area. 

Changeover in 40 m Area 

Interaction region 
off for 

several months 

Run Exp I Run Exp II 
Remove I 
Assemble 
Test > II 
Move in 

Major Modifications (say every 1 - 2 years) in 40 m Area 

Interaction region 
off for 

several months 
, time 

Run Exp I Run Exp I 
Major 

Modifications 

Changeover in 60 m Area 

Interaction region 
off for 
- 1 week 

Run Exp I 

Assemble I Run Exp II 
Test ) II 
Move in 

time 
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We conclude that a clear gain in changeover efficiency is obtained with 
the 60 m area. It is also clear that a gain is obtained when an experiment re
quires major modifications, since not only is the interruption of machine opera
tion minimized, but a second (perhaps smaller) experiment could be run during the 
period when the bigger experiment is undergoing modification. 

2.5 Forward Detectors 

For some experiments, large forward detectors are required. The YY for
ward detector discussed at Les Houches requires ± 10 m free length between 
quadrupoles and extends to ± 14 m from the interaction point, covering angles up 
to ~ 400 mr. Another forward detector discussed for LEP is the forward magnetized 
iron toroid1) (6 m diameter and over 30 m length) to measure the muon polarization 
in e +e~ -> u+u~. For such detectors, special extensions of the experimental area 
would be required in the forward direction. 

In the case of underground areas such extensions have to be foreseen 
from the beginning and could take the shape of tunnel enlargements along the beam, 
as proposed in the LEP design study. Their volume, and therefore cost, should 
normally be considerably smaller than the one of the area itself. 

2.6 Final Remarks on Experimental Areas 

This study has revealed the necessity to consider carefully the implica
tions of the need for efficient changeover of experiments in some of the interac
tion regions. This has lead to the proposal of the 60 m area. The volume of a 
60 m area is approximately twice that envisaged for a "typical" experimental area 
in the LEP report and its approximate cost will presumably be double that of the 
typical area given in the report. The approximate cost of an underground 60 m 
area will therefore be approximately 2 x 6.8 MSF = 13.6 MSF. One may say, however 
that it is perhaps unrealistic to assume that all areas should be 60 m areas, 
since some will be of necessity of a special shape, in order to accommodate 
special detectors (such as those requiring long forward arm spectrometers). If 
at the present stage - where the experimental area design lacks the precision to 
be given by a more advanced view of the experimental programme and real detector 
proposals - one allows in the budgetary planning of LEP for four 60 m experimental 
areas, the increment to the financial provisions made in the LEP design study 
is 4 x (13.6 - 6.8) = 27 MSF. Compared to the costs of typical experiments for 
LEP, this is not an unreasonable price to pay for the flexibility and improved 
efficiency of the 60 m experimental areas. We remark that the total cost of 
experimental areas, excluding access shafts, in the LEP design study amounts to 
5% of the total cost of LEP. 
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Also in comparison with the cost of access shafts (6 MSF each), the 
proposed cost of the experimental areas does not seem out of line, although work 
is going on to reduce the cost of the access shafts. 

Studies of the techniques used in the past, both at the SPS and in in
dustrial underground construction, have neither given indication that there is 
anything fundamentally difficult with underground experimental areas nor that the 
volume of excavation required is technically unfeasible or excessively costly. 

The important constraint of being underground is the difficulty to 
extend, at a later date, the space available for the preparation and carrying out 
of experiments. It should in fact be underlined that later modifications of the 
experimental areas are extremely unlikely to be accepted because of the inherent 
lengthy shutdown which this would require, except for minor changes such as the 
digging of a modest pit below the interaction point to accommodate some specially 
cumbersome device. In view of this, one should be reasonably generous in the 
planning stages with the budget for experimental areas: one cannot be too econo
mical in the planning for fear that a steep cost and time penalty must be paid 
for later changes. Advantages could be obtained if, by suitable location of the 
machine, one or more of the interaction regions could be near to the surface. 

2.7 The Number of Interaction Regions 

Several elements have to be considered when trying to define the optimum 
number of interaction regions which LEP should have. 

There is no doubt that LEP will be the^source of exciting physics for 
a large community of physicists and that its capital and running costs should be 
shared among the largest number of experiments, often having by nature low rates 
and therefore long data-taking time. It is however not difficult to foresee that 
large experiments will naturally be rather limited in number. 

Moreover, the maximum attainable luminosity for a storage ring depends, 
among other parameters, on the maximum allowed beam-beam tune shift per effective 
crossing, hence the number of unused interaction regions has to be maintained as 
low as possible. Beam orbit separation is difficult and implies in general larger 
apertures in the magnetic structure, so that it cannot be considered as a good 
alternative to a limited number of interaction regions. 

The difficulty in beam separation has as another consequence that a low 
number of interaction regions also implies a lower number of bunches, i.e. a 
lower luminosity unless the number of particles per bunch is not correspondingly 
increased. This means that too low a number of interaction regions is not 
desirable. 
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These considerations lead to the philosophy of providing LEP with a 
reasonably low number of interaction regions efficiently used. This philosophy 
has already motivated people to envisage 60 m interaction regions for a fast 
changeover of experiments. All this taken into account, the choice of eight 
interaction regions appears to be justified. 

2.8 Free Length Between Quadrupoles 

From the experimenter's point of view, in each interaction region the 
free length between the low-ß quadrupoles should be as short as compatible with 
the detector, so as to achieve the highest luminosity. Among the two free lengths 
contemplated in the LEP design study, most experiments would rather have the high 
luminosity one, i 5 m with the compensation of magnetic fields done outside. 

It is stressed by machine designers that any special magnetic field pat
tern in one intersection represents a perturbation to the regular lattice which 
contains all harmonics and is therefore very dangerous for resonance excitation. 
The free length between quadrupoles should therefore possibly be the same in all 
intersections. 

In practice, it is understood that the maximal symmetry required by 
machine designers is a must for the running-in at the machine, but can hopefully 
be released afterwards. It then appears essential tc build-in the flexibility of 
changing free-lengths once the machine will be under full control. The initial 
configuration should be as symmetric as possible, while compatible with the ex
periments which will take data at that early stage. 

3. Background Conditions 

All the sources of background for experiments discussed in the LEP 
design study were considered by the working party, namely: 

a) synchrotron radiation from the bending magnets; 
b) synchrotron radiation from the intersection quadrupoles; 
c) interaction of synchrotron radiation with the other beam; 
d) beam gas bremsstrahlung. 

3.1 Synchrotron Radiation from the Bending Magnets and Intersection 
Quadrupoles 

The LEP design foresees long straight sections on either side of the 
interaction regions for the RF cavities. These long straight sections allow the 
design of a collimation system which can deal effectively with the synchrotron 
radiation from the bending magnets, as described in the LEP Design Study. The LEP 
design study proposal for the way in which the much more important synchrotron 
radiation from the interaction region quadrupoles should be handled was also in-
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vestigated and the conclusions reached were found to be valid. However, it should 
be emphasized that the proposed interaction region vacuum chamber has rather large 
transverse dimensions for some experiments in order to keep the walls clear of 
synchrotron radiation. The position of the collimators, the minimum diameter of 
the vacuum chamber and the angular distribution of the expected background are 
all inter-related and should be optimized for different detectors; for example, 
a "Jet Detector" and a "2-y-experiment", in order to further explore the range of 
possibilities. The dependence on energy also needs further investigation. 

3.2 Direct Interactions of the Synchrotron Radiation with the Other Beam 

Synchrotron radiation from the adjacent quadrupoles gives a luminosity 
for photon-electron interaction of the order of 1Z, and the radiation from the 
electromagnetic field caused by the other beam in the interaction area a lumino
sity of 5% of the e +e luminosity. Two processes were considered: 

ye •*• -ye (Compton Scattering) 
ye •+ e +e~ e (pair, Trident production) . 

The Compton Scattering process produces 1.5 collisions per bunch and 
pair production 5.5 pairs per bunch. The kinematics of these processes were re
calculated for 70 GeV using the method described in the LEP 100 physics study. 
The differences found are very small except near the beam energy. In Figure 7 
the energy of the scattered electron for Compton Scattering is shown versus its 

( k i ) 

scattering angle. The curve parameters are the incident photon energies J . Be
tween the curves the number of interactions per bunch passage is given. With a 
cut-off angle of the vacuum chamber exceeding 10 mrad we find that only a very 
small number of electrons of low energy exceed that angle and these would easily 
be deflected by a solenoid field. A similar graph is given in Figure 8 for the 
scattered photons. They reach much higher energies but only very rarely reach 
the range above 10 mrad. 

In Figure 9, we finally describe the kinematics of the pair-produced 
electrons. The incident electron is virtually not affected when cross-sections are 
large, however the produced electrons appear at all angles and at various, mostly 
small, energies. Beyond the 10 mrad limit the electron energy is very small and 
the electrons would be coiled up inside the vacuum chamber by a typical solenoidal 
field and only appear at the ends of the straight section. 

3.3 Beam-gas Bremsstrahlung 

Some electrons which lose energy by beam-gas Bremsstrahlung will be 
lost from the RF bucket. The rate of production of these off-momentum particles 
is as given in the LEP design study: 
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Figure 7 : Energy of compton scattered electrons vs. their polar angle 
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Figure 8 : Energy of compton scattered photons vs. their polar angle 
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Figure 9 : Energy of pair produced electrons vs. their polar angle 
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- - 4 r - = 2.06 x 10 - 1 5/metre or ndx 
5.15 x 1 0 - 3 particles/bunch/metre 

for a residual gas pressure of 10~ 1 0 torr. 

It is assumed, but should be checked, that off-momentum particles pro
duced in the bending magnet region and in other straight sections will be lost 
elsewhere than at the intersection. However, as shown in the LEP design study 
a certain fraction of those produced in the adjacent straight section are swept 
out between the intersection quadrupoles (Q;Q) and may enter detectors. 

Because of doubts that it will he possible to achieve the design aim of 
1 0 - 1 0 torr throughout the straight section, particularly where the vacuum chamber 
is irradiated by synchrotron radiation from the bending magnets, some additional 
background estimates were made assuming different residual gas pressure distribu
tions. The results of three such estimates are illustrated in Fig. 10, the pres
sure distributions being: 

1. 1 0 - 1 0 torr throughout the straight section - design aim; 
2. 1 0 - 1 0 torr except in the 40 metre long region of hard 

synchrotron radiation where 10 - 9 torr is assumed; 
3. 1 0 - 1 0 torr except where the last 80 metre long region 

where 10 9 torr is assumed. 

The estimates were made taking into account the energy spectrum of the 
off-momentum particles and estimating the probability of them being scattered 
into the interaction area, using Figures 15 - 21 of the LEP design study. 

In total there are between 0.03 and 0.12 particles/bunch of potential 
background depending on the residual gas pressure. This will be a very important 
rate particularly for tagging detectors. It can be seen that the regions far 
from the interaction points contribute in a very important way to the high energy 
part of the background spectrum so that the importance of achieving a low residual 
pressure even in these difficult regions cannot be over-emphasized. This leads 
to the suggestion of adding a collimator in this region to shield the vacuum 
chamber from the synchrotron radiation. This result also throws some doubt on 
the assumption that off-momentum particles produced elsewhere can be neglected. 

It is clear that with such a background of high energy electrons, tag
ging detectors will have to use "track origin" to separate background from elec
trons from 2y events. This may not be easy to provide in a trigger. A further 
investigation into its feasibility will require a study of the angle and position 
of the background particles and eventually the design of suitable detectors. 
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Figure 10 : Spectrum of beam-gas bremsstrahlung electrons 
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4. Machine Design Around the Interaction Areas and Tagging of yy Events 

4.1 Tagging in Front of the Low-ß Quadrupoles 

The tagging in front of the quadrupole allows full acceptance in azimuth 
down to some minimum angle between the beam-line and the tagged electron. With 
the vacuum chamber of the present design, tagging is possible down to 22 mrad 
in the ± 5 m interaction regions. The size of the vacuum chamber is however de
termined by the need to stay clear of synchrotron radiation from the low-ß quadru
poles. It should be investigated whether, with the addition of more collimators 
to confine tne synchrotron radiation closer to the beam, the diameter of the 
vacuum chamber could be decreased to the size required by the beam aperture. The 
lowest tagging angle would then be about 12 mrad in a ± 5 m region3). An addi
tional advantage of a smaller vacuum chamber is that the chamber wall could be 
made thinner even in the central region. 

Tagging in front of the quadrupoles provides a single tagging efficiency 
of the order of 30%, as one can see from the calculations reported in Ref. 1. 
This may well be sufficient for most experiments for which yy events constitute 
a not too serious background. 

Experiments that need very good tagging efficiencies, such as those 
specialized in yy physics, should go into ± 10 m interaction regions. There, 
tagging angles down to 11 mrad (6.5 mrad with a smaller vacuum chamber) are pos
sible in front of the quadrupoles. 

4.2 Tagging Through the Low-ß Quadrupoles 

As discussed in Ref. 3, the acceptance can be extended to smaller angles 
if electrons are detected after the first low-8 quadrupole (Q-Q)• The angular 
acceptance is however azimuthally non-uniform due to the nature of the quadrupole 
(focusing vertically and defocusing horizontally) and depends on the electron mo
mentum. In the prosent design, the accepted region is small (Fig. 11), due to 
the limits imposed by the poles. Several solutions have been considered: 

i) A Panofsky-type quadrupole, with a rectangular aperture. A half 
aperture of 8 cm vertically and 25 cm horizontally gives an accep
tance of about ± 15 mrad in both planes. This quadrupole would have 
to be superconducting. 

ii) A superconducting quadrupole with a circular opening as for the 
ISR low-ß insertion4^. This would have to be scaled up to 3 times 
its length and about twice its inner radius (10.5 cm for the ISR) 
and down to a quarter of its field gradient. 

iii) A quadrupole open on the horizontal plane. Such a magnet could be 
non-superconducting. 
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Figure 11 : Angular acceptance for tagging through the Qll aperture 
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Any of the proposed solutions to increase the tagging acceptance needs 
further study of its feasibility and tagging efficiency. They lead to specially 
designed quadrupoles, increased cost and complexity, and also to large outer dimen
sions of the quadrupole, reducing the access to the central detector or to the 
tagging system in front of the quadrupoles. Such solutions should be considered 
only in relation to special experimental requirements. 

4.3 "Slim" Quadrupoles 

The small free length between the quadrupoles which is required to 
achieve a high luminosity bears a consequence that central detectors will have ta 
tightly fit in between them. One should then explore the design possibilities 
for quadrupoles of minimal outer dimensions, to allow easier access to the tagging 
system or reduce the dead forward cone. Such designs necessarily go against the 
requirements for tagging through the quadrupole and hence have experimental 
features orthogonal to those discussed in the previous section. 
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ECFA/LEP 3 
July, 1978 

Space Requirements in LEP Experimental Halls 

B. Richter, SLAC 
1. Summary 

In this note I examine the space requirements in LEP experimental halls for 
set-up, running and repcir of one or two experiments per hall. Information on 
the size of experiments comes from experience with SPEAR, PEP and PETRA. I con
clude that the present hall design (40 x 16 m, with the long direction perpendi
cular to the beam line) is adequate to handle one experiment per hall but not 
two. The hall for two experiments would have to be about 60 m long and would 
require some provision for heavy equipment access at both ends. 

2. Philosophy of operation of LEP 

LEP will be an expensive machine to build and an extremely exciting place to 
work. There will be a great deal of pressure from the community of potential 
users for access to the machine, and it is desirable that the machine run for the 
maximum feasible amount of time. Shutdowns for installation and repair of 
apparatus should be minimized. It is reasonable to assume as a design goal 
> &0% on-time (7000 hours/year), including fills, experimental time, machine 
development, and routine short accesses. The "off" time should then amount to 
about ten weeks/year, and this off-time must be compared to set-up time for an 
experiment. 

At SPEAR, we have installed six different experiments in the East interaction 
region, two magnetic detectors in the West interaction region (Mark I and Mark II) 
and made two major modifications of the magnetic detectors (the lead-glass wall 
addition to Mark I and the side muon identifier to Mark II). The changeover of 
experiments in the East interaction region typically required 12 to 14 weeks to 
reach the point where the new experiment could begin system tests with cosmic 
rays. Mark I and Mark II installations each required about 20 weeks, while the 
major modifications to the large detectors required about eight weeks each. 

At SPEAR, with only two interaction regions, we have been able to coordinate 
experiment changes so that work in both interaction regions was done in a long 
summer shutdown. This coordination is very much more difficult in a machine 
with many interaction regions, and both PEP and PETRA have adopted an operating 
philosophy requiring that experiments must be set up and tested off-beam-line and 
moved quickly into the beam line when ready to use the beam. At PEP, the 
designed moving time is to be three to four days. This same operating philosophy 
has been adopted for LEP. 
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PEP and PETRA each have one experimental hall sufficiently large to handle 
two experiments, and both labs feel that since their experimental halls are 
above ground they can be expanded to handle more than one experiment. In LEP, 
on the other hand, the experimental halls are to be deep underground, and the 
expansion of the hall after completion would n ^ only be expensive but would 
seriously interfere with machine operation. Hence the LEP design philosophy 
is to have each hall large enough to handle one large and one medium-sized 
experiment, with the possibility of a quick interchange. With this arrangement, 
a new experiment can be set up while the previous one is running, a major repair 
of one can be made with the second quickly substituted, or experiments can 
"time share" the collision region on a systematic basis. 

3. Space requirements for one experiment 

Since no detector designs for LEP have been made yet, it is necessary to 
rely on PEP/PETRA experience with some appropriate modifications to handle the 
higher LEP energy. I shall use the PEP version of the Mark II detector as an 
example, for I know it best and it is reasonably representative of the sizes of 
experiments proposed for PEP/PETRA (HRS at PEP is considerably larger, TPC at 
PEP is somewhat smaller, CELLO at PETRA is the same size, and TASSO at PETRA is 
larger). The total size of the experiment is determined by the size of the 
detector itself, the necessary allowance for shielding between the detector and 
the external area, the size of the "trailer" attached to the detector that moves 
with it (containing counting electronics, cryogenics etc.), plus the necessary 
clearance to work on the apparatus. The Mark II central detector is 10 m wide 
x 8-m high. For work at higher energies, the iron muon identifier would surely 
be increased by about 1 m on each side for better muon identification and hadron 
calorimetry at higher energies. The central detector in our LEP example would 
then be 12-m wide x 10-m high. 

The trailer attached to Mark II contains all fast electronics, drift chamber 
and liquid-argon electronics, power supplies for these components, and all pumps 
and controls for the liquid-argon cryogenic system. These components must be 
located close to the detector to minimize cable delays and attenuation and to 
allow a cryogenic system on the detector to be moved while it is cold. The 
Mark II trailer does not contain the on-line computer, main control console, 
chamber gas system, or the large storage dewars for cryogenic fluids. It is 
6 m wide x 10 in along the beam line and has two levels. 

In addition, a 1.5 m gap exists between the main detector and the trailer 
for installation of a shielding wall when the experiment is in the "m" position, 
and another 1.5 m is taken up with various access spaces. 
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Unload space at access shaft 4 m 
Detection system in "out" position 21 m 
Shield wall 1.5 m 
Central detector in "in" position 12 m 

Total for Mk-II at LEP 38.5 m 

This arrangement is illustrated in Fig. 1. 

In this example, 8 m are used for the electronics and cryogenics trailer, 
and as clearance for the shield wall. It might be possible to arrange some of 
this equipment along the side walls of the hall where crane coverage is poor and 
thus to reduce the size perpendicular to the beam. However I have made no 
provision for space for such things as assembly of forward spectrometer arms, 
sub-assembly of parts of the detector, on-line computers, control consoles etc. 
Further, Mark II is not the largest of the PEP/PETRA experiments, and therefore 
I conclude that a 40 m hall is adequate for one experiment but not for more. 

4. Requirements for a second experiment 

Before discussing space and access requirements for a second experiment, it 
is useful to re-emphasize the rationale for a hall large enough to handle two 
experiments. This is based upon the time required to install a large experiment 
and get it ready for rests with beam. On the basis of experience with PEP/PETRA/ 
SPEAR, this time is about four to six months. If no other experiment can be 
using the beam during this period, then beam time in that experimental hall is 
lost and the effective running time of the machine is reduced. This reduction 
is negligible if experiments are changed very rarely, but experience at SPEAR and 
DORIS would indicate that major experiments require major modifications roughly 
every two years, and that medium-sized experiments change roughly once a year. 
The loss of effective machine time is serious if the machine is to be operated 
a large fraction of the year. Potential on-time is subject to both budgetary 
and technical limits, but with e +e machines there seems to be no technical 
reason to prevent running > 80% of the time. Thus to produce the maximum 
physics and to serve the largest number of users, some or all halls should be 
equipped to handle two experiments. 

The total size of this modified Mark II detector would be 21 m perpendicular 
to the beam line, by 10 m high and about 10 m along the beam line. With these 
dimensions, the minimum size perpendicular to the beam line for a LEP experimental 
hall capable of handling only one experiment is 39 m divided as follows: 
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Space requirements for a second experiment are a matter of guesswork. 
They could range from 5 m for the smallest conceivable experiment, to the 25 m 
required for another major experiment like that described above. Since it is 
extremely difficult to modify halls deep underground, it is better to be over-
than under-sized, and a rough round number for a hall long enough to accommodate 
two experiments would be about 60 m. 

Access to the assembly area for the second experiment is complicated by 
radiation shielding requirements around the collision point. At PEP, extensile 
calculations and measurements have indicated that the collision point must be 
enclosed to protect people working outside the shield wall from radiation 
reflected from the roof of the experimental hall. The solution adopted at PEP 
is to place a half-metre thick curtain wall riding on the rails of the hall's 
crane above the main shield wall and extending to the roof. Calculations 
indicate that the LEP collision regions must also be enclosed, but a solution 
like that adopted at PEP would prevent the crane crossing the collision region 
while the beam is on and defeats the purpose of the extension of the hall for 
the second experiment. Two obvious solutions to this problem present themselves: 
(1) Install a second shaft to the surface at the opposite end of the hall from 
the main access shaft. This second access can be considerably smaller and hence 
less costly than the main shaft for it need be used only for equipment and need 
not include space for cables, personnel elevators, air vents etc. A shaft with 
a 60-ton hoist approximately 5 m in diameter should be sufficient. (2) Place 
a shielding roof ^0.5 m thick over the top of the experiment and increase slightly 
the height of the experimental hall to allow enough crane clearance to carry 
heavy or bulky items over the collision region. A clearance of 4 m above the 
collision region should be enough, requiring an increase in the hall height of 
a few metres over the present design. 

The specific method adopted is a matter to be decided on the basis of 
engineering studies and costs, but it is necessary to have beam-on crane coverage 
to the area of the second experiment. 

5. Conclusion 

The design goal for LEP experimental halls is to allow a second experiment 
to be in place or being set up while the first experiment is operating, and to 
allow quick interchange of the two experiments. Based on the size of PEP/PETRA/ 
SPEAR experiments, I conclude that the 40-m halls in the present design are not 
adequate to meet this goal and that the long dimension of the halls must be about 
60 m. Access for bulky or heavy items is required at both ends of the hall. 



- 269 -

1 
TO 

surface 
59 m 

Electronics and 
flics 

T 
10 ra 

7 

rcryogani 

Kain 
detector 

hloading 

Figure 1 : Hall with one detector in "out" position. 
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STEERING THE LEP PROJECT 

J.8. Adams 

Introduction 

We are now coming to the end of the LEP Summer Study. The phys
ics case for a very high energy e +e _ colliding beam machine has been 
argued in depth, and a design for a lar¿e electron positron colliding beam 
machine has been presented and discussed in detail. Yesterday and this 
morning we have heard summaries of the work done at Les Houches. No doubt, 
it will take several months to assimilate all that has been said and done, 
but I am sure that one question is already present in all our minds -
where do we go from here? 

The organizers of the LEP Summer Study clearly foresaw this 
question when they arranged the programme and scheduled a talk this after
noon entitled "Steering the LEP Project". Unfortunately, in picking the 
speaker for this talk they overlooked that the Summer Study ran at the 
same time as the meetings of the Scientific Policy Committee, the Finance 
Committee and a very important Programme Meeting of the CERN Council. As 
a result, I have not been able to attend the Summer Study at Les Houches 
and my contribution this afternoon may consequently suffer from a lack of 
input from your discussions. Nevertheless, even sitting in these meetings 
in Geneva, the message came through loud and clear from Les Houches "We 
want LEP", so on the assumption that we all want it I will discuss this 
afternoon how we might set about getting it and the questions which I 
believe we have to answer in order to get it. 

LEP Studies to Date 

But before I get to my list of questions, I think I should remind 
you of what has happened so far in steering the LEP project. Studies of 
a large electron positron colliding beam machine were started at CERN 
early in 1976. The first machine was aimed to give a maximum luminosity 
of 10"^ cni~2 s e c

- l at an energy per beam of 100 GeV and a report was pub
lished on these studies in August 1977. A first draft of this report was 
discussed at a study week at DESY early in 1977 together with another 
report on the research that could be carried out with very high energy 
e +e - colliding beams which was published in 1976. I would like at this 
point to pay tribute to ECFA, and particularly to Guy von Dardel, its 
past Chairman, who, faithful to the traditions of ECFA, really pushed LEP 
in the early days and overcame all manner of obstacles to get it accepted. 
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From the machine point of view the studies of the 100 GeV LEP 
ran into a number of technical problems to which solutions could not be 
found at that time. This led to a second study of a smaller machine for 
which it was believed solutions to these problems could be found. 

The result of this second study, which was started about a year 
ago, has just been published in the Blue Book and has now been thoroughly 
discussed at Les Houches. As far as I can gather from the summary talks 
here at CERN, the machine design has stood up rather well to a searching 
examination during the LEP Summer Study which confirms my own impression 
that the Blue Book machine is a very good basis on which to design the 
final LEP machine. 

The machine studies which have been carried out during the last 
year have been organized at two levels. The people actively engaged in 
the different aspects of the machine design have formed the LEP S:udy 
Group, led by Drs. Keil, Schnell and Zilverschoon, and the experimental 
utilization aspects have been supervised by Drs. Darriulat, Picasso and 
Gabathuler. 

Many accelerator physicists from the National Laboratories in 
Europe and elsewhere have taken part in these studies and the design you 
have been discussing owes much to their contributions. The DESY experts 
have, of course, been very busy this last year getting PETRA finished and 
operating but now that PETRA has started up so well we sincerely hope 
that they will be free to join in the studies and add to them their valu
able experience and ideas. 

These studies have been supervised by the LEP Steering Committee 
whose members include representatives of the European National Laboratories 
expert in electron machines, DESY, FRASCATI, ORSAY and DARESBURY, and rep
resentatives of CERN. The aim of the LEP Steering Group has so far been 
limited to reaching a practical design for a LEP machine, but now we must 
raise our sights and steer the LEP project towards a final design and an 
agreement to build it. This brings me to the list of questions which I 
believe we will have to answer in order to reach this goal. 

What I intend to do is not to answer these questions but to 
discuss them and I will start with the question of the energy of LEP. 

1. Energy of LEP 

As I have already said, the energy of the LEP machine which 
has just been discussed at Les Houches was chosen simply to 
arrive at a practical machine design which could be con
structed and would with reasonable confidence operate in 
accordance with its performance specification. At a first 
stage of construction it would give a peak luminosity of 
1032 cm~2 sec-'- at 70 GeV per beam and it could be extended 
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at a second stage with superconducting cavities to reach 
about 100 GeV with a luminosity of about one third of the 
peak value. 

If I understand correctly from the summary talks such a 
LEP machine could cover quite a large range of physics 
but there are some experiments which demand rather higher 
energies and, as far as I can see, a larger machine than 
this could now be designed from the technical point of 
view. ECFA has set up a series of Working Groups to look 
into this question and will be making recommendations 
early next year. It seems to me, however, that the limi
tation on the energy of LEP may come more from the 
financial point of view rather than the technical one and 
this I will discuss later. If this is so then we may have 
to accept a LEP that can do 90% of the physics which is now 
foreseen rather than 100%. This problem is eased by the 
idea of building LEP in stages since approval to build it 
could then concentrate on the first stage of construction 
leaving the possibility open to increase its energy later 
on when more money might be available and perhaps other 
sources of funding. 

The same could be said about polarized beams in LEP which 
also could be left to a later stage. If indeed the limi
tation on LEP energies does turn out to be financial, as 
I suspect, then in order to get into this field of physics 
as soon as possible we should concentrate on a basic 
machine which has built into it from the start the possi
bilities for development later on. For example, if the 
final energy with superconducting cavities is to be some
what higher than 100 GeV then at least the magnet system 
should be capable of reaching that energy by simple 
additions and without fundamental changes. 

2. Diameter of LEP 

The present LEP design seems to have a diameter about 
10 to 15% smaller than the cost-optimized diameter for 
70 GeV energy at peak luminosity. If this was corrected 
its diameter would be about 8 km instead of 7 km. But 
some people have suggested that LEP should have a diameter 
bigger than its cost-optimized value. If we are really 
short of money for the basic LEP then we should have a very 
good reason indeed to build an oversize LEP which will 
clearly cost more and I think this point should be clari
fied as soon as possible. 
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3. Site of LEI* 

ECFA asked us to examine whether I-EF could be built next 
to or very near to CERN and the preliminary work that has 
been done indicates that this is indeed possible from the 
technical point of view, at least for LEP 7 km in diameter 
and possible for a bigger machine. Clearly it could also 
be built elsewhere. 

It must be obvious to everyone that the site of LEP will 
be a question which will raise the keenest interest of 
Governments. Some of you will remember that the site for 
the SPS machine held up that project for many years. 
Indeed, we can perhaps learn a little from that experience 
since getting approval for the SPS took longer than its 
construction time and we certainly want to avoid that for 
LEP. There were in fact three problems which blocked the 
SPS project when it was planned to build it remote from 
CERN: 

(i) it cost too much for the Member States; 

(ii) there was no agreed way for choosing the site; 

(iii) appearing later, there was the problem of 
financing two separate laboratories of CERN 
each with its own staff and infrastructure. 

As you know, the solution finally found to these problems 
was to build it next to CERN which halved the cost and 
left us with one laboratory today instead of two. 

In the case of LEP it seems that no great financial 
saving can be envisaged by building it next to CERN, 
at least during construction, but afterwards, of course, 
we would still have one laboratory to operate if it were 
built at CERN, whereas if it were built elsewhere the 
Member States would have to finance the operation of two 
laboratories each with its own infrastructure. There may well 
be other reasons for building LEP next to CERN such as 
having electrons and protons in close proximity or having 
a big tunnel next to the existing machines for some future 
machine. Whatever the arguments they should be clarified 
and their importance measured, because I am sure it would 
help if in the next twelve months the scientific community 
could come to a clear view on where to build LEP. After 
that, of course, Governments will have their own views but 
if the scientists do not come up with a clear proposal where 
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to build LEP, supported by strong reasons, then Governments 
can hardly be blamed for taking a long time to reach a deci
sion. 

4. Government Questions 

It is clear that the LEP project will raise other questions 
than the site in the minds of the Governments of the CERN 
Member States. Although it is always difficult to predict 
what aspects of a project make it more or less acceptable to 
Governmental authorities, it is safe to assume that the cost 
of the project is a very important factor. These authorities 
have to maintain a reasonable balance between the financial 
support for nuclear particle physics in their own countries 
and their support of CERN; and between the financial support 
for nuclear particle physics and for all the other sciences 
both at the national and international levels. It is impor
tant to realize that because they are concerned with 
balances these authorities are particularly conscious about 
shifts in the relative allocations of resources with time. 
We are now witnessing in many of the Member States of CERN 
a shift of resources away from nuclear particle physics 
towards other sciences and from fundamental research to 
applied research. Unless, for some reason, this trend 
reverses, it seems unlikely that nuclear particle physics 
research is going to be allocated more money in the fore
seeable future. Since the balance between the support for 
this research in the national and university laboratories 
of the CERN Member States and internationally at CERN is 
already a source of worry in most of the Member States it 
seems unlikely that CERN budgets will be increased in the 
future in order to build LEP. In these circumstances, a 
financial limitation emerges which could strongly influence 
the acceptability of LEP from the point of view of the 
Member States of CERN and that is that LEP does not imply 
any increase in the international expenditure on nuclear 
particle physics for these States. 

We have tried to work out what this means for LEP. Clearly, 
if no more money is made available internationally in Europe 
to build LEP, its cost will have to be found by closing down 
some of the existing programmes at CERN. This will also 
release the staff to build it. We have worked out that if 
the ISR and SC programmes are closed down at the start of 
LEP construction, and if an adequate SPS programme is 
continued together with an intermediate-energy programme 
using the PS machine, then up to 150 MSF per year might be 
made available to contruct LEP. If LEP costs 1000 MSF to 
build, it would take about seven years to complete which is 
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perhaps acceptable to its future users. If, on the other 
hand, LEP costs 2000 MSF and consequently takes fourteen 
years to build, I imagine this would be completely unaccept
able to everyone. This line of reasoning suggests, 
therefore, that a LEP project costing more than 1000 MSF 
may be unacceptable both to the CERN Member States and 
also, for time scale reasons, to its future users. Another 
consequence is that LEP cannot be started according to this 
scenario until the ISR and SC machines can be closed down, 
which some people, particularly their users, do not foresee 
before the early 1980's. Adding seven years' construction 
time to this one arrives at a completion date for LEP in 
the second half of the 1980's. 

There is also another question in the minds of the Member 
States. Not unreasonably, several Member States are sur
prised, not to say astonished, that a new large accelerator 
is being proposed for Europe so soon after the last one, 
the SPS, has been brought into operation. In fact, the SPS 
construction programme will only be formally wound up by the 
CERN Council in February next year, and already the next big 
project is being pressed. Furthermore, PETRA is only just 
coming into operation and there are those who argue that surely 
one should *ait until that machine gives results which may take 
another year or so. The accelerator builders themselves in 
their prudent way, would also like to see how well the PETRA and 
PEP machines perform since so much of the LEP design is based 
on these machines. On the other hand, it can be pointed out 
that, even in the scenario I have just sketched, LEP will not 
be ready for use until the second half of the 1980's, about ten 
or twelve years after the SPS came into operation, but I am not 
sure that the authorities in our Member States find that pros
pect too unbearable. 

Finally, these authorities, just like us, look around at 
what is happening in the rest of the world since here 
again they think in terms of balances. In this respect, 
it seems to me, we have a good case since the three main 
regions of the world which actively pursue nuclear par
ticle physics are building complementary machines rather 
than similar ones. The Americans are going ahead with a 
400 GeV proton-proton colliding beam machine, and the 
Russians are planning to build a 3 TeV fixed-target proton 
machine. A LEP machine would be complementary to these 
two machines. The planned completion dates for these 
three machines are also towards the end of the 1980's and 
therefore comparable with the LEP completion date in the 
scenario I have just mentioned, and this is another point 
that the CERN Member States will consider. 
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5. Questions of CERN users 

This now brings me to some questions which I am sure will 
be raised by the community of physicists who at present 
use the facilities of CERN. If indeed the ISR and SC have 
to he closed down in order to build LEP then the experi
mental facilities now available to this community will 
obviously be less at least during the years of LEP 
construction. At the present time there are about 1500 
CERN users, 900 of which use the SPS machine. I do not 
know how many of them are keen supporters of LEP or how 
many will want to use it when it is built but I can see 
a serious problem for all of them during the years of 
LEP construction when CERN can only offer the SPS and PS 
machines and even afterwards when LEP is operational. 

I know that ECFA is very conscious of this problem and 
is presently studying it seriously, taking into account 
that there are other experimental facilities available 
in Europe than those at CERN. I believe that this ques
tion of the CERN users is indeed a serious one since LEP 
needs the support of the whole community of European 
high-energy physicists as well as the enthusiam of the 
future LEP users. 

6. Time Scales for LEP 

The kind of scenario I have just been discussing which 
is finance limited leads to an approximate time scale 
for the LEP Programme which I have tried to summarize in 
Transparency 1. 

All transitions between the stages of the LEP project 
should be regarded as having tolerances of ± 6 months 
or maybe more since they are based only on scenario-type 
arguments, and not on any hard facts, and still less on 
any decisions. All the dates shown and their correla
tions with LEP are those I have just mentioned and I 
have also added the planned completion date for the SPS 
pp facility whose construction, according to this scenario, 
will be completed before LEP construction starts. 

Future LEP Studies 

From these time scales for LEP one sees that there are two or 
three years available from now to the start of construction of LEP and 
they should be used in the most effective way possible to bring the pro
ject to the stage where construction work can start with the minimum 
delay. 
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Clearly, as I have said, it will help if answers can be given as 
soon as possible to the first three of my questions - the energy, the dia
meter and the site of LEP. However, we do not need to wait till then to 
start the next phase of LEP studies. For a year we can work on the general 
design of LEP, looking into the problems raised at this Summer Study and 
working on the components of LEP since if the size of LEP is not too far 
different from the present one the components will not change too much 
with diameter. However, within about a year's time we should be working 
on the actual components of the final LEP machine if we want to be able 
to issue specifications to industry immediately project approval is given. 

I have emphasized component studies because unfortunately no 
fundamentally new ideas ha\i yet come forward which will dramatically 
reduce the cost of LEP machines. LEP is an extrapolation of PEP and 
PETRA designs just as they in their turn were extrapolations oZ SPEAR. 

In these circumstances, it is only by detailed engineering 
design work that one can hope to reduce the LEP capital costs. Each com
ponent must be studied individually to find cheaper designs and cheaper 
ways of making it, and the whole design of the machine must be subject to 
regular examinations in order to find cheaper overall solutions. This 
means building models and prototypes and squeezing every component until 
one is sure that a minimum cost solution has been reached. Clearly, one 
starts with the most expensive components simply because the potential 
cost reductions are the biggest for these components if they can be 
achieved. 

Let me remind you of the distribution of the capital costs of 
the LEP machine (Transparency 2). 

The capital costs of LEP machines increase roughly with the 
square of their energy per beam. The 100 GeV LEP machine was estimated 
to cost about 2000 MSF. The 70 GeV LEP machine is estimated to cost about 
1000 MSF. PETRA and PEP are said to cost about 100 MSF. Since the machine 
radius also increases with the square of the energy, the cost of the LEP 
machines is just proportional to their circumference. We must therefore 
find ways of reducing the cost per metre of LEP well below those of the 
PEP and PETRA machines. 

The second problem I believe we should tackle in the next phase 
of LEP studies is the very high power consumption of the machine. It is 
difficult at this time to predict the attitude of our Governments and our 
societies towards large consumers of electrical energy in the 1990's, but 
it is safe to assume that they will not be very popular. The LEP machine 
you have been discussing would consume about 200 MW of electrical energy 
and most of it goes into producing waste heat. Let me remind you again 
of the allocations of energy to the different components of LEP 
(Transparency 3). 
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Clearly, the next phase of LEP studies must also concentrate on 
reducing the RF power consumption. We must find more efficient ways of 
producing RF power and methodh of reducing the cavity losses. At a second 
stage superconducting cavities will help considerably in this respect as 
well as increasing the top energy of LEP. And, since even if we are 
successful LEP will still be a big consumer of electrical energy, we must 
learn from other big power users ways of using the waste heat more intelli
gently than just heating up the air above the site and the local rivers. 

This new phase of LEP studies will cost much more money than the 
paper studies which have been carried out so far, and while you have been 
discussing physics and machine designs at Les Houches some of us have been 
discussing with our authorities how this extra money can be found to carry 
or r"e studies in the next two or three years - I hope with some success. 

P-efore leaving this question of LEP studies I would like to 
return to a remark I made at the beginning. I believe that this next 
phase of studies should be carried out, more than the last, as a collabora
tion between the European National Laboratories and CERN. There is no 
reason why all this work should be done at CERN. Part could just as well, 
if not better, be carried out at the National Laboratories using their 
own staff and staff should be exchanged between the laboratories so that 
the work is done in the most appropriate place, and in the most economic 
way. 

Conclusion 

This brings me to the end of this talk. I have discussed a num
ber of questions which I believe are relevant to steering the LEP project 
in the next two or three years. I have, so to speak, taken you round the 
course to show you the fences which have to be jumped to win the race. 
When I asked my colleagues what I was supposed to say in this talk they 
said it did not matter so much what I said but for goodness' sake try to 
be cheerful. Well, I hope my remarks have not damped your enthusiasm 
for the race because 1 can assure you that all the fences have been 
jumped before and they can be jumped again. If you want LEP enough I am 
sure you will get it in the end. But as we saw with the SPS project 
back in 1969 and 1970 it takes the concerted efforts of the whole 
European physicist community, which includes research physicists, 
machine builders, ECFA, the National Laboratories and CERN, to get 
approval for such big projects. Each has a vital rôle to play in this 
affair and LEP will only be built if everyone works together. 
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CAPITAL INVESTMENTS IN LEP 

Main Ring MSF Z 

1. RF system 197.9 19.1 * 
2. Magnet system 152.0 14.7 * 
3. Power supplies 51.4 5.0 
4. Vacuum system 91.0 8.8 * 
5. Controls and instrumentation 42.1 4.1 
6. Power distribution 49.9 4.8 
7. Cooling and ventilation 74.9 7.2 
8. Survey 8.8 0.8 
9. Site and buildings 277.4 26.7 * 

Injector 

Synchrotron version 91-3 8.8 * 

Total capital cost of LEP 1036.7 100.0 

Transparency 2 
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LEP POWER CONSUMPTION 

DISTRIBUTION OF ELECTRICAL POWER TO SYSTEMS 

RF SYSTEM 137.0 MW 
MAGNET SYSTEM 20.0 MW 
EXPERIMENTAL AREAS 27.0 MW 
COOLING SYSTEM 16.0 MW 
MISCELLANEOUS 3.3 MW 
INJECTOR 2.5 MW 
TOTAL ELECTRICAL INPUT POWER 205.8 MW 

BREAKDOWN OF RF SYSTEM POWER REQUIREMENTS 

SYNCHROTRON RADIATION LOSS 20 MW 
PARASITIC MODE LOSS 3 MW 
CAVITY AND WAVEQUIDE LOSS 55 MW 
TOTAL RF GENERATOR POWER 78 MW 

KLYSTRON EFFICIENCY 0.65 
POWER SUPPLY EFFICIENCY 0.92 
POWER DISTRIBUTION EFFICIENCY 0.96 

TOTAL 0.57 

ELECTRICAL POWER REQUIREMENTS 137 MW 

Transparency 3 
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SCENARIOS FOR PHYSICS AT LEP 

The European Committee for Future Accelerators, after due 

deliberation, has recommended that the next major European ac

celerator should be a large electron-positron colliding beam 

facility, LEP. Existing e + e machines provide small center-of-

mass energies compared to what is otherwise accessible. Nonethe

less, much of what we know that is new and important comes from 

research done at these machines, as the following sketch, shows: 

+ -e e A New Lepton A New Lepton 

Proton Beams 

Neutrino Beams 

Electron Beams 

New Quarks 

QCD Phenomenology 

Neutral Currents 

Four types of facilities are compared to four types of new phe

nomena. Major contributions are indicated by links. Evidently, 

e + e machines have played and are playing a major role in the 

elucidation of the new physics. 

Even more should future advances arise from larger e +e 

machines. The following table attempts to compare the utility 

of a large e +e machine with that of other large colliding-beam 

facilities. Each type of machine can do important new physics, 

yet the e + e option is surely the most appealing. 
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Physics ei ep pp or pp 

Test QED. E I ¡I 
Count flavors E I I 
Identify new quarks. E D D 
Identify new leptons. E D D 
Find light Higgs. E D D 
Find x. E D D 
Measure sin 2 8, r , etc. E D D 
Measure Cabibbo analogs. E D D 
Count neutrinos. E I E 
Test QCD. E E E 
Discover Z°. E D E 

+ 
Discover W . D D E 
Study RH weak current. D E D 
An excited electron? D E I 
Study WWZ vertex. D I I 
Total hadron cross section. I I E 

E = Easy (often meaning difficult). 
D = Difficult (often meaning impossible). 
I = Impossible. 
x = Anything with weak or electromagnetic couplings. 

Let us simply assume—with a prayer—that LEP will be 

built. Let us also assume that the inevitable debates about 

Energy, Luminosity, Cost and Site do not neglect the most 

essential parameter, Time. The point is not simply one of 

impatience. Fiscal constraints impel us to an era of even 

more international science. Europe and the United States 

each have their 30 and 300 GeV proton machines, and their 

small and larger e +e machines. Their current projects, 

LEP and Isabelle, are complementary rather than competitive. 

If the timing is right and LEP gets done in the '80's, pur 
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next endeavor could be cooperative. 

The purpose of this talk is to discuss what physics 

at LEP may be like. Obviously, we don't really know, for 

otherwise the construction of the machine would be sense

less. I have divided my subject into four parts-, the 

Scenario of the Seventeen Parameters, of the Many Flavors, 

of the Bigger and the Smaller Gauge Groups, and finally, 

the Scenario of Surprise. The first Scenario is at once 

the most conventional and (in my opinion) the least probable. 

I will describe it in some detail. Conversely, ty~a. last 

Scenario is the least conventional and the most pi » able,, 

but there is little one can say in advance about surprises. 
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I. The Scenario of the Seventeen Parameters 

Elementary-particle interactions—weak, strong and 

electromagnetic—all result from the existence of a non-

Abelian local symmetry group, so one says. To accommodate 

these interactions, the group must contain G =SU(3) xSU(2) x 
o 

U(l). in this scenario and the next, it is precisely G . 
o 

The possibility of "grand unification" involving a simple 

unifying group like Georgi-Glashow 1 SU (5) is not excluded. 

Super-heavy generators of SU(5) have little direct impact 

on physics at accessible energies. (An important caveat: In 

these theories the proton is unstable. Better limits on 

the proton lifetime can and should be sought.) Thus, there 

are exactly twelve gauge fields: 8 gluons, 3 heavy weak in

termediaries, and the photon. 

The SU(3) subgroup—color—is an exact gauge group 

which is at the root of the strong and nuclear interactions. 

The hypothesis of color confinement—plausible, but not yet 

proven—explains why quarks have not been and cannot be iso

lated from the hadrons of which they are part: color is 

truly a hidden variable. The property of asymptotic free

dom, which is established, explains how strong interactions 

become weaker at high energies. The mysteries of "preco

cious scaling behavior" and of the success of the "quark 

line rule" are thereby solved. 

The SU(2) xU(l) subgroup is subjected to spontaneous 

symmetry breaking. Spinless "Higgs bosons" must be intro

duced of which at least one must survive as an observable 
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particle. In the minimal scenario, 2 only the simplest pos

sible lliggs structure is assumed: a single Higgs doublet. 

The unique surviving meson has known couplings and must 

have a mass between 12 and several hundred GeV. The 

develops a mass of 37.5/sin 8 GeV, and the Z° a mass of 

37.5/sin 8 cos 8. The photon remains massless. This scheme 

provides a unified description of weak and electromagnetic 

interactions. Agreement of experiment with theory is excel

lent, the parameter sin 2 8 being consistently determined to 

be -0.2. 

Since the low-energy limit of the unified theory is so 

well confirmed, few can doubt the truth of its central pre

dictions: the existence of at ~80 GeV and of Z° at ~90 GeV, 

The anticipated appearance of 2" is a powerful motivation 

for the construction of LEP, and the production of Z° may be 

the principal activity of LEP once it is built. In this 

scenario, the event rate on resonance will be ~10 5 per day, 

three orders of magnitude higher than what it will be far 

from resonance. So will a daring speculation soon be turned 

into a useful tool for the production and study of heavy 

quarks and leptons, and perhaps for the discovery of the 

Higgs boson as well. 

Here is a choice method for finding the Higgs boson at 

LEP. The Higgs boson H will be emitted some of the time in 

Z° decay by a process akin to brehmsstrahlung 3: 
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r (Z •» A AH) = 

r (Z -+ AÂ) 4ir sin 2 0 cos 2 0 
et 

24 4 M + . . . 

Run on the Z" resonance and trigger on v y events which 

are not back-to-back and which are accompanied by the ha

dronic splash of H decay. Measurement of the lepton momenta 

and reconstruction of the missing mass will reveal the Higgs 

boson if it is lighter than "50 GeV. 

Aside from gauge and Higgs bosons, the theory involves 

fermions. These may be classified according to their trans

formation behavior under the gauge group. All known fermions 

transform under color SU(3) according to the trivial repre

sentation (Call them leptons.) or under the fundamental 3-

dimensional representation (Call them quarks). Trivial and 

fundamental—good words these, and Nature seems to have no 

need for anything more complicated. So it goes for the 

SU(2) subgroup as well. All right-handed fermions are triv

ial; all left-handed fermions form fundamental doublets. As 

they are in the Higgs sector, things are as simple as they 

can be. 

Fermions come in families, each of which involves fif

teen Weyl fields. Each family consists of a doublet of colored 

quarks and a doublet of leptons. One lepton in each fanu^y 

has zero charge, and (in the minimal scenario) zero mass. 

The first family consists of (u,d,v , e ) . These are the "re

levant" particles, just the ones that are needed to make up 

the universe, and to make it work as well. As for the other 



- 292 -

fundamental fermions, as far as we can see, they are simply 

put in for spite: we can find no essential role for them, 

and apparently could get along quite well without them. Not 

only are we descended of slime found upon an obscure bit of 

the universe, but we are built up out of those elementary 

building-blocks which by accident of birth are the lightest— 

the runts. 

The second family of fermions consists of (c,s,v , u ) . 

The story of its discovery spans the years 1938 (when muons 

were first seen) to 1976 (when naked charm was clearly re

vealed) . Things could have stopped here, and philosophers 

dwelt on the curious fact that Nature used just twice as 

many building blocks as she really needed. But, she was 

even more profligate. 

Perl and his collaborators showed us that there is a 

third charged lepton T . Soon afterwards, Lederman and his 

group encountered upsilon, spoor of the fifth quark. PETRA, 

PEP, and CESR may soon compete for the privilege of first 

seeing naked bottom. In the minimal scenario, we put these 

new particles into a third and final family (t,b,v , x ) . 

The third lepton is assigned its own massless neutrino, and 

the unobserved top quark must exist to fill out the repre

sentation. 

Consider the three families of fundamental fermions. 

Their SU(3) xSU(2) content is identical by construction. 

Call the quark charges ± h and the lepton charges ±h. 
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Rcnormalizability of the gauge theory requires the cancella

tion of triangle anomalies, v?hich in turn requires that the 

sum of quark and lepton charges E(3Q^+L^) be zero. This is 

also a necessary condition for the existence of a simple 

grand unification. This condition is not merely satisfied, 

but it is satisfied family by family, with = | and 

The U(l) content of the three families is identical, and the 

existence of three uncharged neutrinos is assured. But, why 

these particular assignments of electrical charge? A Keplerian 

construction is suggestive, 
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where each of the fermion families is depicted by such a cube, 

but this hardly provides a satisfactory answer. 

Believers in grand unification are tempted to put each 

15 dimensional family into its own equivalent representation 

of the unifying group. Thus, in SU(5), each family comprises 

a 15 dimensional reducible representation. This does give an 

elegant unification of strong, weak, and electromagnetic in

teractions, but it does not address the question of the super

fluous replication of quarks and leptons. Even more clearly, 

it seems that one representation would have sufficed. Syn

thesis in terms of a single irreducible 256 dimensional rep

resentation of 0(18) is possible,!* but it seems far too con

trived. The problem of flavor remains with us, as indeed it 

has done for forty years. 

The three families are not quite independent of one an

other, being somewhat linked by the weak interactions. The 

charged weak current connects each massless neutrino to its 
2 

own lepton, and each Q = ^ quark to a linear combination of 

Q = - i quarks. The lightest quarks couple mostly to one an

other, as do the next heavier quarks, and as well the two 

heaviest quarks: surely there is an important clue hidden 

here. But there is some mixing along the lines first sug

gested by Cabibbo. The current is of the form 

(Ü, c, t) Y U + Y S ) M 

where a wise choice of conventions lets us write 

s 
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O e e 
M = exp -B 0 

-e 0 

with 0 and ô real and e complex. I-'- is the complexity of e 

that leads to observed CP violating effects, as first sug

gested by Kobayashi and Maskawa. 5 Of these mixing parame

ters, we know s 

The parameter |e/6| will be measured as soon as the weak de

cay modes of b-containing hadrons are detected. 

Advocates of the scenario of 17 parameters believe that 

there are exactly three families of fermions and no more. 

The seventeen parameters are these: the weak, strong, and 

electromagnetic coupling constants G, sin 2 0 , a s and a; the 

nine quark and lepton masses; three Cabibbo-like angles and 

the CP violating phase; and the Higgs boson mass. Delete 

one to set a standard of mass, and we are left with seventeen. 

Fans of grand unification make do with even fewer para

meters describing physics at accessible energies. In SU(5) 

models, lepton and down quark masses are related. In a re

cent SO (10) model of Georgi and Nanopoulos, 7 the t quark mass 

is predicted to be 14 GeV, and the Cabibbo angles are ex

pressed in terras of quark masses. 

All else (excepting gravitational phenomena) is calcula

ble in terms of these parameters. Of the seventeen parameters, 

only the t-quark mass and the Higgs boson mass remain quite 

|e| = 0.2; 3 x l 0 ~ 2 > |e5| > 10 - 3 
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unmeasured. Beyond these, there is simply no room for fur

ther surprises. There will be nothing new in high-energy physics un

til such a time as we can study collisions at energies of or

der 1 0 1 7 GeV, surely an unlikely occurrence. The arrogance 

of the physicist knows no bound, but let him consider the com

placent words of George Gamow in 1947: "...we have now much 

sounder reasons for believing that our elementary particles 

are actually the basic units and cannot be subdivided further. 

Whereas allegedly indivisible atoms were known to show a 

great variety of rather complicated chemical, optical, and 

other properties, the properties of elementary particles of 

modern physics are extremely simple; in fact they can be com

pared in their simplicity to the properties of geometrical 

points. Also, instead of a rather large number of "indivi

sible atoms" of classical physics, we are now left with only 

three essentially different entities: nucléons, electrons, 

and neutrinos. And in spite of our greatest desire and ef

fort to reduce everything to its simplest form, one cannot 

possibly reduce something to nothing. Thus it seems that we 

have actually hit the bottom in our search for the basic ele

ments from which matter is formed." 8 
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II. The Scenario of Many Fermions 

The only difference between this scenario and the last 

is that here we admit the possible existence of fermions be

yond those in the three known families. The conventional 

SU(3) x SU(2) x U(l) gauge group is still assumed. The sim

plest thing to do is to conjecture that all fermions come in 

isomorphic 15-dimensional families, but to let their number 

N be larger than three. It is relevant to mention here some 

of the arguments that put limits on N: 

In order to accommodate b and T it is generally assumed 

that N £ 3. However, this is not completely convincing. It 

is conceivable tr invent an acceptable model with just five 

quarks, but this is not the direction we wish to pursue here. 

It is also conceivable that the family structure differs from 

the one I have considered. For example, each family may con

tain one 0 = 2 / 3 quark, two Q = - 1/3 quarks, and two charged 

leptons. This is what happens in models based on exceptional 

Lie groups, as pioneered by Gursey. This is another direction 

we have not the time to pursue, although it is an appealing 

alternative that has recently been exploited by Georgi and Pais. 9 

The observed cosmological helium abundance, when coupled 

with certain cosmogenic conjectures, allows us to conclude 

that the number of long-lived 1000 s) neutrino states must 

be small, and probably no greater than three. If it is as

sumed that all neutrinos are massless, then it follows that 

N - 3. Suppose, however, that neutrinos are not in general 

massless. Massive neutrinos can mix with the known massless 
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or almost massless neutrinos, although the extent of the 

mixing is limited by the empirical validity of universality. 

It is straightforward to generalize the astrophysical con

straint to apply to such massive neutrinos, by requiring 

that they decay in less than 1000 s and at the same time do 

not upset universality. Let n(m) denote the number of neu

trino states with mass less than m. We obtain: 

n(l MeV) 1 3 

n(10 MeV) 1 13 

n (100 MeV) 5 1 0 6 . 

Evidently, astrophysics tells us very little about N if we 

are willing to tolerate neutrinos with mass. 

This brings to mind an awful scenario put forward by 

John Ellis. Suppose that there are not very many charged 

quarks or leptons lying below 1/2 in mass, but that there 

are a considerable number of light neutrinos. Consequently, 

the Z° resonance will be quite broad, and it will decay pri

marily into unobservable neutrino channels. LEP would not 

see the resonance at all. Ellis shows that this scenario 

is unlikely, and that the many light neutrinos should be ac

companied by many relatively light charged leptons. The ab

sence of a distinct Z° resonance is then compensated by the 

existence of many observable charged-lepton thresholds lead

ing to a large value of R. Were these charged leptons much 

heavier than their neutrinos, large radiative corrections 



- 299 -

would change the relative strength of charged current and 

neutral-current effects. This would upset the empirical 

success of the gauge theory. Of course, this could be re

paired by an appropriate change in the Higgs sector. The 

possibility of "neutrino wipeout" with no easily observable 

compensation remains a remote possibility. 

A simple and attractive model of CP violation puts the 

blame on the structure of the quark mass matrix. As first 

realized by Kobayashi and Maskawa, this requires N - 3. Un

fortunately, no upper bound on N is obtained. On the other 

hand, some people argue that the asymptotic freedom of SU(3) 

must be preserved at arbitrarily high energy. It is not es

tablished that this is truly necessary, but if it is, it 

would seem to require that N 1 8. If ther' exists a grand 

unification, this condition may be weakened depending upon 

how large is the unifying group. For SU(5), the constraint 

becomes N - 13. Since I don't know how seriously to regard 

this constraint, I choose to ignore it. 

In honesty, I must mention one line of argument which 

really does suggest that N = 3 . Grand unification schemes 

based on SU(5) or SO(10) give a successful preduction of 

the value of the weak mixing parameter s i n 2 6 , and they also 

explain the value of the b quark mass. 1 0The latter prediction 

depends upon N, giving the observed value for N = 3 . A much 

larger value of N would be excluded if this theory were cor

rect. More recently, 7 an SO(10) extension of this theory pre

dicts the t quark mass to be 14 GeV, again under the hypothe-



- 300 -

sis that N = 3 . However, the theory as it is does not dis

play the elegant simplicity of truth. 

No argument yet presented proves that N = 3 . Indeed, it 

is not even clear that N may not be infinite. Of course, 

the number of families with masses lighter than any finite 

mass M must be finite, and the fermion masses must increase 

rapidly with their index. In any case, there is room for 

almost any large but finite number of families with masses 

accessible to Z" decay. The fact that only five quarks 

have shown up at center-of-mass energies of less than 10 GeV 

does not exclude the possibility that another fifty will 

show up between 10 GeV and 100 GeV. The question is of con

siderable importance to two extraordinary significant measura

ble parameters. 

The value of R below the Z° resonance is given simply by 

where N is the number of kinematically accessible families. 

In the first scenario, R should settle down to the value of 

six in the interval between tt threshold and the onset of 

the Z° resonance. On the other hand, for N = 5 2 it will 

equal 137. 

Just as important is the width of the Z° resonance, 

which for sin 28 = 0.2 is given in GeV approv'lately by N. 

Thus, in the first scenario = 3 GeV and tl.tí advantage of 

running LEP on resonance is by a factor of ~ 1 0 3 . On the 

other hand, for N = 52 the value of R is large everywhere 

and not particularly larger on the Z° resonance whose width 
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is comparable to its mass. No matter what value N chooses 

to have, the physics LEP can do will be exciting. 

We all wait with baited breath for the value of R to 

be measured at the highest energy accessible to PEP or PETRA. 

If nothing mtj'.:h of interest happens between 10 and 30 GeV, 

then it would become a bit easier to accept the bitter pill 

that nothing much will happen in the interval before Z° which 

remains accessible only to LEP. 

Thus far, we have been discussing the plausible and con

servative possibility that fermions always come in 15-member 

families, but that the number of those families could be larger 

than 3. There is, of course, another possibility: families 

of differing internal structure may show up. All known fer

mions participate in weak interactions in a left-handed man

ner. Should there not exist an equal complement of intrinsi

cally right-handed particles? Partisans of supergravity 1 1 have 

trouble accommodating intrinsic (as opposed to spontaneous) 

parity violation,and would be gratified were such particles 

to exist. A minimal scenario here would involve the familiar 

three left-handed families and three heavier right-handed fam

ilies, involving an increase in R from its present (theoreti

cal) value of 4^ to 14. 

Will nature continue to limit herself to the simplest 

representations of SU(3) xSU(2)? Could there not exist 

doubly charged leptons, or quarks with unconventional charges? 

Could there be fermions transforming as SU(3) sextets (called 

quixes) or as SU(3) octets (called quaits)? Such a variety 
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of fundamental fermions is certainly permitted by known 

theories, and is only denied by theorists at their peril. 

LEP will find them if they're there. Here is a table of 

the effect on R of the onset of such thresholds: 

Type of Particle Charge AR 

Quark -1/3 0.3 
Quix 1/3 0.7 
Lepton -1 1.0 
Quark 2/3 1.3 
Quix -2/3 2.7 
Lepton -2 4.0 
Quark -4/3 5.3 
Quait 1 8.0 
Quark 5/3 8.3 
Lepton -3 9.0 
Quix 
• • • 

4/3 10.7 
• • • 

These entities too might be expected to appear in anomaly-

free families the sum of whose charges vanish. Here are two 

examples : 

1. a weak quartet of quarks with charges 5/3, 2/3, -1/3, 

and -4/3 together with a weak quartet of leptons with 

charges 1, 0, -1 and -2. Its total contribution to R 

is 21.3 units. 

2. A weak triplet of quixes with charges 4/3, 1/3, and 

-2/3 together with two weak triplets of leptons with 

charges 0, -1, and -2. Its total contribution to R is 

24 units. 
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From the present viewpoint, such elementary structures 

as these seem very implausible. But, who can tell what the 

future will bring? 
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III. The Scenarios of the Bigger and the Smaller Gauge Groups 

In this section, we first explore the possibility that 

the gauge group which is relevant at accessible energies is 

lar-ger> than S U ( 3 ) * S U ( 2 ) * U ( 1 ) . There are two possibilities: 

A flavor group larger than SU ( 2 ) x u ( l ) , or a color group larger 

than Su ( 3 ) . 

The literature is saturated with examples of larger flavor 

groups: S U ( 2 ) x S U ( 2 ) * U ( 1 ) ; S U ( 2 ) x U(l) x U ( l ) ; S U ( 3 ) x U ( l ) ; 

and S U ( 3 ) x S U ( 3 ) are some of the more popular examples. Some 

of these groups were originally introduced by ambulance - chas

ing theorists for reasons that are no longer sound: to explain 

an (incorrect) observation of u + e y ; to produce a once alleged 

but now disproven "high-y anomaly" in neutrino physics; or to 

justify the repeated failures to see atomic parity violation on 

bismuth. It is nonetheless possible that some such theory is 

correct and that there are more than just three heavy weak-in

teraction intermediaries. 

It is important to point out that there are many possible 

extensions of the S U ( 2 ) * U ( 1 ) theory which leave all zero-en

ergy weak phemenology precisely intact. Consider for example 

the flavor group S U ( 2 ) x U(l) x U ( l ) ' where all known fermions 

are trivial under U(l)'. The Higgs sector contains an S U ( 2 ) x 

U(l) doublet of the conventional sort. There are two possi

bilities for U(l)': It could be an exact unbroken gauge sym

metry, corresponding to a second kind of photon which is not 

yet seen. The lightest particles bearing the second charge 
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must be absolutely stable. Such a bizarre scenario may seem 

ugly or unlikely, but it is by no means excluded by presently 

known data. 

More conventionally, we might add a Higgs singlet which 

transforms under both U(l) and U ( l ) 1 and which develops a vacuum 

expectation value. Then, we have a system involving two Z°'s. 

This model automatically reproduces the conventional SU(2) * U(l) 

weak phenomenology. However, one of the Z°'s will be heavier 

and one liqhter than the usual predicted value of the Z° mass. 

Indeed, this is a fairly general result in any extension of 

SU(2) xu(l) which preserves the zero-energy results: at least 

one Z° must lie below the canonical z° mass. 

Little need be said of the impact on physics at LEP of the 

existence of a richer flavor group. Double the number of Z 0 , s 

means double the number of exciting experiments to be done. The 

purpose of LEP will not merely be to count fermion flavors; it 

will also count the number of Z°'s and it will tell us more de

cisively just what the flavor group is. 

iJhat does it mean to say that the color group is larger 

than SU (3)? One possibility -- chiral color — is that color 

SU(3) is the exact diagonal remnant of a spontaneously broken 

chiral SU(3) * S U ( 3 ) . How such a possibility would affect physics 

at LEP is unclear to me, but should be crystal clear to those who 

argue that large e'e machines can provide precise tests of QCD. 

I have in mind another way to extend the scope of strong inter

actions: Susskind's invention of what he regrettably calls 

"technicolor". 1 2 
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As a concrete example, let us suppose that the relevant 

gauge group is G = SU (4) x SU (3) *SU(2) * U (1) , with momentum-

dependent coupling constants ct̂ , a 3 , ct2, a , respectively. 

Imagine that G is the exact remnant of a very large grand-

unifying group at Planck-like enerqies, a group like SU(9). 

While the several cĉ  coincide at super—large momenta, they 

diverqe from one another at lower energies in accordance with 

the size of their subgroups: > cij for i> j. It is the fact 

that aj becomes comparable to unity at ^ 1 GeV that sets the 

scale of hadron masses. We may deduce that ct̂  will become 

large at 0.1-1.0 TeV. Suppose there exists a weak doublet of 

technicolored quarks without bare masses. Spontaneous breaking 

of the associated chiral SU(2) group due to the strong SU(4) 

force provides a dynamical mechanism for the breakdown of flavor 
+ 

SU(2) *U(1) . Thus may W and Z acquire masses without the neces

sity for the Higgs paraphernalia. Thus does Susskind boldly 

calculate the maqnitude of G_ from first principles. 
r 

The conseauences of such a scheme for physics at LEP could 

be dramatic — more than the mere absence of observable Higgs 

mesons. Let x stand for the effective mass of the lightest 

technicolored quark. The xx system will be smaller than an 
ordinary "onium" because the SU(4) force is stronger than QCD. 

— + -

Thus the xx bump in e e annihilation will be very conspicuous. 

Moreover, there will be a large series of bumps running in mass 

from 2 m x to 4 m x , since there are no observable states bearing 

"naked technicolor". This is quite a different kettle of fish 

from the now familiar onset of a new quark flavor. 



- 307 -

In summary, there are several ways in which the gauge 

group may be bigger than is conventionally thought. Any such 

extension implies even more excitement for physics at LEP. We 

have been led to our standard SU (3) *SU(2) *U(1) picture from 

the study of quite low energy phenomena: the zero-energy limit 

of weak interactions; precocious scaling behavior at momentum 

transfer less than 2 GeV; and from the systematics of the iow-

lying (< 2 GeV) hadrons. It would be both arrogant and unhis-

torical to believe that our naive extrapolation from physics 

at 2 GeV to physics at 200 GeV is likely to be correct in detail. 

The group SU(3) *SU(2) *U(1) is merely the simplest of very many 

possibilities. Whether or not it is the way that nature has 

chosen will be definitively answered by LEP and only by LEP. 

Just as the gauge group could be larger than SU (3) xSU(2) x 

U(l), so also may it be smaller. Indeed, perhaps we have been 

premature in ascribing all elementary particle interactions to 

gauge theories. An indication that something may have gone 

awry is obtained from what is known about supergravity theories. 

In their simplest and most elegant versions, these theories 

simply cannot admit SU (3) xsu(2) xu(l) as a gauge group. They 

are limited to subgroups of SO (8).11 Here is one motivation for 

our subsequent analysis, in which we assume that strong and 

electromagnetic interactions are described by an SU(3) * U(l) 

gauge theory. Weak interactions, on the other hand, are not as

sociated with a local symmetry group. We shall suppose that 

they result from the exchange of fundamental scalar mesons, and 

that there simply does not exist any intermediate vector boson. 
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And, in particular, there is no Z° to dominate physics at LEP. 

Basically, the idea is that of Kummer and Segré who ob

served many years ago that the exchange of pairs of heavy scalar 

mesons induces an effective vectorial four-fermion interaction. 1 3 

S. S. Shei and I (and, independently, Bjorken?'' have noticed 

that a model of this kind can provide a satisfactory description 

of low-energy weak phenomenology. 

The basic weak intermediaries are assumed to be a triplet 
± 

of hermitean scalar fields, <J> and (j)0 . These particles couple 

the known quarks and leptons to a set of heavier and not-yet-

observed new fermions. In particular, couplings are introduced 

only between left-handed conventional fermions and right-handed 

heavy fermions. The Yukawa couplings are these: 

g<J> +[Ñ(l+Y 5)e + ü"(l+Ys)d] + h.c. 

+ g ' <|>+ [v"( 1-Y s ) E + ü(l-Y s)D] + h.c. 

+ g"* 0 [Ñ(l+Y s)v + Ü(l+Y s)u + h . c ] 

+ g"'<t>° tË(l+Y 5) e + D(l+Y 5) d + h . c ] . 

For simplicity, we have specified only the couplings of one 

family (u,d,v,e) of light fermions, and one family (U,D,N,E) of 

heavies. The extension of this model to more than one family 

with GIM-Cabibbo structure is perfectly straightforward. 

Primary weak interactions involve the exchange of a heavy 

scalar meson. This yields an effective four-fermion coupling 

between heavy and light quarks. The effect of these interactions 

has not yet been seen, since none of the heavy fermions have yet 

been found. Familiar weak interactions between light quarks and 
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leptons result from the exchange of two scalar mesons. Thus, 

g V M 2 plays the role of Ĝ ,. By construction, the induced four-

fermion couplings are of the V-A form. Both neutral-current 

and charged current weak couplings arise naturally. The re

sulting zero-energy phenomenology coincides with that of a 

general SU(2) *U(1) gauge model. 1 5 The relative strength of 

charged-current and neutral-current couplings is adjustable, 

while the value of the mixing parameter sin 2G is necessarily 

zero. 

Certainly, the SU(2) *U(1) model with sin 20 = 0.2 and with 

neutral currents of canonical strength gives a satisfactory 

description of weak interactions. So also does a value of 

sin 28 = 0 with neutral current couplings of somewhat reduced 

strength. Agreement with experiment is not as perfect, but a 

model of this kind cannot yet be ruled out. 1 6 For example,, 

neutral-current neutrino data has not excluded the possibility 

that the neutral current is purely V-A. Thus, our scalar meson 

model must be regarded as phenomenologically viable. 

From the point of view of the theorist, the scalar meson 

model is much less attractive than a gauge theory. Universality, 

it should be noted, was put in by hand. The couplings of <{> to 

quarks and to corresponding leptons were put equal, somehow 

implementing the Pati-Salam notion of leptons as a fourth color. 

How this may be accomplished in a natural way is a mystery I am 

unable to solve. 

Nonetheless, we must consider the implications of such a 

perverse model for physics at LEP. The heavy fermion cannot be 
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too heavy, lest universality becomes impossible to implement. 

Hence, many new fermion thresholds are expected: all of the 

heavy "shadow particles" remain to be found. 

Once the first heavy lepton threshold is passed, new par-
+ — 

t i d e s may be produced an e e annihilation both electromagnet-

ically and semi-weakly. Although there will be no spectacular 

Z° resonance, LEP should reveal a rapidly increasing value of 

R corresponding to the onset of semiweak (<f>-exchange) phenomena. 

Once again, the law of conservation of excitement for physics 

at LEP remains valid. 
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IV. The Scenario of Surprise 

My own firmly-held belief is that we simply cannot en

visage the surprises that LEP will bring. Clearly, there are 

too many kinds of quarks and leptons for comfort. The format 

is familiar: first a population explosion, then the discovery 

of a mysterious order, finally the revelation of structure. 

So did atoms lead to nuclei, nuclei to hadrons, and hadrons to 

quarks. Will such a thing happen again? First, we must find 

out how many kinds of fermions Nature deals in — a clear task 

for LEP. Next, we need evidence that quarks and leptons are 

not truly pointlike, but have a measurable size, and a complex 

variety of excited states. Only then,'can we expect to resolve 

the maons or preons of which quarks and leptons may consist. 

Will we find quarks with direct strong decays to lower-mass 

quarks? Will the distinction between new quarks and new leptons 

somehow become blurred? Who can rationally discuss this sce

nario? I remember similar talk at Harvard before CEA was built. 

Surely the relative cross section for e +e •*• hadrons would be 

a rapidly decreasing function of energy. Or perhaps, R would 

approach 2/3. When CEA discovered that R became 5 or 6, few 

could be found who would even believe the result. Similar sur

prises may be anticipated for those who are lucky enough to ex

periment at LEP. 
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This paper forms the text of the talk given by Professor M. Vivargent during the 
two-day Open Session at CERN, following the Les Houches part of the Summer Study. 

* * * * * * 

Before giving the floor to the rapporteurs on the work done at the 
Les Houches Summer Study, 1 would like to take this opportunity of stating how I, 
as Chairman of ECFA, envisage the development of the LEP studies. 

May I first express, in the name of ECFA, my very deep gratitude to 
all those who, despite the demands of their research and other work, were ready 
to take part in the CERN/ECFA Working Groups for the preparation of the Les Houches 
meeting, and also to those who took part in that meeting. 

A great number of problems were tackled. For some, a satisfactory solu
tion was glimpsed. Others gave rise to new questions, and progress was made. The 
studies must, it is evident, be pursued. 

The discussions on the machine could not have been conducted in such 
depth if those present had not been in possession of the remarkable study of a 
15 to 100 GeV e +e~ colliding beam machine, distributed by the CERN LEP Study Group 
in time for the opening of the conference. It is a pleasure for me to congratulate 
its authors on the quality of such a work achieved in record time. 

The meeting will rank as an important milestone on the road to the defi
nition of the LEP project. The dynamism of the studies on this project must now 
be maintained. There are three directions in which they should be pursued: 

The technological study programme proposed by CERN is now indispensable, and 
this will probably receive the approval of the CERN Council. It should yield 
a better understanding of the functioning of the various components of the 
machine, and if possible the technical solutions required to minimize the 
costs of construction and operation. 

An early start to this programme would avoid delay if the project were to 
be approved within the time limit required for its success. 

The programme should include as soon as possible studies of the site when 
chosen. 

It will be ECFA's task to proceed to a definition of the LEP project which 
will receive the support of the European Subnuclear Physics Community. The 
ECFA Working Group on LEF Studies has been given the special task of under
taking studies from which ECFA can define its options. 

The various specialized Study Groups of this ECFA Working Group, working on 
the basis of the documents now available to them, chief of which are CERN 
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Report 76-18 on the physics with e +e~ colliding beams, the report 
CERN/ISR-LEP/78-17 on the design study of a 15 to 100 CeV p+e - colliding 
beam machine and the report on the work of the CERN-ECFA meeting at Les 
Houches, will carry out a study in depth of the various problems involved 
in the determination of the parameters of the machine. To date, some two 
hundred physicists and engineers of the subnuclear physics conrnunity have 
just started working in the groups. 

The ECFA Working Group on LEP Studies has to provide ECFA with its conclu
sions regarding the main parameters of the machine before the end of next 
year. 

On the other hand, the detailed studies for the use of the machine regarding 
the experimental programme and the apparatus needed will be continued for the 
following year. 

This, obvieusly, will be the primordial task of this group once the main 
parameters have been chosen. 

- Thirdly, consideration must be given to the consequences the construction of 
LEP will undoubtedly hold for the laboratories and universities engaged on 
subnuclear physics. The ECFA Working Group on Subnuclear Physics Activities 
in the CERN Community has to study all the likely effects of this perspec
tive in the course of the 80's and 90's, and make proposals for the neces
sary measures for adaptation in the laboratories and universities. 

In particular, it will pay close attention to the problems involved in 
achieving effective participation by the smaller laboratories in the LEP 
experimental programme, both in the large and in the small Member States of 
CERN. 

In more general terms, this Group has to work out proposals for better fit
ting the needs of the Subnuclear Physics Community in Europe. 

The work in the three directions I have just described must converge 
towards the development of the LEP project, supported by the entire European 
Subnuclear Physics Community, in a form which will be submitted to the Council of 
CERN. 

All those within this Community who are conscious of the collective 
effort which is required will, I am confident, play their part in this new European 
Venture in Subnuclear Physics. 
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ABSTRACT 

Options for the future major high-energy accelerator in Europe 
have converged on LEP, a large electron-positron storage-ring facility. 
The purpose of the LEP Summer Study was to discuss e +e physics beyond 
PETRA energy (2 x 19 GeV) and to assess the LEP design which had just 
evolved from work conducted at CERN. Apart from the overall summary 
report, a set of specialized reports deal with present theoretical 
expectations, anticipated rates and experimental conditions, and with 
the design of the machine and its interaction areas. Volume 1 contains 
summary reports presented at CERN as conclusions to the Summer Study. 
Volume 2 contains transcripts of review talks presented at Les Houches, 
sometimes combined into reports providing a global view of specific 
topics. Some additional specialized notes are also included. Material 
on machine design is incomplete, to avoid duplication with the design 
report CERN/ISR-LEP/78-17. 
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FOREWORD 

The LEP Summer Study consisted of two parts. The first and longest part 
was a meeting at Les Houches, France, on the premises of the Summer School of 
Theoretical Physics; it extended over 10 days and brought together close to SO 
participants. The second part was a two-day meeting at CERN, immediately following 
the Les Houches meeting, during which the conclusions were presented to and deba
ted by a very wide audience of physicists and engineers. 

The purpose of the Summer Study was: to discuss e +e — physics beyond 
PETRA energies in the most general sense, and to assess the particular LEP design 
which had originated from the studies conducted at CERN. The Les Houches discus
sions on physics at LEP energies were prepared by a few specialized Working 
Groups which met throughout the summer. Work on the machine design was conducted 
at CERN and resulted in a report, now widely known as the "Blue Book", 
CERN/ISR-LEP 78-17, "Design Study of a 15 to 100 GeV e +e~ Colliding Beam Machine 
(LEP)", which was presented and discussed in detail at Les Houches. 

The present proceedings are presented in two Volumes. The first con
tains the summary reports presented during the CERN part of the Summer Study by 
the Conveners responsible for the five specialized Working Groups at Les Houches. 
In addition to these, there is a special report on polarization at LEP energies 
and the transcripts of the talks given by J.B. Adams, S.L. Glashow and M. Vivargent. 
Also included are a few ECFA/LEP Notes, adjacent to the relevant reports, which 
the rapporteurs found appropriate for inclusion since they provide important in
formation not reported in sufficient detail in the summary reports. 

Volume 2 comprises the reports corresponding to the plenary talks pre
sented at Les Houches. The purpose of these talks was to summarize the work 
carried out in preparation for the Summer Study and to provoke and add sparkle to 
the discussion within the specialized Working Groups. This Volume begins with 
reports on topical questions connected with the LEP machine design. These in
clude, in particular, a discussion on superconducting accelerating cavities. 
Next follows a review of the PETRA and PEP programmes: this topic actually opened 
the meeting at Les Houches. Following these reports are discussions covering 
experimental and theoretical aspects of physics at LEP energies: these cover in 
greater detail some of the points to be found in Volume 1. Present ideas about 
detectors are an important input to the discussions of physics at LEP and two 
specialized reports on detectors conclude the Volume. Volume 2 also includes some 
ECFA/LEP Notes covering specific experimental questions. 
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Since it was intended that these proceedings should avoid duplicating 
material previously presented in the "Blue Book", it therefore needs to he con
sulted in conjunction with that report. As a result, the contributions from 
H. Hoffmann, E. Keil and W. Schnell at Les Houches are not included in these 
proceedings, whereas those from W. Bauer and J. Le Duff, being largely complemen
tary to the contents of the "Blue Book", are included. It should also be mentioned 
that, since these proceedings combine the summary talks presented at CERN and the 
talks presented at Les Houches which surveyed specific topics prior to discussions 
within the specialized Working Groups, they are bound to contain some overlap. 
Nevertheless, it was thought appropriate to present some of the important questions 
at different levels of detail and technicality, rather than merely try to summarize 
them only once, as was in fact brilliantly achieved by the Conveners in their CERN 
summary talks. 

Mention is made throughout the proceedings of the ECFA/LEP Notes. Al
together close to 50 specialized ECFA/LEP Notes have been written in connection 
with the Summer Study, the valuable information contained therein being incorpo
rated in the different reports. The complete list of Notes written up to 
1st January, 1979 may be found in Appendix D of the Summary Report by M. Jacob, 
LEP Summer Study/1-1. Finally, a few photographs are included which may help to 
recreate the congenial and studious atmosphere at Les Houches. 

Maurice Jacob and Christine Redman would like to take this opportunity 
to express their thanks to all those inside and outside CERN whose work and help 
have been instrumental in organizing the Summer Study and in bringing these pro
ceedings to their present form. 
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S. Tazzari 
Frascati, Italy 

The energy, luminosity and the sheer size of LEP — a project conceived at a 
time when the previous generation of machines are still in the testing or construc
tion stage — have confronted the designers with a number of new technical and cost 
problems. At the same time, LEP being one of the few machines ever designed to 
investigate very specific and exciting theoretical predictions, the need for all 
interested physicists to participate in the definition of an optimized design was 
especially strongly felt. This is why a distinctive feature of the Les Houches 
Summer Study has been the large amount of time devoted to machine physics and 
techniques. 

On the machine side, the greatest part of the work had been done in advance 
and was available in the form of a very detailed design study by the LEP Study 
Group, the "Blue Book"*); five plenary talks by E. Keil, W. Schnell, H. Hoffmann, 
B. Montague and C.J. Zilverschoon were devoted to the presentation of its contents. 
In addition, the difficult task of reviewing for the non-specialists (and the spe
cialists alike) the methods by which an optimized design is arrived at, the experi
mental evidence on which the main assumptions are based, and the constraints to 
which the designer is subject when trying to reconcile high luminosity with high 
energy, reliability, efficiency, and minimum cost, was undertaken by Le Duff in his 
review talk on Machine Constraints presented here. 

From the very lively discussions that followed all papers (so lively that the 
schedule had to be reshuffled more than once) the 70 GeV conventional RF machine, 
together with its proposed extension to 100 GeV by gradual conversion to a super
conducting RF system, emerged as a sound starting point. The questions raised 
provided valuable input to the machine working group and are well reflected in the 
Summary Report. 

Two issues stood out, in our opinion, as dominant: the need for experimental 
data from machines nearer in size to LEP in order to better assess the potential of 
the proposed design; and the request for the proposed extension to 100 GeV to 
become an essential part of the project. 

To the former, the seminar given by G. Voss on the very first results from 
PETRA, coming into operation with a smoothness that exceeded all expectation, 
gave promise of quick and definite answers. Also PEP being scheduled to start 
operating next year, the results of two slightly different designs will soon be 

*) CERN/ISR-LEP/78-17 (1978) 

COMMENTS ON THE MACHINE DESIGN STUDY AT LES HOUCHES 
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available for comparison, providing a very solid experimental basis for extrapola
tion to higher energies. 

As far as energy is concerned, the exhaustive review by W. Bauer on the state 
of the art of superconducting ca-'ï-lies, based on experimental results from proto
type cavities in actual operation, gave good reason to believe that, as far as one 
can see at the present time, the extension of the LEP-70 design by the use of a 
superconducting RF system can reasonably be proposed, thus effectively making LEP 
into an optimized 100 GeV per beam machine. 
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DESIGN CONSTRAINTS IN LARGE e +e~ STORAGE RINGS 

J. Le Duff 
Laboratoire de l'Accélérateur linéaire, Orsay, France 

1. INTRODUCTION 

The design of large e +e storage rings at present looks very conventional. 
This fact can be roughly summarized bearing in mind that such a storage ring will 
consist of 
— strong focusing, separated functions, FODO channels, 
— low-beta insertions, 
— sextupoles for chromaticity corrections, 
— classical RF structures, 
— a design luminosity of 10 3 2 cm - 2 s - 1 . 

A natural thought, then, is that the building of a large storage Ting will 
be mainly a question of size and cost. This is indeed true for LEP. However, very 
stringent theoretical and technical difficulties arise which show that energies far 
beyond the present LEP value will be difficult to achieve (although it is still hard 
to set a precise limit) unless new accelerator techniques are shown to work. 

The present report deals with some of these difficulties and makes an extensive 
use of scaling laws. However, the first aim has been to introduce non-experts to 
the basic principles which enter in the design of e +e storage rings. 

A selection of useful formulae presented in the first part will help in follow
ing the remainder. 

2. A BRIEF SUMMARY OF SINGLE-PARTICLE DYNAMICS 

2.1 Betatron oscillation 

In a storage ring the particle follows a guide field which mainly consists of 
a sequence of bending magnets and quadrupoles. When the bending magnets have no 
gradient (parallel pole tips), one has a so-called separated function machine. 
Generally the design trajectory passes through the centre of the quadrupoles where 
there is no field, while the magnets are designed to bend the particle in the 
horizontal plane, although it is sometimes necessary to have vertical bending too. 
The total horizontal bending angle is 2ir while the total vertical one, when such 
bending exists, is zero. The bending angle from each individual magnet need not 
necessarily be equal; if it is not, the machine is non-isomagnetic. 

A particle not moving on the design orbit will be focused in one plane and 
defocused in the other when going through a given quadrupole. This is the reason 
why two types of quadrupoles (F and D) must alternate in order to obtain a total 
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focusing effect in both planes. Such a sequence is called a FODO channel (or cell, 
or lattice), where "0" stands for a straight section or a bending -magnet. 

The motion of a particle which has the design energy E„ is described, to first 
order, by Hill's equation: 

where: 
y" + Ky(s)y = 0 , 

s is the azimuthal coordinate (y" = d 2y/ds 2) along the design orbit, 
y is the transverse coordinate (x or z) around the design orbit, 
K = rJL/(p/e)3 (3B /8x) is the normalized gradient. 

The general solution for the previous equation is Floquet's solution, which 
can be written in the following way: 

y(s) = a^ßy(s) cos QiyCs) + e H 

with 

<¡>y(s) = ds ß (s) 
y 

(betatron phase). 

This formulation shows that the betatron motion is in fact a pseudo-harmonic 
oscillation. The ß function, often called the envelope function, has the periodi
city and the symmetry of the magnetic structure, and characterizes this structure. 
At a given azimuth, the discrete motion is purely sinusoidal: 

y(sj = a/ß (s¿) cos f_2irn Q + Q~} (n = integer) , 

with the definition 

ds 
TsT - 2 ^ y = " 

where Q is called the betatron wave number or the betatron tune, and \i is the total 
betatron phase over one revolution. 

As is well known, the equation for an harmonic oscillator can be expressed in 
a matrix form. In the present case, expressing the angle y'(s^), it can easily be 
shown with a little algebra that, at the location s^, the motion from one turn to 
the next is given by 

y(s¿) 

y'(s.) 
n+l 

V 1 
cos y + — o s i n u 

1 + ß / 2(s.)M 
y 1 

V si } 

sm p 

ß (s.) sin u 
y i 

cos y ^-z sin y 

y(s.) 

y'(s.) 
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where the 2 x 2 matrix is called the Twiss matrix. It must obviously be equal to 
the total transfer matrix over one turn which can be obtained by multiplying the 
individual sector matrices of the magnetic structure. Identification of the two 
matrices permits ß to be determined at a given azimuth, for instance at a symmetry 
point where ß' = 0. The ß function elsewhere is then obtained by solving the 
following differential equation in each sector with K = const: 

|ßß" - -iß'2 + K(s)ß2 = 1 , 

which satisfies Hill's equation. 

Let us now look at what happens to a particle which has an energy deviation 
£ = E - E 0 . A first effect comes from the fact that such a particle has a diffe
rent path in the magnets so that it can no longer follow the design orbit. The 
equation of motion now becomes 

y " + « s » = P T S T Ë 7 ' 

where p(s) is the radius of curvature of the bending magnets. A particular solu
tion which satisfies this equation is a closed trajectory with deviation from the 
design orbit. It is expressed in the following way: 

y £(s) = n (s) f- , 
J 0 

where n is called the dispersion function. It is now clear that the betatron 
oscillation as defined earlier will occur around this new closed orbit. The n 
function, in addition to the ß function, characterizes the magnetic structure, 
and similar techniques are used to compute it. 

A second effect related to an energy deviation is the linear chromaticity. 
This is due to the energy dependence of the normalized gradient: 

1 3B_ ( 
K t- ~zr~ ~ K p/e 3x o 

As a consequence, the wave numbers will be energy-dependent. In separated 
function machines the chromaticities are negative in both planes, and for large 
storage rings they become prohibitive because the effect of each individual qua
drupole adds up. Large tune shifts must be avoided because of the resonant con
dition 

mQ x ± nQ z = p (m, n, p = integers) 

which limits the operating diagram Q x > Q z to small discrete areas. The resonances 
occur for non-ideal machines which include field errors. The effect of these 
defects on the closed orbit or the betatron oscillation can be strongly amplified 
for some values of the tunes. 
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2.2 Synchrotron oscillation 

Electrons and positrons circulating along the guide field lose energy, mainly 
in the bending magnets. A particle of nominal energy E o will radiate U Q in each 
revolution: ^ ( G e y ) 

U„ (GeV) = 88.454 x 10 6 ° . . — » 
p im; 

where p is the bending radius of the dipole magnets. If there are many types of 
bending magnets the formula is still valid if one uses 

i - O k ) • 
where R is the mean radius of the ring. The mean value is defined as follows: 

<F> - À ÇJ) F(s) ds . 

In order to compensate for these losses, the storage ring will include a radio-
frequency system with accelerating cavities distributed around the circumference. 

A "synchronous particle" is a particle which gains exactly the energy lost. 
This particle has the nominal energy because the RF frequency is chosen to be an 
harmonic of the revolution frequency corresponding to the reference orbit (f„_ = h f ). 

RF r 
For the other particles, either entering the machine at a different time or having 
an energy deviation £, the gain is different. This leads to the synchrotron oscil
lation which is schematically described in Fig. 1. 

In this figure, t represents the time the particles enter the cavities, while 
V is the corresponding voltage in the cavity gap; t 1 and t 2 represent the synchro
nous particle. Assume, now, that a particle enters at time t 2 , which means that 
this particle comes in earlier than the synchronous particle t 2; it gets more 
energy than it has lost and will then have a different revolution frequency charac
terized by 

Af e 

r o ° 

where a, called "the momentum compaction factor", is a property of the guide field 
and describes the change in path length corresponding to an energy deviation. To 
first order, the path length changes only in the magnets because of the curvature, 
and then we get 

a = (n> /R • 
mag 

In electron storage rings where particles travel with the velocity of light, 
there is no supplementary effect relating the revolution frequency to the velocity. 

According to this effect the particle will be delayed and will come closer to 
the synchronous particle. The reverse will happen for particle t" and it will also 
come closer to the former particle. The result is that the particle tends to oscil
late around the synchronous particle. 
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G(<¡>s) = 2 cos <|>S - ( I T - 2cJ>s) sin (j>g , 

where F g is the synchrotron oscillation frequency for small amplitudes (linear motion) 
and f the revolution frequency: 

Fs ra u° 
f5, = J i t 1 7 C t g *s ' r y o 

the synchronous phase angle being defined by 

eV sin ó = U Y s o 

The harmonic number h represents the maximum number of stable buckets one can 
get along the circumference. However, injection techniques allow a small number of 
buckets to be filled depending on the required number of bunches. 

2.3 Beam dimensions 

In e +e storage rings, beam dimensions result from two effects related to the 
synchrotron radiation: damping of the oscillation, and quantum excitation. 

A particle moving in a magnetic field perpendicular to its velocity radiates 
energy at the rate 

2 e 2c 3r _ r 
' y 3 (mc 2) : 
P = — % E 2 x B 2 

This formula, integrated over one revolution, gives the energy loss per turn which 
has been used previously. It is extracted from the classical theory of electro
magnetic radiation by relativistic particles, and for our purpose can be considered 
as the basic expression for the radiation damping mechanism. 

The same analysis done for particles t' and t" shows that the deviation from 
t is increased so that point can he considered as unstable. 

Finally, particles will be trapped around synchronous particles located at 
t^, t^ + T r e v/h, etc., and this represents the bunching effect. 

Notice that particle t^ will not be captured by another bucket and will slide 
continuously, losing more and more energy until it strikes the vacuum chamber, while 
particle t" will be captured around t¿. Then it appears that the maximum phase 
amplitude for the synchrotron oscillation is represented by t^, to which corresponds 
a maximum energy deviation when passing at time t 2 (in between there is only a posi
tive energy gain). This maximum energy deviation, which limits the stable region, 
is called the "acceptance" of the RF system, and is given by 



A particle which has an energy deviation from the nominal one will radiate at 
a different rate. Moreover, as explained earlier, such a rarticle has a different 
orbit (and a different path length) and then moves in a différant magnetic field. 
If this particle radiates more than the synchronous or»n, it can be either damped 
if the initial energy deviation is positive or antidsnpt'd i f the initial energy 
deviation is negative. 

By definition the dampi p cnpff-"'"lent i i„ the one entering in uhe following 
equation of motion: 

j2 d x _ dx 2 ^ + 2 a — + arx = 0 

and the damping time is 
dt 2 X dt 

T = 1/Ct X x 

For the energy oscillation (or the related phase oscillation) the damping time can 
be written: 2 E 1 

o 

T e = F F T ' 
r o e 

J = 2 + ÍD + 0) , 
E X Z ' 

where ÍD is a property of the guide field: 

2 K ds 
y 

ÍD = 2 i-* }- (y = x or z) ft," 
The damping of betatron oscillations is quite different as it is not a direct 

effect from the radiation process but rather the effect of the energy gain from the 
RF. As a matter of fact the radiation is emitted tangentially to the particle tra
jectory (see Fig. 2a) and then gives a reactive impulse ôp opposite to the momentum 
p of the particle. This, when considered over a differential path length ds, changes 
neither the position nor the angle of the particle, which means that the betatron 
amplitude is not affected. 

When crossing a cavity gap the particles gets back the total energy loss, but 
for all values of the betatron phase the corresponding impulse öp is parallel to the 
design orbit. As shown in Fig. 2b, this gives an angular kick leading to a new 
betatron amplitude. When averaging over all betatron phases, the final amplitude 
is shown to be less; the betatron oscillations are damped. 

However, the previous result is true only when the dispersion function is zero, 
otherwise the energy lost by radiation moves the closed orbit so that the betatron 
motion gets a new amplitude. As for energy oscillation, the damping effect is now 
affected by the guide-field structure. The damping time being again defined by 
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one gets 

-L = a = - i Eíí (a = oscillation amplitude), 

2 E„ 1 o 
T y = f~ U~ T~ 3 r 0 y 

(v = x or z) 
J = 1 -0) , 
y y 

which finally implies that 

J x + J z + J
E - h • 

where the J numbers are called the "partition numbers". 

For an ideal separated-function lattice the three motions are damped. However, 
in the presence of closed-orbit distortions antidamping may occur either for the 
transverse motions or the longitudinal one, as will be seen later. 

In spite of damping, the beam sizes never become infinitely small because 
particles are always subjected to noise and mainly to energy fluctuations. Although 
there are many types of energy fluctuations, the most important one comes from the 
synchrotron radiation itself, which is emitted as quanta of discrete energies. 

It is known that damped harmonic oscillators, whose positions x are disturbed 
by random fluctuations 6x occurring at a rate per second ñ, with a mean square 
(Sx2) , have a Gaussian distribution with a standard deviation: 

a 2 = i ft <óx2) T . x 4 x 

Then in the particular case of energy oscillations, 

where e stands for a quantum of energy. A detailed analysis of the synchrotron 
radiation spectrum shows that 

ñ ( e

2 ) = 2 C q -*L- v > JiZpi! , 
q (mc2) 2 <l/p2> 

where 

C q = 3.84 x 10~ 1 3 (m) , 

(Py) = mean power radiated. 

Finally it comes out that the energy spread of the beam is 
o = /C /pj — , 

£ q £ mc 2 

where p is averaged over the whole circumference: 
1 _ (1/p3) 
P <1/P2) 
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In the synchrotron motion the phase oscillation is associated with the energy 
oscillation and represents the longitudinal position of the particle as compared to 
the synchronous particle. The corresponding bunch length is then 

f a 

S 0 

The quantization of the synchrotron radiation also affects the betatron motion 
since energy fluctuations lead to closed-orbit jumps if the dispersion function is 
non-zero. The mechanism is then quite similar to the one discussed before, apart 
from some complications related to pseudo-harmonic oscillation. The results in 
terms of standard deviations of the betatron distributions are: 

a 
e 

where U is an invariant which characterizes the magnetic structure: 
7 

y J y <P-3) 

The mean values are taken over the whole circumference. It can be seen that 
if n vanishes in one plane for instance, the corresponding transverse beam size is 
zero, unless some extra noise has to be considered. This is what generally happens 
in the vertical plane with no bending. In this case the vertical size is usually 
given by coupling between the two transverse betatron motions due to magnet imper
fections (e.g. tilted quadrupoles). Such a coupling effect will lead to betatron 
energy transfer from the horizontal to the vertical plane. In this case conserva
tion implies that the sum of the two invariants U and U must be equal to U 

r x z n x 0 

obtained without coupling. The coupling coefficient is then k = VJ /0 
z x 

By definition, the transverse emittance is 
E « a2/ß , 
y y y 

and it appears also as an invariant for the betatron motion. 

If we ignore wigglers, the horizontal emittance in a large electron storage 
ring is virtually determined by the arcs, where periodic regular cells with iden
tical bending magnets are located and where the n function follows approximately 
/ß^ . Then we get 

E x 
0 
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A reasonably good approximation is 

e 
8Q3 tg (y/2) sin2 (y/2) 

where R is the mean radius of the arcs, Q is the arc contribution to the tune, arc 
and y is the betatron phase advance per cell. 

THE BEAM-BEAM INTERACTION 

3.1 The parameter g and the linear tune shift 

When a particle crosses the opposite bunch in an interaction region, it sees 
the macroscopic electromagnetic field of that bunch and gets a transverse impulse 
which disturbs its betatron motion. 

If the test particle stays close to the bunch axis (small betatron oscilla
tions) it sees a linear force, which is focusing in both planes. This force can be 
obtained by expanding the electromagnetic field generated by an elliptical beam 
with a Gaussian particle distribution. 

Now, if the bunch is short enough, this force will lead to an angular devia
tion, the particle position being almost unchanged. This is equivalent to a thin-
lens quadrupole, keeping in mind that the gradient must have the same sign in both 
planes. It can be shown that the integrated gradient over the bunch length is 

2N r 
x, z Y ( O + a )a ' x z x, z 

with 

N 
Y 

number of particles in the bunch 
E/mc2 

2 

4 T T E 0 mc' 

a = transverse r.m.s. of the particle distributions. 

The new betatron motion, including the perturbation from the space-charge 
forces, will be represented by the product of two matrices: 

0 " i i 1 2 

KS, -
2 1 2 2 

where the first one is the space-charge thin-lens approximation, while the second 
one is either the transfer matrix over one turn or the Twiss matrix (in that case 
the envelope function is taken at the crossing point). 
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The unperturbed tune is given by 

cos 2TTQo + T 2 2 ) , 

while the final tune becomes 

with 

cos 2TT(QO + AQ) = cos 2TTQO + j T u KS" 

T
1 2 = "Bo s i n 2 ^ o 

Let us now define the parameter Ç: 
fa ̂  N r 

"x,z 2iry(ax + o 
cT x,z 

and then 
cos 2ir(Q0 + A Q ) X ) Z = cos 2 ^ ^ - sin 2irQ B x > a , 

where AQ is the linear tune shift corresponding to the linearized space-charge 
force. The parameter Ç characterizes the space-charge strength; it also includes 
the value of the envelope function at the crossing point, which acts as an amplifi
cation factor. 

One can also write 

sin (2irAQ) r- -i 

5x,z = S T - 2 ^ L' + t g ( l r A Q ) * . z C t 8 ^ V x . z J 

" + c t * <2*Vx,z] • 
This formula shows that when Q 0 is not too close to an integer, Ç is a good 

approximation for the linear tune shift. When there are several interaction points 
the formula stays valid if Q 0 and AQ express the tune and the tune shift between 
two crossing points, assuming that all the crossing points are located at homologous 
points around the ring. However, in that case the parameter Ç still represents the 
space-charge strength at each crossing point, while the linear tune shift is the 
sum of the contributions of each crossing point. 

In addition to the tune shift, the linear approximation of the space-charge 
force modifies the optics. In particular, the envelope function ß will change, and 
from the previous matrix formalism it can be shown that the corresponding change at 
the crossing points is given by 

ß sin 2trQ = ß sin 2TTQ x,z 'x,z ox,z ox,z 
where the index "0" still characterizes the unperturbed values. 
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Moreover, if the dispersion function ri is not zero at the crossing point it 
will be changed at the same point in the following way: 

n 
_ o 

1 1 ~ 1 + 2TTÇ ctg TTQO " 

This formula is also valid for representing the final orbit displacement 
between the two beams, at the crossing point, which would result from an initial 
beam separation. 

As a consequence of this linear effect of the beam-beam interaction, the 
invariance of the betatron motion will be modified (and then the emittance) and 
the momentum compaction too. If the latter reaches zero, we get a limit for the 
stability of the synchrotron oscillation. 

3.2 The beam-beam limit 

On all the existing e +e storage rings a current limitation has been observed 
when the two beams collide. This limitation, which appears either as a growth of 
the beam transverse emittance or as a bad lifetime, is obviously due to the space-
charge forces. In the earlier days it was thought that such a limit could be related 
to a maximum permissible tune shift. However, a tune shift, in itself, is not very 
dangerous as it can be compensated by a different initial tuning of the ring. In 
fact a deeper analysis of the space-charge forces shows that the corresponding non-
linearity gives a tune shift which depends on the betatron amplitude. The maximum 
tune shift occurs for particles having small amplitudes, while particles with large 
amplitudes are not perturbed. Then it is clear that the linear tune shift repre
sents, in fact, the width of a tune spread. A maximum permissible value for the 
linear tune shift may now correspond to the fact that particles cannot spread over 
dangerous resonances, these resonances being due either to the natural defects of 
the ring structure or to a space-charge non-linearity. 

Table 1 shows that the maximum linear tune shift (AQ_„,.) , is different 
m d x total 

for different rings, which does not confirm the previous assumptions unless the 
dangerous resonances are different from one ring to another. This is, however, 
doubtful, as it has been shown — at least on ACO and ADONE — that the maximum 
total linear tune shift depends on the number of bunches per beam (or on the number 
of crossing points). The linear tune shift per crossing also depends on that num
ber and decreases roughly like the square root of it. 

However, if the beam-beam limit was due to the excitation of resonances through 
the non-linearity of the space-charge force, all these observations would probably 
be less surprising, the width of the resonances depending on the strength of the 
space-charge force and on the periodicity of the corresponding perturbations. More
over, the tune spread will then be meaningless as it can no longer be separated 
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Table 1 

Storage ring E 
(GeV) ^max A Q m a x / c r 0 S s i n g Number of 

crossing 
points 

total 

ACÓ 0.51 0.03 0.04 2 0.08 

ADOKE 1 0.06 0.03 6 0.18 

SPEAR 1.5 0.06 0.04 2 0.08 

from the resonant effect. Unfortunately no good model is yet available to give a 
correct understanding of the beam-beam limit. 

A new look at Table 1 shows that ADONE and SPEAR have reached the same 
^max = They both operate above an integer. However, ADONE operates with 
three bunches per beam (six crossing points) and very close to the integer, while 
SPEAR operates in the one-bunch mode (two crossing points), with lower ß values at 
the crossings and less close to an integer. 

A mixing of these two types of operation is used in the design of the new 
storage rings: low-ß at the crossing, many bunches per beam. The hope is still to 
get 5 m a x = 0.06. How good is such a scaling? A partial answer will soon come from 
PETRA operations. 

Among the uncertainties which one has in manipulating the parameter E m a x is 
the fact that for a given machine it may depend on the operating energy. However, 
apart from ADONE the energy dependence on the other storage rings is either very 
small or non-existent. This is perhaps a good reason to ignore it in new designs? 

3.3 Optimization of the luminosity 

When two bunches interact, the rate of events which occurs at a given inter
action region is: 

• - s N N~ n 

n fr " b T °tot ' 
where o" is the total cross-section of the process under study, H~ are the number 
of particles in each beam, S the effective beam area, f the revolution frequency 
of the ring, and b the number of bunches per beam. • 

This can also be written: 

tot ' 
where _ 

T r N +N . . 
L = f (S = 4TTO a ) 

r bS x z 
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represents the luminosity vhich depends only on the ring parameters. The cross-
section is generally purely betatron, as the dispersion function is -made to vanish 
at the interaction point in order to avoid coupling effects with the longitudinal 
motion which may come from the beam-beam interaction itself. 

According to the previous section, the maximum current per bunch which can be 
stored in the collision mode is 

x * °z> M 
,. , ^max e x,z 

where obviously the plane which first limits the current must be taken into consi
deration. Without transverse coupling, the vertical dimension is so small that 

a a ß ß z x 

(all these values obviously being taken at the crossing point), and the maximum 
expected luminosity is then 

*bÇ 2 , , . _ 
L = m a x f y 2 1 1 - — 1 X z 

r 2 r ». "x^ ßz 
e 

2 

( s 1 o a 
. °J ß2 

Introducing now the transverse coupling coefficient k as defined in Section 2.3: 

vir 

it is seen that a higher luminosity is obtained by increasing the transverse cou
pling. However, above a certain amount of coupling the limit will fall into the 
horizontal plane: 

k = ß /ß . max z x 

Then the optimum luminosity becomes 
TTbÇ2 (\ 1> 

L = ES* f y 2 — + — E , 
r Iß ß J Xo 

which corresponds to the optimum current per beam : 
2ïïbÇ 

N = SS£ y E . r x e o 
From these formulae it is obvious that more luminosity is obtained if the 

radial emittance is larger and ß smaller. For a given ring the luminosity will 
increase like y k , remembering that the natural emittance goes like Y 2• 
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with 
rtotal b d 

P, = 2IU„ (I = N e f ) b o r 

P, = d 2R , sh 

The steep rise in cavity losses makes the luminosity drop very rapidly beyond design 
energy so that the design energy is almost the maximum energy of the ring. 

Above and below the design energy the slopes for the luminosity curves can be 
improved by some manipulation of the emittances. 

A new kind of limitation which occurs in very high energy storage rings, and 
which is purely technical, comes from the maximum radiated power which the vacuum 
chamber can dissipate per unit length. If the previous optimization for the maxi
mum luminosity reaches this limit it is not very easy to maintain both E and L 

max max 

by adjustment of the other parameters. 

3.4 Scaling laws 
An important question for users is the following: Can we go further in designing 

high-energy storage rings while still having a maximum luminosity of lO 3 2 cm - 2 s - 1? 
From the previous section, assuming no further improvement will come from ß 

and keeping the same number of interaction regions, the scaling law is 
f Y 2 E v = const , (f « 1/R) . 

r xo r 

Present designs include a maximum luminosity L = 1 0 3 2 cm - 2 s - 1 at the design 
energy E. The most flexible parameter to adjust in order to get this luminosity 
is the emittance E

X ( J> the other parameters being more or less fixed by other con
siderations, e.g. 
- the natural value for h is half the number of intersection regions; 
- the revolution frequency depends directly on the design energy from power dissi

pation and cost considerations; 
- both ß cannot be very small at the same time, because the first quadrupole at 

the end of the interaction region is focusing in one plane and defocusing in 
the other. Generally ß^ is made small and then the value of ß^ does not matter 
very much. The minimum value for which one can reasonably expect is of the 
order of the bunch length; it directly results from the choice of RF frequency. 

The total RF power must now provide for the beam power at the design energy 
and for the cavity losses corresponding to the required accelerating voltage: 
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"o p Q 3 Q 3 
arc ^arc 

This is true for a constant betatron phase shift per cell. The wave number 
Q a r c is only the contribution from the arc and is proportional to the number of 
cells n. Then, if L is the length of one cell, 

2TTR 2 . 
L 5™ ce y A . 

n ' 
A constant betatron phase per cell means 

KÍ.L = const , 

where K is the normalized gradient of the quadrupole (for F and D) and SL its length. 

Finally, in order to maintain a constant luminosity for higher design energies, 
the focal length of the regular quadrupoles must scale like 

- 2A 

If the maximum tolerable gradient is reached, the quadrupole length will be increased 
ii 

slightly (£ Œ Y 3) but slowly as compared to L. From the optics point of view this 
looks quite reasonable. However, it must be pointed out that the maximum of the Q 

Zl 

function in the arc will go like L (or y 3 ) , and that this will make the lattice 
more sensitive to field errors as discussed in the next section. 

3/ 

One constraint which comes from the scaling law p « y 2 is that the bending 
field at the design energy scales like 

B <* l//y . 

In order to operate the distributed pumps inside the magnets, this field must 
be above a liertain value B^^. The consequences are that the injection energy will 
increase faster than the design energy and that the range of energy operation will 
be smaller and smaller. A design alternative to cure this effect is to develop new 
types of bending magnets or to find new ways of pumping the arcs. 

Moreover, if one starts from a machine which has reached the maximum power 
that the vacuum chamber can dissipate, the scaling law for the beam power is 

P, = Ne f <5E = p . b r 

Expressing N and ÔE leads to 

p and P, <* y 2 ; and I <* y - 1 , N Œ y . 
D 

Assuming that R follows the same law as p, the scaling law for the emittance becomes 

-V 2 

E Œ Y . 
xo 

As seen in Section 2, the emittance is given by the arcs and 

R y z y 2 

-i? „ arc E Œ 
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Notice that cost optimization gives a different scaling, namely p Œ E 2 , which 
means that a larger storage ring may have less vacuum chamber heating problems. 
On the other hand, the pumping limitation will appear earlier. 

4. DISTURBED CLOSED-ORBIT EFFECTS 

4.1 Misalignment and field errors 

A machine is never perfect. The main defects come from the tolerances that 
can be technically accepted for the positioning of the elements; from the limited 
field quality; and from the approximate identity of the machine elements. Although 
at the manufacturing stage the accuracy is better, it is quite common by now to 
assemble the magnetic elements with positioning errors of the order of 0.1 mm. The 
field errors are of the order of 10~k while the power supplies stability is 10 _ s. 

An obvious consequence of these errors is that the design orbit becomes a 
broken line which can no longer be followed by a particle. The particle which was 
supposed to follow it will be deviated and will start a betatron oscillation now 
defined through a new function K(s) which includes eventual gradient errors. 

These errors are randomly distributed around the ring, and the corresponding 
periodicity is one turn. They cannot be compensated locally because either they 
come from an unknown position inside the alignment tolerance or they are not detected 
by magnetic measurements. A number of correction methods exist using the disturbed 
particle motion due to these errors. Then the main problem is to get a stable dis
turbed motion in order to observe it. 

4.2 Disturbed closed orbit 

In the present section the dipole field errors distributed all around the ring 
are considered. A field error AB located in an azimuthal interval As will cause the 
slope of the betatron motion to change by an amount 

» / AB . n Ay = —y- As = 6 . , J p/e i 

neglecting the change in position (thin-lens approximation). 

The equation of motion then becomes 

y" + K(s)y = I 9. ô(s - s.) , 
i 

to which a particular solution, which closes on itself (single-valued trajectory), 
can be found: 

y c.o. ( s ) - 2 sll^q l ei c o scy-i) -y s ) - ' v 3 • 
y i 

This is called the disturbed closed orbit. The betatron motion as defined earlier 
will occur around this particular orbit. 
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<y2> 
C ' ° - 8 sin2 TT Qy 

Applying this formula to LEP (LEP-70/42) in the case where dipole field errors 
come from displaced quadrupoles (9^ = K\J£^6y^, 6y^ representing the displacement of 
the quadrupole axis), it was found that in spite of their relatively small number, 
the effect of the big insertion quadrupoles was about three times larger than the 
effect of all the other quadrupoles. Moreover, the maximum closed-orbit displace
ment will occur in these quadrupoles following the maxima of the ß function. A few 
centimetres closed-orbit displacement are expected for LEP, which of course could 
be reduced by using higher tolerances for the alignment of these peculiar quadrupoles. 

Notice that horizontal closed-orbit distortions inside the sextupole magnets 
will lead to gradient errors: 

AK = k x 
S C O . 

giving a tune shift. If the total tune approaches an integer it is seen that the 
closed-orbit amplitude will be strongly amplified. This is perhaps an effect which 
may discourage putting sextupoles close to the insertion quadrupoles, unless they 
appear necessary for good chromaticity correction. 

There is another interesting formulation for the disturbed closed orbit which 
is obtained by Fourier analysis of the distributed errors. The result is a Fourier 
expansion of the disturbed closed orbit in terms of the harmonics of the revolution 
frequency: 

y (s) = /ß(s) £ - Tb, cos k<¡> + fL sin k<f>~| , 
C ' ° - k=l 1 - (k/Q)2 k * 

with 

3 k 

b k 

= iQ~ <j> ß l / 2 l 9i 6 ( s " Si) s i n H d s 

= ^ (j) ß 1 / z I B. J(s - Sj) c o s k* d s 

d s 
Q3 

It appears that the most important harmonic corresponds to the integer k close 
to the tune value. Theory as well as practice shows that such an harmonic can be 
corrected by a set of two correcting dipole coils. However, defining the correct 
location for these elements requires first a measurement of the closed orbit; this 
is only possible if the expected closed orbit stays inside reasonable tolerances. 

The errors being randomly distributed, and in view of the large number of 
elements around the ring, one can write 
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A.3 Vertical dispersion 

As seen in a previous section, the dispersion function is a result of the energy-
dependence of the curvature effects. Ideally, if bending occurs in the horizontal 
plane there is no vertical dispersion. For a non—ideal -machine, field errors are 
energy-dependent; moreover, as the resulting disturbed closed orbit goes off axis 
through the quadrupoles (and sextupoles), it sees a dipole field vhich is also energy-
dependent. The dispersion function will now represent the disturbed closed orbit for 
an off-momentum particle: 

n" + Kr| = (K - k Tl ) z - T 6 . 6(s - s.) . z z s x c.o. i i i 
X 

The solution, which closes on itself, has the same aspect as the solution for 
the disturbed closed orbit, and we get 

V S ) = 2 sin(TTQz { ^ " W ( K - k sV Zc.o. C O S &>2Cs.) " " d s i 

- I 6. v ^ s T T cos 0 z(s.) - <i>2(s) - 7rQ z]| . 

The second part of the bracket is the disturbed closed orbit, and this can be ne
glected since large values of riz are of interest ( n z » 1 cm). 

A local correction of the chromaticities will cancel the first part of the 
bracket leaving the dispersion function equal to the disturbed closed orbit. However, 
this is not always possible since the natural horizontal dispersion is zero in the 
insertion quadrupoles. 

It must be pointed out that what happens in the vertical plane will also happen 
in the horizontal one, giving a modified horizontal dispersion function. 

As seen before, the disturbed closed orbit will have its maxima in the insertion 
regions. Moreover, at these places the integrated gradients KX are large, so it is 
quite easy to see that here again the insertions will be the major source. However, 
the function K - has a complicated azimuthal dependence due to chromaticity 
corrections, and it is then hard to see how the rest of the machine contributes to 
building up vertical dispersion. This can be looked at differently, as follows. 
The dependence of the dispersion function on the closed orbit can be described in 
terms of a Fourier expansion according to the similarity of the two corresponding 
differential equations. From this study it appears that a good approximation for 
the dispersion function is (LEP-70/92): 
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"it] 
\ 2 

C 

Z / 

jjj^ cos ko)^ + sin ^ ( J j J 

— rjb^ eos (k-n)4>z + a^ sin (k-n)<¡>2~| 

where k and n are integers such that k — Q̂ and n 
2Q z- The first part of the 

bracket is the product of the chroinaticity and the main harmonic of the closed 
orbit: 

B„ = -2 
AQ„ 

"5p7p ' 

This term cancels out when the chromaticity is corrected, otherwise it will 
become quite large for large storage rings. 

The second part of the bracket correspond to an oscillation at the same fre
quency as that of the main harmonic of the closed orbit, although it may include 
slightly different frequencies. The coefficient B^ which enters there has to do 
with the Fourier expansion of the chromatic variation of the ß function; effecti
vely it can be shown that 

z z 
dp/p Bo + I 

1 - ft) 

IB cos nd> + A sin ^ n z n 

with 

•Í ds 
Q e 
z z 

B = 
2TTQz 

1 

TTQ 

ß (K - k n ) ds z s x 

ß (K - k n ) cos nè ds z s x z 

1 ( ) ß ( K - k r | ) S l n n4> ds ^ z s x z 

Notice that for a machine with N superperiods, n must be a multiple of N. Moreover 
if (J) is chosen to be zero at a symmetry point, A^ will cancel out. 

It now follows that a chromaticity correction done with little care on the 
chromatic variation of ß may lead to high amplification of the dispersion function 
through the disturbed closed orbit. 
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4.4 Damping constants 

The general formulation for the camping constants has been introduced in 
Section 2. They depend on a parameter 1) which is a property of the magnetic struc
ture, and which has to be less than one in order to provide damping for the betatron 
oscillations. On the other hand, too large negative values will antidamp the syn
chrotron oscillation. 

Consider the horizontal betatron motion: 

ds 
1) 
x 

O n — f-T- + 2K I 
J x P x l P x XJ 

ds 
P X , 2 

the denominator including the bending radius in both planes, these radii corresponding 
to the curvature of the closed orbit whatever it is. For large stoi'age rings where 
the closed orbit coincides with the design orbit, the parameter CD is much less than 
one if the lattice is a separated-function one. 

In a machine where the dipole magnets are purely horizontal, the vertical bend 
P z will only come from closed-orbit distortions in the quadrupoles (closed-orbit 
distortion in the sextupoles giving second-order effects). Then a reasonable approxi
mation is 

O ds = () — ds , 
T p 2 J p! 

x,z "m 

where p^ is the bending radius of the dipole magnets. 

In computing the numerator the contribution of the dipole magnets can be ignored 
because, as said before, this contribution is negligible. It is now interesting to 
separate the contributions from the quadrupoles in the arcs and from the insertion 
quadrupoles: 

5) = 5) + CD . x xarc xmsert 

In both cases we have 

— = K x , — « 2K . c.o. ' » P P *x x 

In the arcs all the quadrupoles have the same gradient and the same length: 

p H 
CD = — K 2 X. £ Tl x xarc TT £ x c.o. 

where N is the number of such quadrupoles. In a large ring N is quite important, 
and we can roughly write that 
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CD *> — K2Z a <n ) , xarc TT xc.o. x 

where a is the r.m.s. of the closed-orbit deviation in the quadrupoles of the xc.o. arcs and ( n x ) is the mean value of the unperturbed horizontal dispersion in the arc: 

2 L 2 1 
p 1 - cos y ' m 

L being the length between the F and D quadrupoles, and y the betatron phase advance 
per regular cell. 

For the present LEP design we get 

CD = 5 x i o - 2 -o- a = 3 mm , xarc xc.o. 

which is non-negligible. 

In the case of the insertion quadrupoles statistical rules cannot be applied. 
So let us have a look at the effect from one of the big quadrupoles: 

p 
T) . - -~ K 2£ ri x x insert TT X C.O. 

and for the present LEP design: 

T) . = 10 ri x (ri and x in metres) . Jx insert x c.o. 

The dispersion in these quadrupoies should be zero. However, as seen pre
viously, a disturbed dispersion function may come from the disturbed closed orbit. 
Computer simulation for LEP (including chromaticity compensation) shows that this 
product can easily reach values as large as 10 1. Moreover, the effect of the 
other insertion quadrupoles may be partially cumulative thus giving a non-negligible 
probability for antidamping conditions. After orbit correction the effect will 
decrease rapidly and more quickly than the orbit distortion itself, since the n 
function is a consequence of the orbit distortion. The problem still remains for 
the first injection since closed-orbit measurements for correction need a stored 
beam. 

For the vertical plane the behaviour is the same, for the following reasons: 
- the denominator of 3) is the same as for ÍD because only p will appear: 

z x J r m r r 

the order of magnitude for the numerator is also the same because the vertical 
disturbed orbit and dispersion can be as large. 

4.5 Scaling laws 

The diagram below summarizes the effects due to closed-orbit distortions, and 
the way to cure or at least reduce them. 
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As said before, for a storage ring the size of LEP the insertions are mainly 
responsible for closed-orbit distortions and antidamping. For the last effect an 
amplification factor comes from the disturbed dispersion function, which depends on 
both the closed orbit and the chromatic properties of the ring. In that case the 
contribution from the arcs and from the insertions does not appear clearly when 
sextupolar corrections are applied. A scaling in that case is then difficult. 

For the disturbed closed orbit it was seen that the contribution from the arcs 
scale like v^, where N is the number of regular cells, which means roughly like /y 
for a constant phase advance per cell. If this is true, then even for much larger 
storage rings the main contribution will still come from the insertions and will 
increase if the number of insertions increases (anyway the effect will increase 
because the length of the insertion quadrupoles increases if the B at the crossing 
points are kept constant). 

From these effects the main constraints will appear when storing the first beam 
because 
- the closed orbits and the dispersion functions must be compatible with the 

aperture; 
- the particle motion must be damped; 
- the tune shift due to closed-orbit displacement in the sextupoles must be small 

enough to avoid bad resonances. 

However, for first operation the B at the crossing points can be brought to a 
level such that the contribution from the insertions becomes of the order of the 
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contribution from the arcs. This technique should first permit closed-orbit correc
tions. Later a path, at constant tunes, should allow the beam to be kept stable, 
with perhaps additional corrections. This will of course require quite sophisti
cated hardware and software. 

A first limit in machine size (apart from cost) may be reached when the con
tribution from'the arcs' is such that an increase in & at the crossing points does 
not help any more, unless tolerances or field errors can be much improved, or else 
correction methods can be applied to unstable beams over a fraction of a revolution 
only. 

BEAM CAVITY INTERACTION 

5.1 The normal beam loading 

This effect takes place in the more general context of beam interaction with 
the surroundings. Specific features, however, come from the fact that the cavities 
are active circuits fed by transmitters. The usual model for studying this inter
action is shown on Fig. 3, where the resonant circuit represents the cavity, i^ is 
an ideal current source for the generator, i^ is the beam current. 

The generator operates at a frequency w^, which is an harmonic of the revolu
tion frequency (w^ = hwp . 

In electron rings the stored beam looks like a periodic 6 function ishort 
bunches) which can be expanded into a Fourier series. Usually the Fourier compo
nent at frequency t¡¡ is taken into account, the other being too far away from the 
resonant curve. This Fourier component has a well-defined phase as compared to 
the cavity voltage V, which is in fact the synchronous phase angle as has been 
explained for the synchrotron "lotion (Fig. 4). 

An analysis of the equivalent circuit (Fig. 3), including the properties of 
synchrotron motion, gives a steady state which of course depends on the beam-induced 
voltage and the cavity tuning. This state can be described by the following 
formulae: 

V, cos <)> - V tg <J> V, sin <¡> + V 
t» A = -2 § y_ , v = — S 

0 Tv V. sin <j> + V g cos <f> b s T v 
where 

<¡)g = synchronous ohase angle 

<J)y = cavity tuning angle 

V = cavity voltage 

V = R I S g 
V, = R L (I, .= 2i ) f f f av 
<b = phase angle between I and V. v * 6 g 
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The reactive component from the induced voltage can be compensated by a proper 
tuning of the cavity (tg 4>v = 0). The resistive component then remains. It repre
sents the energy lost by the beam to the fundamental mode which has of course to be 
provided by the RE' generator. Let us call the corresponding power: 

b av o 

The required voltage V for stable synchrotron oscillation must be provided 
also by the RF generator, and correspond to Joule losses in the cavity: 

P - - ï L 
d 2R ' s 

where R g is the shunt impedance. The total RF power provided by the generator is 
then 

P = P, + P , + P R L . g b d reflected 

Note that R which appears in the equivalent circuit is related to R g through the 
coupling factor ß which corresponds to the coupling device between the transmitter 
and the cavity (coupling loop): 

R 
s 

1 + 

The total power provided by the generator can be optimized. For instance it is 
quite clear that the reactance of the loaded cavity must be compensated (tg <|> = 0). 
Moreover, a good matching will suppress the reflected power. This corresponds to 
a suitable adjustment of the coupling factor 

B = 1 +T- • 
d 

It has been pointed out by K. Robinson that the steady state may be an unstable 
state under slow perturbations applied to the system. However, the corresponding 
limit in the stored current is avoided by the proper matching described above. 

5.2 The heavy transient beam loading 

This case happens when the bunch spacing is large and the distance between 
the current spectrum lines becomes small enough for more Fourier components to in
teract with the cavity. This will change the beam-induced voltage, and it is also 
clear that a perfect matching is no longer possible for all these harmonics. However, 
a new optimum matching can be obtained, as pointed out by P . Wilson, leaving some 
reflected power which increases as the bunch spacing increases. These matching 
conditions also give a stable steady state, as in the previous case. 
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Finally, in the presence of heavy transient beam loading on the fundamental 
mode, the total power from the generator will be 

P = P, + P, + P , g b d r 

where P denotes the reflected power, now different from zero. 

Remark 
If for a given power the distance between bunches is large, it follows that 

the instantaneous energy removed by the beam at each single passage in the cavities 
is quite large. The cavity must refill before the next bunch passes, and this gives 
the kind of modulation shown in Fig. 5. 

5.3 Higher-order mode losses 

There is now concern with higher-order eigenmodes (parasitic modes) in the 
cavities. Again it is clear that some Fourier components of the current may 
interact with these higher modes, leading to an additional beam loading. This 
interaction may be resonant for some modes, but on the average it is incoherent, 
in which case a good approximation consists of looking at the energy loss for a 
single bunch passage. For this effect the bunch length is quite significant since 
for very short bunches the current spectrum extends to higher frequencies. 

Each cavity will contribute to the energy loss and, since for a large machine 
the number of cavities increases very rapidly, the effect becomes non-negligible and 
is very soon comparable with synchrotron radiation losses. 

The generatcr will eventually have to compensate for these additional losses 
in two ways : 

i) The total voltage in the cavities must be increased because higher-order mode 
losses appear as an energy loss for each particle in the bunch, which adds to 
the energy loss by synchrotron radiation: 

where V is the required voltage when the additional energy loss is neglected, 

ii) The higher-mode effect requires an additional amount of beam power: 

P, , = U, i 
b hm hm av 

Now the total generator power becomes 
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and it is seen that the contribution to wall losses from the higher modes will 
be more significant than the additional beam power as soon as the energy loss 
on these modes becomes of the same order of magnitude as the synchrotron radia
tion loss. 

It can be noticed that another contribution comes from the vacuum chamber 
itself where parasitic modes are also excited. However it appears that for 
large storage rings this component is less important than the one that has 
been discussed. 

5.4 Scaling laws 

As the general formulae for the generator power requirement are quite compli
cated, when including all the effects we mentioned earlier, the optimization is 
done by computer. 

Qualitative features, however, seem to be easy enough to understand. First 
of all if the higher modes are neglected, together with the transient effect on the 

V, 
fundamental mode, the beam power will then scale roughly with top energy as E 
(see Section 3); the Joule losses depend very much on the choice of the total length 
of the cavity, which determines the total shunt impedance, but, if the maximum power 
per metre that the cavities can handle is used, then this length will only depend on 
the total voltage and will increase much faster than E . An increase in length 
keeping clear of the maximum power per metre will make it increase roughly as 

3/ 7/ 3 / 
E 2 ( L c

 Œ E 2 ) , so that a reasonable approximation is P^ Œ E 
If we now include the parasitic-mode lospes, assuming a constant bunch length 

and a constant number of bunches, they will scale like the product of the cavity 
7/ 1/ 

length (Œ E ) with the number of particles per bunch (E 2 ) , namely like E . Cer
tainly this can be reduced a little bit at the expense of the cavity losses by 
reducing the total cavity length, but anyway this effect will increase the slope 
of Pg with energy. 

As to the last effect, which corresponds to a voltage modulation (reflected 
power), it is essentially related to bunch spacing. If the number of bunches stays 
constant it will increase rapidly, and to keep this rower at a low level it is 
necessary to increase the number of bunches; then there is concern with the number 
of crossing points and with electrostatic beam separation at some unwanted crossing 
points. 

Quantitatively speaking, a reasonable scaling with a constant number of bunches 
is shown in Fig. 6 where the power has been optimized for several energies by E. Keil. 
An increase in bunch number will decrease the generator power. 

Finally, although no clear limitation appears, either the power consumption 
will increase drastically (technical constraint) when going to a larger radius, or 
dynamical constraints will appear when increasing the number of bunches. 
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An alternative solution, when many bunches are necessary, would be a double 
ring with the required amount of common straight sections. 

The use of superconducting cavities will reduce all these effects considerably. 

6. COMMENTS ON DESIGN ALTERNATIVES 

Twenty years ago storage rings appeared as an alternative to synchrotrons on 
the way to higher energies, although they could noi, replace them completely. 

Nowadays we begin to think about alternatives to "conventional" e +e storage 
rings such as PEP, PETRA, and LEP (they are quite close to simple extrapolations 
from SPEAR). There are several reasons for this: 

size of a conventional very high energy storage ring; 
- constraints due to luminosity, power loss, and tolerances; 
- capital and running costs. 

However, the present alternatives appear more as possible improvements starting 
from a conventional machine, than as actual design alternatives which at the 
beginning may require small-scale models. 

Among possible improvements, the designers are certainly thinking very much 
along the lines of using superconducting cavities either to save power or to increase 
the top energy, but there are still problems to be solved before these can be used 
in a storage ring. However, if it could be shown very soon that a set of such 
cavities was reliable and stable enough in the presence of high beam current, it 
could be possible to build a smaller storage ring for the same top energy. The 
same conclusions are true also for the magnetic structure, where possible impro
vement may come from new types of magnets, leading to a smaller storage ring for a 
given energy. Designers have been reconsidering combined-function magnets, but at 
present these cause as many problems as they solve, apart from the fact that they 
may give less flexibility in machine operation. In any case it seems that developing 
new techniques may require the construction of smaller-size models before they can 
be used in very high energy storage rings. Small existing storage rings can also be 
used to check new types of components. 

Looking to the near future it seems that (even if this does not appear clearly 
throughout tins paper) e +e storage rings may reach theoretical and technical limi
tations, and that new types of machine may then be necessary in order to reach 
higher and higher energies even with less luminosity. Along these lines we can 
mention the following research: 
- beam-beam collisions with two linacs; 
- collective acceleration; 
- laser acceleration. 
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Let us conclude by mentioning another possible design alternative that is some
what clearer for designers. This is the possibility of reaching a given energy by 
steps at lower energies (and perhaps lower luminosity). In the perspective of con
ventional storage rings this means that in the beginning only the tunnel is matched 
to the final top energy. 
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SUPERCONDUCTING ACCELERATING CAVITIES 
FOR HIGH-ENERGY e +e~ STORAGE RINGS 

Walter Bauer 

Institut für Kernphysik, Kernforschungszentrum Karlsruhe, Germany 

INTRODUCTION 
Reasons for the interest in superconductivity 

In high-energy electron storage rings, the RF power dissipated in the normal 
conducting cavity walls in the ultimate limitation on reaching higher luminosities 
or higher energies. Owing to the increase of the KF dissipation with the eighth 
power of the particle energy, both construction and operation costs for the whole 
RF system play a determinant role. 

Superconducting cavities offer the possibility of reducing the cavity losses 
to almost zero, thus leaving nearly all RF power available for the beam. In addi
tion, as the accelerating field is no longer determined by cooling problems and 
cost considerations, one might hope to reduce the length and number of the cavities 
and so not only make up for the higher cost/m of superconducting systems but even 
lower the total construction costs. 

In the past there has been much enthusiasm about using superconductivity in 
RF accelerators, and also many drawbacks and objections. In the meantime, the 
RF separator has been completed in our Institute and has been operating at CERN for 
2000 hours without any trouble1' — so confidence in superconductivity has reasons 
to rise at present. This is also due to the fact that the limitations, especially 
on the field strength, are now better understood. Let me talk a little about the 
state of the art, about some specific problems arising in storage rings, and how 
we try to overcome them. First, however, I want to present an extension of 
Burt Richter1s cost optimization procedure2^ for the case of superconducting cavities. 

COST CONSIDERATIONS 

I will briefly repeat Richter's procedure, and then I can show what has to be 
changed to include superconductivity. 

He introduces unit costs kj (SF/m) circumference in the arcs; k 2 (SF/m) ins
talled RF power; k 3 (SF/m) active cavity length; and k^/e (SF/W) RF operating 
costs, based on a 10-year operation with 6000 h on-time each year. So the costs C 
of construction and operation are approximated by the following equation: 

C = 2TT R kj + (Pb + P D) (k2 + k^/e) + L k 3 + F (1) 



- 352 -

(R = radius in the arcs; P^, P^ beam and cavity RF power; L = cavity length; 
F = fixed costs that do not enter the cost optimization; e = klystron efficiency). 

Then he uses an equation connecting luminosity C, beam power P^, particle 
gy E, bending radii 

the interaction point: 
energy E, bending radius p, maximum tune shift A v

v> and amplitude function 8* at 

Av P, (MW) p (m) 
C = 1.23 x 10 3 3 y b , (2) 

E 3 (GeV3) £T (m) 

and the definition of shunt impedance Z: 

where V_„ is proportional to the energy loss per turn by synchrotron radiation 

0 (MV) = 88-5 x 10" 3 * E" (GeV") _ 
P (m) 

By differentiation, we get the minimum of C-F with respect to L and R at 

Aj c53Y k¿ + 2 A 2n 6" A 3 k 2 / Z 

2TT kj Ç 
(5) 

(6) 

where 
Aj = u8 x 10 9 (V*m) from the luminosity equation; 

A 2 = 0.885 x 10 1 3 (V«m) from the energy loss per turn; 

Y = ß*/0.05 ; n = V R F/U ; Ç = R/p ; 6 = E/100 GeV ; k¿ = k 2 + k^/e . 

In superconducting cavities Z becomes very high, so that L * becomes extremely 
short. This makes necessary an accelerating field which cannot be realized. So 
for superconducting (SC) cavities L is determined by the achievable accelerating 
field E rather than by a cost optimization: acc J r 
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and therefore 

p _ . Q8) 

Here the cavity dissipation has been neglected, and the additional costs for 
cooling etc. are included in k 3, which is now higher than in the normal conducting 
case. 

As the beam tube of LEP is designed to withstand not more than 25 MW of syn
chrotron radiation, for constant the following equation applies instead of 
Eq. (8): 

/ S V 6" 
p* (P, = const) = A / • (9) b V E 2TT Ç k acc * i 

We now put a set of numbers into these equations, for instance the unit costs 
that Richter uses : 

(SF/Í = 2) 

kj = 25.6 x 10 3 SF/m 

K = 5 .96 SF/W 

k 3 = 162 x io 3 SF/m 

kS
3° = 32A x 10 3 SF/m 

and R/p = 1.5, V„_/U =»1.4 from the LEP parameter list. For Z, I take 24 MŒ/m and Kr 
for y = 2 (ß* = 0.1 m), E = 3 MV/m. y ' acc 

I am not able to discuss these numbers here; for instance, SF 160,000 for a 
1 m cavity seems to me rather high already, and when I double this amount for 
niobium cavities, including cryostat, surface treatment, refrigerator, and so on, 
it is almost certainly too pessimistic. However, the general result, shown in 
Table 1, is rather independent of the specific numbers. 

A superconducting machine of 70 GeV would be smaller and less expensive than 
a normal one 3\ A smaller machine even would allow a higher frequency to be used, 
with consequently higher accelerating field, cheaper cavities, etc. Unfortunately, 
as was pointed out by Keil1*^, this machine could not be extended to 100 GeV. On 
the other hand, if we compare a normal LEP-70 with a superconducting LEP-100 we 
notice some similarity: the radius becomes almost the same, the cavity length is 
comparable, the RF power installed is more than sufficient. One has therefore to 
defray only the costs of the superconducting items, which amounts to about SF 568 
(probably less!), to convert LEP-70 into an optimized LEP-100. 

! 
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Comparing the total costs for both alternatives one might ask, Why not huild 
a superconducting LEP-100 right away? This brings us to the question of the super
conductivity in general: What has been achieved? What are the limitations? What 
open questions are to be answered? 

Table 1 

Cost comparison of normal (NC) and superconducting (SC) LEP 70-100. 

70 GeV (NC) 70 GeV (SC) 100 GeV (SC) 

Bending radius p (m) 2469 1576 2355 

Cavity length L (m) 1491 629 175'1 

Beam power P^ (MW) 18.9 29.6 25 

Cavity power P^ (MW) 40.5 0.005 0.013 

Total power P t o t (MW) 59.4 29.6 25 

Luminosity C (cm - 2 sec - 1) 10 3 2 10 3 2 4 x 10 3 1 

Cost of ring (MSF) 596 380 (568) 

Cost of RF (MSF) 354 176 (149) 

Cost of cavities (MSF) 242 204 568 

Total cost (MSF) 1192 760 (1285) 

3. RF SUPERCONDUCTIVITY. STATE OF THE ART. 

3.1 Surface resistance 

The Q-value of a cavity can be split into 

where G is a geometrical constant of the order of 200-300 for accelerating ca
vities, and R is the surface resistance, 

s 
We call 

R (300 K, Cu) 
x = _5 : 

R s(T, Nb) 

the improvement factor. I can take values up to 10 6, depending on material, tempe
rature, frequency, and surface quality. 
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The surface resistance can be computed by theory; it is proportional to 
(D 2 exp (-A/kT). Experimentally one observes a deviation from the exponential law 
at very low temperatures: 

R = R., + R s theory res 

For niobium, in all practical cases at 4 K the theoretical surface resistance 
(Table 2) can easily be achieved; somewhere below 4 K the residual resistance, 
which is independent of temperature, begins to dominate (Fig. 1). 

Table 2 
Theoretical surface resistance and 

improvement factor of Nb and Nb 3Sn at 4 K 

Niobium Nb Sn 
Frequency 

(MHz) 
Frequency 

(MHz) R 
s 

(fi) I R (Q) s I 

8665 1.85 x 10~ s 1.3 X 10 3 1.5 x 10 - 7 1.6 X 10 s 

2860 2.02 x 10 - 6 6.9 X 10 3 2 x 10~ 8 6.9 X 10 5 

700 1.21 x 10~ 7 5.7 X 10* 1.6 x 10~ 9 4.3 X 10 6 

500 6.17 x 10~ 8 9.4 X 10* 8.7 x 1 0 - 1 0 6.7 X 10 6 

350 3.02 x 10~ B 1.6 X 10s 4.6 x 10 - 1° 1 X 10 7 

462 3) 2.3 »65 15 13 135 T IK5 

2 3 t 5 6 7 8 t/T function of Tc/T 
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For nioßium, B c (T=0) is about 1930 G, T^ = 9.2 K. Unfortunately, in almost all 
measurements with RF, the obtainable fields are much lower than this d.c. value. 

For Nb we can classify these field limitations into three types: 

a) Thermal breakdown. This occurs when a large fraction of the surface is heated 
by the RF to such an extent that T c is reached. In general, this limitation can 
be avoided by proper cooling. 

b) Magnetic breakdown. At certain spots on the surface, say at a microscopic peak, 
hole, or slit, or at local dirt inclusions, a lowered B* < B (Nb) leads to a 

It can be seen that a lower frequency gives lower R g (y td2), but because K- r e s 

is not decreasing with frequency, it begins to dominate earlier at lower frequency. 
This means that at high frequencies an operating temperature below A K, i.e. at 2 K, 
reduces R g by a factor larger than 10, whereas at low frequencies it does not pay 
to work below A K. This has positive and negative consequences: A K means simple 
refrigerators, less stringent requirements for vawrni seals (no superleaks), but 
much less heat conductivity of the helium; care has to be taken that parts having 
a complicated shape, such as coupling loops etc., are properly cooled. If, in the 
future, Nb3Sn cavities would be available, this argument would shift to higher fre
quencies. With Nb3Sn it would be possible to operate at A K up to 10 GHz; with 
Nb only up to 1 GHz, roughly. Unfortunately, in Nb 3Sn cavities R r e s is still fairly 
high, so that the theoretical R g has not been achieved so far. 

In conclusion, it can be said of the surface resistance of Nb that for low-
frequency applications, where operation at A K is the best choice, achieving improve
ment (factors of ÎO^-IO5) is no problem. 

This is true for low fields. What happens if the field strength is increased 
to practicable values? 

3.2 Field limitations 

It is well known that the superconductivity breaks down when an applied d.c. 
magnetic field becomes larger than a critical field B c (T). 
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local normal-conducting spot which thermally explodes and spreads over a macro
scopic area within a few microseconds, and the field breaks down owing to the 
increased losses. This breakdown is typical for many cavities. The limitation 
can be shifted to higher fields only by careful surface preparations, very clean 
assembly, avoidance of dust, and so on. 

Employing all these methods, field values close to that of the d.c. critical 
field have been achieved in TE and TM cavities at 10 GHz s ) , and about half that 
value in accelerating or deflecting cavities at 10 GHz 6 > 7 ) . 

c) Electron loading*J. In accelerating cavities an electric field perpendicular to 
the surface is present. This field leads to electron field emission. 

The electrons gain energy in the electric field and then hit a surface. Elec
tron multiplication takes place if the secondary emission corresponds to an output 
ratio larger than 1 and when there are trajectories where accelerated electrons hit 
a surface where secondaries see favourable electric fields for acceleration. 

We have not only the classical two-side multipacting, where electrons oscillate 
back and forth in resonance with the electric field in the gap of the cavity, but 
also one-side multipacting exists in the corners, where the electric field goes 
through zero. In TM0 modes this develops by the bending of electron trajectories 
on closed loops as shown in Fig. 2 J. In a stable potential well, the electrons 
oscillate on cyclotron resonance-like trajectories. Some Ê , is needed to gain 
energy for the production of secondaries. 

All multipactor levels scale like B,E 'v f/n and have an impact energy 
e ^ (E/f)2 <v> (1/n) 2, where f is the resonance frequency and n the order of the 
resonance. 

What do these electrons do to the cavity? 

a) They cause surface damage, i.e. irreversibly lowering Q and the achievable field. 
Very often this can be cured only by a subsequent surface treatment, e.g. ano
dizing, chemically polishing, or electropolishing. 

b) They reversibly load the cavity down to such an extent that Q decreases by more 
than a factor of 10. 

c) They heat the cavity wall at certain spots, especially in corners, where the ma
gnetic field and therefore the cavity dissipation (y R gB 2) is high. If there is 
a local bad spot where B c is lowered, we have a magnetic breakdown, which is 
triggered by the electrons. 

It is possible that more than one of these effects occur in one cavity, and 
that the behaviour differs from run to run. This makes the analysis of measurements 
rather troublesome and an improved diagnosis of the effects very important. 
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225 

Fig. 2: High field trajectories in a TM„,„ mode at 0.5 GHz with d g = 225 mm. The 
field is chosen so that between the parallel plates (R > 110 mm), two-side multi
pacting of first order is approached; this is shown to drift quickly to the out
side wall. The field emission trajectories, starting in the high-field region 
around R = 81 mm, drift to the outside wall. With a retardation of 20° relative 
to the E-field variations, the same surface is hit only far outside at R = 180 mm. 
The trajectory of the secondary electron hits the outside wall and there feeds 
quasi-resonant one-side multipacting. In this cavity the dangerous one-side multi
pacting of first order would already occur at about 10 mT, which corresponds to 
about E = 5 MV/m (from Ref. 8). max 

There are two ways of working on this electron problem. First, one has to 
understand the effects which drive the electrons out of the surface, both the pri
mary field emission and the secondary emission. We know that the niobium-oxide 
layers on the surface play a predominant role there, and understanding of the 
enhancement of the e _ emission in the oxide seems to be very important. Perhaps 
a method will be found for improving the surface in such a way that the electron 
emission is reduced. 

The second possibility is to compute the electron trajectories and try to find 
a geometry which suppresses as many electron paths as possible. 

Both ways are being pursued at Karlsruhe and elsewhere 5* 1 2). As long as this 
electron problem is not solved, we have to live with the electrons. This means 
that it is necessary to find a design where the field is sufficiently below the 
actual threshold for severe electron loading. This is indeed possible, so that 
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Fig- 3 : 7 0 0 "Hz single-cell cavity with a gap length of 112 mm, a beam hole 
diameter of AO mm, and rounded corners 

an application i¿r storage rings is attractive even with the electron problem as 
it stands today. 

Which accelerating field gradient can ve expect? As we do not have measure
ments for a storage-ring cavity, we can only guess from results on similar cavities. 

We have measured two types of caviî.ies, one of which is shown in Fig. 3 (the 
other has a gap of 210 mm). 



- 360 -

It diffeis from a storage-ring cavity in the following way: 
a) the operating frequency is 700 MHz, 
b) the beam hole is smaller by more than a factor of 2, 
c) the outer corner is rounded by a radius of 10 mm. 

Thes'î two cavities gave repeatedly the result shown in Fig. 4. Please note 
the peak field at the surface, 8 MV/m, and the Q-values above 10 9 at 4 K. However, 
a few remarks are necessary about the acceleration fields of 4 MV/m shown on the 
graph. 

The long cavity makes a cell distance of A necessary, which means a very poor 
ratio of active/physical length. The short cavity would allow a cell distance of 
A/2. 

If we scale the result of the long cavity down to 350 MHz, assuming that the 
multipacting level which is responsible for the field limit scales linearly with 
the frequency, we would expect only 1 MV/m as accelerating field, because of the 
A-cell distance. For the short cavity, with a cell distance of A/2, this would be 
2 MV/m. It is this linear scaling of multipactor levels that urges people to think 
earnestly about higher frequencies for storage rings 3). 

On the other hand, we learned in the meantime that the outside corners ought 
to be sharp in order to minimize Ê , and hence the impact energy; so we expect 
better results from the cavities we are building right now for DORIS, about which 
I will report in a mc nent. 

At this point let me add a few remarks about using a higher frequency. What 
could be gained if a higher frequency would be feasible from the standpoint of the 
storage ring designer? 

We think that the cavities would become cheaper; the material costs scale 
with 1/f. The saving in fabricating costs might go linearly, or less than that, 
with frequency. All handling, surface treatment, furnace treatment, and assembling 
would be simpler. The smaller cryostat with less helium consumption would need less 
space in the tunnel. All this should result in a lowered cost/m figure. In any 
case, by achieving higher fields the total cavity length is reduced. 

To achieve the necessary aperture, comparatively large iris diameters would 
be chosen — therefore the cell-to-cell coupling becomes large and a very simple 
iris-coupled structure would become feasible. 

Among the disadvantages of higher frequencies, it is found that Q s > the number 
of synchrotron oscillations per turn, becomes higher, and the power going into 
higher modes increases. The overvoltage ratio V__/U0 has to increase, thus eating 

R r 

up some of the increase gained in the accelerating field. 
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Fig. 4: Q-value of a 700 MHz single-cell iris cavity with gap length 210 mm (other dimensions as shown in Fig. 
as a function of peak electric field at the surface. The accelerating field shown is valid when this geometry 
would be used with a cell-to-cell distance of A/2 = 214 mm. 
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Also, because of the larger beam hole, another reduction of fields by an in
creased peak field/accelerating field ratio cannot be avoided. As was mentioned 
earlier, operation at 1.8 K, or Nb3Sn (which is not yet available), would be neces
sary. If a multicell structure is chosen, the output coupling of higher modes is 
not yet solved, whereas it is available for single cells; single cells, on the 
other hand, would be just too many at higher frequencies. 

The replacement of all readily installed RF equipment would increase the costs 
of the conversion, but it seems to me that the reduction in cavity costs might 
account for that. 

* * * 

I have tried to express all these arguments in numbers; the result is shown 
in the Appendix. 

4. PROBLEMS TYPICAL FOR STORAGE RINGS 

So far, I have mentioned mainly the facts that are common to all applications 
of superconducting cavities. In storage rings, some additional problems have to 
be considered: 

a) Vacuum. The cavities are connected to a vacuum pipe, several kilometres in length, 
part of which is at room temperature. How long can the cold cavity be allowed 
to pump gases from the warm parts of the system down to its cold surface? What 
happens when a vacuum failure occurs? Can the cavity be operated for appreciably 
long periods of time? 

b) Synchrotron radiation. Although the cavities are situated in straight sections, 
not all radiation can be shielded from its surface. How much harm is then done 
to the superconducting properties? 

It was measured at DORIS 1 3) that about 1 W/m of scattered synchrotron radiation 
hits the cavity surface. This is quite tolerable from cooling considerations, 
but it generates about 10lu photoelectrons per second, i.e. 16 uA! Assuming we 
could completely eliminate the electrons produced by field and secondary emission 
from the cavity, we get approximately the same amount from the storage ring it
self! 

c) Higher—order modes. It is necessary to couple the higher-order mode energy out 
to a room temperature load without dissipating too much in the helium. This 
coupling has to reject the fundamental mode. 

We calculated the power going into helium for several operating modes; for ins
tance, for a superconducting cavity and for a cavity that has gone normal, say, 
by a field breakdown 1 u» 1 s). In the superconducting case, one needs a Q e x t of 
the output coupling of less than 101* only when one mode happens to resonate with 
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the beam. For the normal conducting case, Q e x t = 10 3 is necessary for many modes. 
If a cavity is normal, the RF source is switched off and the beam remains on; 
also, the fundamental mode is excited and has to be coupled out or very quickly 
tuned away. 

d) Very high RF power is needed for the beam. The design of an input coupling sys
tem for a superconducting cavity which couples some 100 kW from outside of the 
cryostat into the niobium cavity without excessive heat losses is not a trivial 
task. 

e) Cavity fabrication, refrigeration technique, realistic cost estimates. 

Some of these questions can only be answered by testing in a real operating 
storage ring. We therefore started to build two cavities which will be tested in 
DORIS; the last section will give an outline of the progress of this experiment as 
it stands now. 

5. SUPERCONDUCTING DORIS TEST CAVITIES 

5.1 Cavity design and fabrication 

Two test cavities are being built right now: one of them, with a gap of 27 cm, 
is shown in Fig. 5; the other has a shorter gap of 22.5 cm. The geometry is chosen 
according to our best present knowledge in order to reduce electron loading. Many 
trajectory calculations suggested this shape, especially the gap distance, the sharp 
corners, and the elliptic roundings at the beam holes. As we have vacuum inside 
and atmospheric pressure outside, we had to reinforce the end plates, because 1 ym 
deformation gives a frequency shift of 1 kHz. The bandwidth of the cavity loaded 
by beam and input coupling is 5 kHz. The figure shows also the flanges for input 
coupling, higher-mode output, and tuner. The cavities are made of sheet niobium, 
which is argon arc-welded. Only the coupling parts are machined from solid material. 
(One cavity costs DM 15,000 for fabrication + DM 15,000 for material.) Both cavi
ties are due at the end of this year. 

5.2 RF components 

a) In this particular experiment the input coupling has to bring about 100 kW of 
beam power into the cavity; this is shown in Fig. 6. The main features are 
the following: a field transformer increases the coupling strength and keeps 
the field inside the cavity undistorted. The coupling loop is flooded by liquid 
helium. The inner and outer conductors are separated capacitively at two tempe
rature levels in order to reduce heat influx from outside to the cold parts. 
The cavity window is separated from the outside world by a ceramic window at 
80 K and a second window at room temperature. Tests on this system at high power 
are at present under way. Cryotests of critical components have been successfully 
completed. 
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Fig. 5: Niobium test cavity for DORIS 
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a 

d 

Fig. 6: Input coupling system for the DORIS cavity. The coupling hole in the 
cavity wall (e) is partially closed by the field transformer (a). This has the 
purpose of reducing field distortions and field enhancement, and it increases the 
coupling strength. The coupling loop (b) is cooled by liquid helium. The inner 
and outer conductors of the coaxial line are capacitively separated (c) to reduce 
heat influx and to separate parts having different temperatures. All parts marked 
black are made of niobium. The ceramic window (d) is cooled by liquid nitrogen. 
(Not shown in the picture: a similar separation and a water-cooled window at room 
temperature, and the coaxial waveguide connection outside the cryostat.) 

b) The output couplings for higher modes are shown in Fig. 7. Two of them are 
needed to cope with an azimuthal asymmetric mode. The exponential line is used 
to reject the fundamental mode. This system has been tested on a full-size, 
room-temperature, model cavity in our laboratory. It couples out all modes up 
to 2 GHz with a coupling Q < 101*. (Modes above this frequency disappear 

exc 
through the beam hole.) This system is described in detail elsewhere16'. 



Fig. 7: Cross-section of one higher-mode output coupling with exponential coaxial line to reject the fundamental mode 
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e 

Fig. 8: Tuning system for DORIS 
cavity. The cavity (a) is mounted 
in a supporting frame (b) which 
holds the movable bars (c). By 
pressing the connecting band (d) 
downward, the bars pull the beam 
tubes (e) outward. The system 
acts against the atmospheric pres
sure of the helium bath that presses 
the end plates inward. 

5.3 Cryostat 

The cavity will be cooled in a helium bath at A K. Beam pipes will be cooled 
before reaching the cavity and will act as a baffle. The evaporating cold He gas 
is used to precool the 80 K shield, the beam tubes, and the couplings. The cryo
stat design has been completed; it will be available early in 1979. 

6. CONCLUSIONS 

Superconducting accelerating cavities have the potential of reducing both cons
truction and operating costs of e +e storage rings. Q-values achieved so far are 
sufficient; accelerating fields approach values which make an application in
teresting. A higher operating frequency would be much preferred from the standpoint 
of superconductivity. Typical problems for storage rings have to be studied in an 
experiment at a real storage ring. The construction of two cavities to be tested 
at DORIS is under way. 

c) The tuner deforms the end plates slightly, as shown in Fig. 8. 



- 368 -

Acknowledgements 

This talk contains the sum of many discussions with experts from CERN, DESY 
and the university of Wuppertal; especially, I would like to express my gratitude 
to G. Bathow, F. Bonaudi, H. Gerke, E. Keil, H. Lengeler, H. Piel, W. Schnell, 
G.A. Voss and P.B. Wilson. 

I would like to acknowledge contributions from my colleagues at Karlsruhe: 

A. Citron 
H. Baumgar tner 
A. Brandelik 
U. Feisst 
0. Graf 
J. Halbritter 
P. Kneisel 

F. Kröner 
R. Lehm 
"W. Lehmann 
K. Mittag 
M. Rutz 
F. Schürrer 
0. Stoltz 

L. Szecsi 
R. Vincon 
G. Westenfelder 
K. Zieher 
H. Zimmermann 



- 369 -

REFERENCES 

1) A. Citron, G. Dammertz, M. Grundner, L. Husson, R. Lehm, H. Lengeler, D.E. Plane 
and G. Winkler, First operation of a superconducting RF separator, Primär-
bericht 08.02.02.02.C (Kernforschungszentrum Karlsruhe, 1978), to be published 
in Nuclear Instrum. Methods. 

2) B. Richter, Very high energy electron-positron colliding beams for the study of 
weak interactions, Nuclear Instrum. Methods 136, 47 (1976). 

3) D. Ritson and M. Tigner, Large electron-positron storage rings using superconduct
ing RF acceleration: A feasibility study", CLNS-406, Cornell University, 
Ithaca, NY (1978). 

4) E. Keil, private communication. 

5) H. Pfister, Cryogenics 16, 17 (1976). 

6) G. Arnolds, H. Heinrichs, W. Hoffmann, R. Mayer, N. Minatti, H. Piel, D. Proch 
and W. Weingarten, Measurements on a superconducting X-band structure for 
linear accelerator application, J. Appl. Phys. hT_, 1134 (1976). 

7) J.R. Aggus, W. Bauer, S. Giordano, H. Hahn and H.J. Halama, Investigation of a 
superconducting X-band deflecting cavity, Appl. Phys. Letters 24, 144 (1974). 

8) J. Halbritter, On electron loading in TM 0 1 ( )-mode cavities, Primärbericht 
08.02.02.P01E and OIL'(Kernforschungszentrum Karlsruhe, 1978). 

9) J. Halbritter, Recent developments in RF superconductivity, Frimärbericht 
08.02.02.P01F (KfK, Karlsruhe, 1978). 

10) G. Arnolds and R. Blaschke, Proc. Applied Superconductivity Conference, 
Pittsburg, 1978. 

11) C.M. Lyneis, H.A. Schwettmann and J.P. Turneaure, Elimination of multipacting 
in superconducting structures for electron accelerators, Appl. Phys. Letters 
31, 541 (1977). 

12) H. Padamsee, J. Kirchgessner, M. Tigner, R. Sundelin, M. Banner, J. Stimmel and 
L. Phillips, IEEE Trans. MAG-13, 346 (1977). 

13) G. Bathow, private communication. 

14) W. Bauer, Comments on higher order mode losses in superconducting cavities for 
storage .rings, Primärbericht 08.02.02.P02F (KfK, Karlsruhe, 1978). 

15) K. Zieher, Rechnungen zur Obermode-Anregung einer kreiszylindrischen Kavität, 
Primärbericht 08.02.02.P02G and 08.02.02.P02I (KfK, Karlsruhe, 1978). 

16) L. Szecsi, Breitbandige Auskopplung für parasitäre Modes mit Hochpass-Filter-
Charakteristik für Speicherring-Resonatoren, Primärbericht 08.02.02.P02L 
(KfK, Karlsruhe, 1978). 



- 370 -
i 

APPENDIX 

COLLECTION OF FORMULAS AND ASSUMPTIONS USED FOR 
CONSIDERATIONS ABOUT HIGHER FREQUENCIES 

Most of the formulas are from M. Sands, The Physics of Electron Storage Rings. 
An Introduction. (Proceedings "E. Fermi" Scuala Tnternazionale di Fisica, Varenna, 
1969, p. 258-411). 

Overvoltage ratio: q = \ F 

F(q) = 2 [Vq*̂l - cos"1 . Eq. (3.61) 

Ç •ct"lc,E 
F(q) = j 1 Eq. (5.141) 

2 T F 
T 
e 

es/Ç Eq. (5.137) 

2T E 
^'•rm-^r Eq. (4.20) 

U o Eq. (4.8) 
0 

T 
2 T„P„ 0 0 

€ CE] Y o 

VJJJ, = peak cavity voltage; U0 = energy loss/turn; U„ includes energy loss by 
synchrotron radiation and higher-order modes, but for the first approximation the 
loss by higher modes is omitted. 

I e = 2 + D [Eq. (4.51)] 

D = (aR/p0) « 1 therefore omitted 

a = momentum compaction factor = (2TTR/C)•(1/Q2) 
R = mean radius in the arcs 

p 0 = bending radius 

C = circumference 

E Q = nominal energy of stored beam (eV) 

Ej = 1.08 x 108 eV 

k = harmonic number Cf__,/c 
Kl' 
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x = quantum lifetime of stored beam 

= l/cx£ damping constant of energy oscillations 

T 0 = C/c = revolution time 

= 8.85 x 10""5 m (GeV)"3 [Eq. (4.2)]. 

I have used the LEP-70 parameter list (CERN/ISR-LEP/78-17) as a basis for all 
further calculations. The procedure to evaluate q is as follows: C = 22208 m, 
E„ = 70 GeV, and = 24 h are fixed numbers; £ is determined by Eq. (5.137);. 
then q is given by Eqs. (5.141) and (3.61). 

2) Q [Trova the note LEP-70/76 (E. Keil)]: 
k a cos <f> " 

< . • { 2 F 5 

3) r.m.s. bunch length a : 

5E] 
E„ J 

a C (a /E„) 
a = r— (E. Keil, private communication). z 2TT Q s 

This gives O (1=0); I multiply this value by the bunch lengthening factor B: z 1/ 

B = jo .0915 x 0 .06 x 5 [ E o (GeV) k cot <|> ] '2 [̂ ÏÏRJ [ -" K e i l » private comm.). 
\^ C E 

- \ = - T

9 - r r C M - S a n d s > E c l - (5.48)]; Cn = 3.84 x I O " 1 3 ; Y 0 °-r * 

0J j f ^0 q m c* 
4) For conversion of LEP-70 into LEP-100 by switching from normal conducting cavities 

to superconducting ones, the following assumptions should be used: C, p 0, T , and 
the number of bunches are kept constant. The tune Q is scaled like (y°) ̂ , and the 
momentum compaction factor Ol is therefore changed by 

a = (2TIR/C) — • 
Q 2 

5) Higher-order mode losses: 
I use E. Keil, C. Pellegrini, A. Turrin and A.M. Sessler, Nuclear Instrum. 

Methods 127, 475 (1975), for the evaluation of the higher-mode losses in the cavi
ties. For the losses in the beam pipe, I assume Z . = 0.37 x 10 1 0 fi/m and scale 
according to /f (E. Keil, private comm.). 

The beam current of LEP-100 is calculated according to the restriction that 
P, has to be kept constant at 25 MW. Therefore I (one beam) = 3.35 mA. 
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Now I have to consider different accelerating structures for different frequen
cies. In this way the beam-hole radius is kept constant at a = 0.06 m (except at 
1500 GHz, where a = 0.05 m is used because of E /E and because of the shunt 

p acc 
impedance). At frequencies from 700 MHz onwards this beam hole gives high enough 
cell-to-cell coupling to use a multicell iris-coupled structure, whereas for 357 
and 500 MHz a single-cell structure with individual input couplings for each cell 
would be preferred. The achievable peak electric field at the surface is scaled 
from our measurements at 700 MHz (E = 8 MV/m), and the corresponding accelerating 
field gradient ^ a c c is given by LALA computations. 

The values arrived at are collected in Table Al, which shows that for super
conducting cavities a frequency higher than 360 MHz would be preferable, if the 
problems connected with the reduced bunch length and the increased Q g could be 
solved. The last line of the table shows an estimated Q for the case where the 

s 
converted machine is to be operated at full luminosity and at 70 GeV. 

Table Al 

Conversion of LEP-70 into LEP-100 using superconducting cavities 
of different frequencies. Beam power P D = 25 MW. 

Frequency (MHz) 350 500 700 1000 1500 

Overvoltage ratio 1.14 1.18 1.22 1.29 1.38 
Bunch length (mm) 17 15 13 11 10 
Energy into H.O.M. (MeV) 75 84 80 108 132 
Power into H.O.M. (MW) 0.5 0.6 0.5 0.7 0.9 
Total RF voltage (MV) 4334 4490 4652 4956 5336 
Accelerating gradient (MV/m) 2 2.7 3.2 3.2 4.1 
Cavity length (m) 2167 1663 1454 1549 1302 
Synchrotron frequency Q g 0.072 0.091 0.11 0.15 0.20 
Synchr. freq. Q s for operation 
at 70 GeV and full luminosity 0.107 0.14 0.17 0.23 0.30 
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Like many other parts of the machine, the buildings described in our 
report should not be considered as the final design, but rather as the result of 
a technical feasibility study, we believe that the buildings proposed are reaso
nable and can be constructed, but we know that alternative solutions are possible 
and that a number of improvements can be made and must be studied. Next year, 
our Site and Buildings design group will study a number of points in the LEP pro
ject aimed at better exploitation and lower cost. 

As for the position of the machine, indicated in the report, this is 
also an example of a possible place rather than our final proposal. ECFA has 
recommended that we should study a site close to the present CERN site in the 
first place, and the one described is a typical example. For next year we plan 
a number of geotechnical studies to help us in making a more definite proposal. 
Today's talk will be on the following items: 

1. Site characteristics 

a) geology, 
b) topography and position of machine, 
c) available services. 

2. underground civil engineering 

a) tunnels, 
b) access shafts. 

3. Programme for further studies 

a) site studies, 
b) civil engineering. 

(The most important underground works, the experimental areas, are not on this 
list since they were already discussed in an earlier session.) 

The first figure (Fig. 1) is a geological cross-section of the Geneva 
region, about 10 km south of the site proposed, but very similar to it. Starting 
at the bottom we can see the following geological formations: 

1) The old cristalline rock that existed already more than 600 M years ago in the 
Precambrian era. This is granite, which reaches the surface in the Mont Blanc 
massif and on the other side in the Beaujolais and further on in the Massif Cen
tral. Very old earth movements have shaped it into a dish of several km depth 
with even deeper local depressions. 
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Figure 1 : Geological Profile through the "Pays de Genève" by Danilo Rigassi 
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2) These depressions are filled with deposits of the Carboniferous period of 
the Paleozoic era (about 300 M years ago) when there was a tropical vegetation. 
This same layer is found closer to the surface at the coal mines of St. Etienne. 
3) Of the next layer, Trias (i.e. the oldest period of the Mesozoic era about 
200 M years ago) the lowest part consists of sandstone formed in a desert climate 
that existed in our region since the end of the Permian period. The upper part 
of this layer contains salt, deposited somewhat later when the climate had changed 
and shallow lagunes covered the region. 

Up to ho'i.a the geology is of little practical interest to LEP but we 
now come to the layers in which LEP might be built. 

4) During the rest of the Mesozoic era (i.e. the Jurassic and Cretaceous periods, 
200 to 70 M years ago) the region was covered with warm seas in which corals and 
other small shellfish constructed with their skeletons layer after layer of lime
stone, in total 2 km thick. 

Ground movements during this era (early Alpine formation) had started 
to shape the Salève and the Jura by folding, but towards the end there was a major 
orogenic event (laramian) which in America created the Rocky Mountains and in 
Europe caused a general rising of the ground. From then on the region was covered 
with a rather shallow fresh-water lake and the Jura and the Salève were sticking 
out, so that they were not covered with the next layer; on the contrary, erosion 
took away the upper cretaceous on them. 

5) This next layer, molasse, was formed in the lake from deposits thi>t were 
eroded in the Alps and carried along by rivers. This happened in the Cainozoic 
era about 30 M years ago and a layer of up to 300 m thickness was formed. Since 
the Alpine formation continues this layer is gently folded and its level rises 
towards the Jura. 

6) The top layer, only a few tens of metres thick and therefore invisible on 
the section, was created in a very recent past some 10 to 20'000 years ago when 
the ice of the Würm glaciation withdrew. At the maximum the Rhone and Arve 
glaciers had reached all the way down to Lyon and all the way up (in altitude) 
to the top of the Salève and almost the top of the Jura. When they withdrew, 
they left behind a layer of stones, gravel, sand and clay called moraine. In 
the region considered, the thickness may vary between zero and 25 m. 

As a result of these geological formations, if one makes a borehole in 
our region, one will typically find: a few decimetres of top soil (terre végétale), 
then a few tens of metres of moraine, a few hundred metres of molasse, a few thou
sand metres of limestone and then the very old stone and finally the granite. To 
complete the geological picture, one can look at a very much simplified geological 
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map of che region where the type of rock one finds immediately under the top soil 
(say 50 cm deep) is indicated (Fig. 2). It can be seen that in the proposed loca
tion the machine will touch the area where the limestone reaches the surface. 

After about 15 km of tunnel work, CEKN has by now a large experience of 
constructing in moraine and molasse. We know that moraine can give problems 
because it is inhomogeneous with a rather low module of elasticity so that it may 
move in a non-uniform way. Where it contains clay, there may be water tables 
that can move and cause instabilities. 

The molasse contains very little water and has turned out to be very 
stable, if treated properly. Caution is only needed where it contains a specific 
type of clay (montmorillonite) that swells when absorbing water. This instability 
can be avoided by keeping the molasse under pressure and avoiding intake of water. 

We have no experience in limestone. From tunnel work elsewhere in the 
Jura that we have seen, we do not expect too much trouble. But some types of 
limestone are soluble and contain caves and underground water veins and we know 
that these exist also in some places in the Jura. A careful study of borings to 
be made in the limestone and in particular also in the interface molasse-limestone 
is therefore necessary. 

The next aspect, the topography of the site, is of course more directly 
visible and in Fig. 3 we can see the position of the machine and the surface level 
lines 450, 500 and 550 m. At the circumference the highest point of the surface 
is 588 m and the lowest 428 m. In our proposal the machine would be built in a 
tilted plane in such a way that where it almost touches the SPS it is at the same 
level as the SPS, i.e. 400 m, and the whole LEP tunnel lies between 380 and 490 m 
above sea level. In this way, we stay as much as we can in the molasse and keep 
the depths of the eight access pits between 35 m and 90 m. Without the constraint 
to touch practically the SPS tunnel we could have done better and, of course, 
bending the machine up and down can also help, but that needs more detailed stu
dies. The topology of the injection complex of the machine can be explained from 
the next picture (Fig. 4). 

The 'linac building is at ground level and contains a trench, made by 
cut-and-fill a few metres down, just enough for shielding. The booster synchro
tron is at the same level as the linac, just below the ground level, in a tunnel 
made by cut-and-fill. From this synchrotron we go through a sloping tunnel to the 
injector storage ring, the tunnel of which is bored in the molasse, some 17 m 
lower than the linac, then we go down again through sloping tunnels to the main 
LEP tunnel, 40 m lower than the injector storage ring. Visible also are the 
access shaft to the surface building and the SPS tunnel. A top view of the area, 
is shown in Fig. 5. 
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Figure 2 
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Figure 3 
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Figure 4 : Artist's impression and schematic view of the injector area. Each 
major construction is followed by its height above sea level (in metres) 
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Figure 5 
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Building underground in this way seems to imply no legal problems to 
construct even under built-up areas, only the ground around the auxiliary buil
dings where the access shafts reach the surface will have to be put at CERN's 
disposal. Another great advantage is that the environmental disturbance is 
extremely small as can be realized when flying over the present SPS area. 

Coming now to the point of services: in its proposed position, the LEP 
programme would profit from all existing CERN services such as buildings, tech
nical and scientific services and even 400 GeV protons would be available for 
future options, such as e-p collisions or further acceleration in a large accele
rator that could be built in the LEP tunnel. 

Also the general facilities that the Geneva area offers to CERN (air
port, housing, schools ....) would be available to the LEP programme. 

The electrical 400 kV line, built for the SPS is strong enough to deli
ver, in addition, the power required for LEP. 

The capacity of the pipe that brings the cooling water from the lake 
to the SPS and back to the river is sufficient to cover, in addition, the needs 
of LEP. 

We come now to the underground building work and Fig. 6 shows a horizon
tal section through the region around an experimental area of which there are 
eight along the circumference. We see the main tunnel, the klystron tunnels, the 
access tunnels and the vertical access shaft. From the goods lift in the access 
shaft we have a direct access to the klystron tunnels (which will be shielded from 
the main tunnel during operation) for maintenance and repairs and also the main 
tunnel can be reached without passing through the experimental area. Cables and 
pipes also avoid the experimental area by way of the access tunnels. 

A cross-section of the normal part of the main tunnel (Fig. 7) shows 
its dimensions: they are the same as those of the SPS tunnel, but as compared 
with that tunnel, we have left out a metal sheet and a layer of concrete, so that 
the hole to be bored in the rock is 40 cm smaller. We foresee only a single layer 
of concrete made from prefabricated slabs ("voussoirs"). We shall not try to 
keep out the water, but drain it away in order to avoid building up of pressure. 
The waterflow expected, at least in the molasse, is very small. By adopting a 
very low level of the beam (80 cm) we provide ample space for a possible future 
second machine. 

In Fig. 8 we see a section through the RF and klystron tunnels. Both 
are somewhat bigger than the magnet section of the main tunnel, viz. 4.40 and 5 m 
diameter, respectively. Finally, we can see a section of an access pit (Fig. 9), 
leading from an auxiliary building to an experimental hall. It is 10 x 4 m with 
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Figure 6 
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Figure 8 
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Figure 9 
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space for cables, pipes, emergency stairs, a personnel lift and a very large 
loading platform to bring down even the largest machine components and experimen
tal equipment with a maximum weight of 60 tons. 

The action of tunnelling will be done by means of a tunnel boring ma
chine similar to the one which was used for the SPS tunnel. These machines are 
being developed and improved continuously and there is one type that interests us 
very much. In the normal machines the boring element consists of a round shield, 
covered with cutters. Since behind the boring machine the tunnel is covered with 
concrete slabs on the inside, the machine cannot go back, its boring shield is too 
big. But in a type that is in use in a few places (for tunnels of a smaller 
cross-section) the shield is replaced by a set of three arms with cutters and these 
arms can be moved radially. This has two large advantages: it can make tunnels 
with a varying diameter (which is interesting for our RF tunnels) and it can go 
backwards (which may be an interesting way to make our klystron tunnels). If 
this machine would not become available in time, we would make the non-standard 
tunnels like the experimental hall with an Alpine-type machine, i.e. a borer with 
a mobile head as is used in mining. The injector tunnel and transfer tunnels will 
be made in the same way as the main tunnel, but the linac and booster synchrotron 
tunnels, which are very close to the surface, will be made by the cut-and-fill 
method. 

For the vertical shafts explosives will be used. I shall not say any
thing about surface buildings (they are conventional) but rather go on to the 
last point on our list, i.e. the programme for studies from now on. 

On the point of sites, we want to look at other possible locations. 
One that seems of particular interest, would be where LEP would touch the SPS in 
the south, i.e. close to the old CERN site ("Lab I"). In this way we would keep 
the possibility of colliding with protons but have the additional advantage of 
being able to use existing ISR facilities: buildings, halls, workshops, control 
room, maybe ISR tunnel or even ISR itself as an injector. We did not try this 
before, because we wanted to stay away from built-up areas, but if there are no 
problems, we could drop this condition. The consequences of an increased diameter 
must then also be examined: how far would we go into the Jura. For a really big 
machine, say 15 km diameter, built in one of the positions mentioned, a sizable 
part would be inside the Jura. If this would turn out to be difficult, there are 
other possibilities further south in the Haute Savoie where it seems one could 
stay in the molasse for most of the circumference of even very large machines. 
But then we would have to give up the e-p collisions. For that reason, we intend 
to put the main emphasis next year on sites touching the SPS. The geological 
borings that we shall start next year will also be in that region. 
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Borings are expensive, costing about 15 to 20'000 SF each and we cannot 
make an infinite number of them. We intend to start at the interface molasse-
limestone, then in the Jura itself, possibly followed by a reconnaissance tunnel 
to see what one really gets along the projected trajectory of the tunnel. But 
borings in the molasse will be required as well: one can have surprises such as 
valleys made by old rivers and now filled with moraine or maybe even underground 
water tables. In addition, we want to know exactly the topography of the molasse 
in order to determine the best way of getting at least a few experimental areas 
practically at surface level, which would mean at the top of the molasse. It 
might be possible to do this by a simple tilting of the machine plane or else 
vertical bends would be required, but it will depend on the precise topography of 
the molasse. 

We must also find out exactly which are the limitations of tunnelling 
under built-up areas on the French as well as on the Swiss part of the site. 

On the point of underground civil engineering we want in the first place 
to keep track of the developments in tunnelling machines and tunnelling techniques 
in general. I have mentioned the special boring machine with arms, there is also 
the question of constructing the walls of tunnels and experimental halls in such 
a way that water is properly drained away without building up a pressure on the 
walls. We shall maintain our contacts with specialized firms in order to follow 
these developments. 

When looking at the cost estimate, we find that in the underground work 
the tunnels themselves are relatively cheap but the experimental halls and the 
access shafts are pretty expensive. The experimental areas are of course of first 
importance and therefore we have to be careful if we want to economise on them. 
It is probably out of question to make them smaller; there is on the contrary 
a wish to make them bigger. Putting some of them near the surface may help to 
bring the cost down. 

We are, ourselves, not really content with the access pits as proposed. 
They are very large, 10 x 14 m,, and allow even the largest equipment for the 
machine to be brought down in a horizontal position. We want to investigate: 

i) if we cannot bring down the largest equipment (mainly vacuum chambers and 
excitation bars for the magnets) in more than one piece and assemble them 
downstairs; 

ii) how we could bring down equipment in a vertical position which admittedly 
causes problems at the loading and unloading places. 

More drastically, we want to study if we can replace these shafts by 
sloping access tunnels, possibly combined with shafts of relatively small diameter. 
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It was deemed appropriate to start the Summer Study at Les Houches with 
extensive presentations of the PETRA and PEP programmes. These presentations were 
given by G. Wolf and R. Schwitters, respectively. This paper is written from 
their transparencies. The reviewer (M. Jacob) is entirely responsible for pos
sible inaccuracies and omissions. 

1. The PETRA Programme 

1.1 Foreword 

PETRA is an acrostic for Positron-Elektron-Tandem Ring Anlage. The cir
cumference of the machine is 2.3 Km. The energy range extends from 10 to 38 GeV 
(5 to 19 GeV beam energy) but the beam energy could be increased to 23 GeV at a 
later stage. The design luminosity at 15 GeV is 1 0 3 2 cm - 2 s - 1 . Construction 
started in December 1975. Beams were stored for the first time in July 1978*. 
Figure 1 gives the general layout on the DESY site. 

1.2 Physics with PETRA 

At present, one can classify physics research at PETRA along different 
lines. They are as follows: 

a) T (bb) spectroscopy and study of the bq (Eq) states. This corresponds 
to the lower end of the energy range. 

b) Search for new narrow states (new quarks) and related spectroscopy. 

c) Jet studies with a possible différenciation between quark jets and 
gluon jets. 

d) Search for heavy leptons. 

e) Study of yy processes. 

f) Study of weak-electromagnetic interference with possible hints at the 
weak boson(s). 

The present review follows them sequentially. 

The T Family 

In connection with b quark physics a look at the present (experiments 
at DORIS) is worthwhile. Figure 2.a) gives the T peak as observed in 3 different 
experiments: DESY-Dortmund-Heidelberg-Lund, in DASP, DESY-Heidelberg-Munich and 
Aachen-DESY-Hamburg-Seigen-Wuppertal in PLUTO. The value of R off resonance is 
5.2 ± 1. 

G. Voss presented the machine and discussed its performance by September 1978 
in his talk at Les Houches 
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Figure 1 : The PETRA machine. General layout. 



- 392 -

The parameters of the resonance are obtained in a (by now) standard way. 
The three experiments report respectively: 

PLUTO DASP 2 1 DESY-HD 

M(GeV) 
T e e(KeV) 
B u u(10~ 2) 
r t o t(KeV) 

9.46 ± 0.01 
1.3 ± 0.4 
2.7 ± 2.0 

> 20 

9.46 ± 0.01 
1.5 + 0.4 
2.5 ± 2.1 

> 20 

9.46 ± 0.01 
1.1 ± 0.3 

+ 3 4 1 

i-° -í:o i 
> 15 

The mean values, as presented at the Tokyo Conference by G. Flügge are 
I" ; 50 KeV, T e e = 1.3 ± 0.2 KeV, B l m = (2.6 ± 1.4) x 10 - 2. 
Cot MM 

A prominent and very recent result has been the observation of the T*. 
The variation of the cross-section over the resonance peak is shown in Figure 
2.b). The parameters, as reported by the two different groups, are as follows: 

D-HD-M 
i 

DASP 2 

M(GeV) 
AM(MeV) 
r e e(KeV) 
ree( T)/ r

e e
( T"> 

10.016 ± 0.01 
557 ± 5 
0.32 ±0.10 
3.4 ± 0.9 

10.012 ± 0.01 
555 ± 3 

0.5 ± 0.2 
= 3 

The mass difference AM between the T' and the T (556 ± 3) is definitely 
smaller than the one observed in the '0 family, namely 591 ± 1 MeV. 

The observed values for the ' r" partial width, for both the T and the T' 
clearly favours Q = 1/3, or the b qua-; assignment. Tt is then interesting to 
note that this is an assignment which gives a constant value for the quantity 
r e e/|Ec¿Q¿| 2 for all l 3 si vector states. This is shown in Figure 2.c). 

The spectroscopy of the J/I)J family is displayed in Figure 3.a). The 
established states and the still expected ones are shown as solid and dashed lines 
respectively. The T family should show a similar pattern. 

Figure 3.b) gives the excitation energies as measured for the J/i[> family 
and calculated by the Cornell group for the T family. 

Next to the T family, states with b quarks should be produced in pairs. 
They correspond to the quark assignments 

B" = bü B° = bd B| = bl B" = be 

They will decay weakly. 
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Figure 2.a) : The T as observed at DORIS 
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Figure 2.b) : The T 1 as observed at DESY 
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Figure 2.c) : The quantity T v e e / I E C ^ Q ^ ¡ 2 (in KeV) for the vector mesons corres
ponding to the fundamental 3S^ states 
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Figure 3.b) : Excitación energies (in MeV) for a qq system as functions of the 
quark mass M 
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The weak coupling at the quark level is defined through a Cabibbo matrix 
which is written as follows: 

s e s,s „ 1 3 1 3 

c c c - s s e*-5 c e s , + see'1"'3 

1 2 3 2 3 1 2 3 2 3 
ifi ^ iSj - e s c - c s e -c,s.c + c_c,e 1 2 3 2 3 1 2 3 2 3 

with c^ = cos9^ s. = sinB^ 

The Cabibbo angle proper corresponds to 6 C = Arg cosSj. The values of 
9 and 6, are bounded by 20° and 16° respectively, when 8 = 13°. The CP viola-2 3 c 

ting phase 6 is such that sinö > 5 x 10 - 3. 

The weak coupling induces second order transitions between the B ° and 
B Q states. As a result a B ° B ° primordial configuration, which should lead through 
semi-leptonic decays to final states of the type (e+vX) (e~\5X') , with yields 
referred to as N " 1 - ^

 + ) should, through B 0 B ° mixing, also give final state confi
gurations of the type (e+vX)(e~vX') and (e~vX)(e~vX'), with yields referred to as 
N + + and N . It will be important to study such a mixing, measuring 

Y 2 = (N + + + N~~)/(N++ + N~~ + N +~ + K _ +) 

for which theoretical estimates (Ellis et al., Ali et al.,) are at the level of 
Y 2 = 0.1 (non strange) and y » 0.5 (strange). 

The N + + and N yields should actually differ. This is a CP violating 
effect associated with the phase S. The asymmetry is given by 

N + + - N 
a = N++ + I" = 4 26 

Estimates for the asymmetry a are at the level of 5 x 10 - 3 (non strange) and 
2 x 10 - 3 (strange). 

Similar effects, but now associated with closed loops with Higgs bosons, 
could possibly be one order of magmtude larger. This is however very model depen
dent . 

Search for New Quarks 

The first approach is to look for narrow states. The cross-section at 
the peak depends directly on the energy resolution of the beam AE. It increases 
as S at fixed radius and decreases as p -^, where p is the magnetic radius. The 

12TI Tee 
cross-section at the peak is given in practice by a = —=— —r=r 

o A E 

One may then compare the resolution at PETRA and at DORIS, giving also 
the corresponding value for a LEP machine (at 100 GeV per beam). 
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DORIS PETRA LEP 100 
P (m) 12 192 2900 
AE (MeV) 0.3 S 0.08 S 0.02 S 

where S is in (GeV) 2. 

The signal over noise ratio can then be estimated (taking Q = 2/3 and 
T = 5 KeV) vee as a function of the mass of the resonance. This gives for the 
PETRA range 

M,, (GeV) Integrated : 
cross section 

(nb GeV) 

Signal over 
Noise ratio 
(PETRA) 

E-vents/day 
(L = 10 3 1) 

15 0.44 16 32 x 10 3 

20 0.24 8 8 x 10 3 

30 0.11 4 2 x 10 3 

This is manageable but one is far below the values which are typical of J/ty spec
troscopy. 

A schematic picture for the variation of parameter R as a function of 
the centre-of-mass energy is given in Figure 4. Next to bb states one should 
expect tt states (Q = 2/3). There is however no solid prediction for the t mass. 
The expected precision on R should be at the level of 0.1. The increase associa
ted with the bb threshold (Q = 1/3) may then be hardly detectable. 

Jet Studies 

As first shown by the SLAC-LBL study in the 3 - 7.4 GeV range, the 
final state hadrons organized themselves into two jets, as expected from a pri
mordial quark anti-quark system. This leads to a decrease of the sphericity 
with increasing energy as the jet structure becomes more and more pronounced. As 
is now well known, the jets follow the 1 + cos2Ö distribution associated with the 
primordial quarks of spin \. PLUTO, at DORIS, has now extended this analysis up 
to 9.5 GeV. The jet picture has thus been further confirmed. Also, the jet axis, 
whether defined from charged particles or neutrals, is found to be the same. The 
variation of the mean observed sphericity as a function of energy is shown in 
Figure 5. It combines SLAC results (open dots) and DORIS results (full dots). 
There is an obvious departure from the phase space model which matches data as 
well as the jet model at 3 GeV, and full agreement with the jet model. At 5 GeV 
half of the energy is found within a cone of 33°. At 9.4 GeV it is within a cone 
of 28° only. Going further in energy is of great potential interest. One may 
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Figure 4 : An artist's impression of what could be the behaviour of R as a 
function of energy. The shaded region is still terra incognita. 
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Figure 5 : Variation of the observed sphericity as a function of energy 
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then differentiate between the "naive" jet picture, whereby jet members have a 
fixed transverse momentum with respect to the jet axis, from expectations based on 
QCD according to which gluon emission leads to a widening of the jet with increa
sing centre-of-mass energy. A possible limiting behaviour could then correspond 
to a fixed opening angle within which a fixed and large fraction of the energy 
should be confined for a fixed and large fraction of all hadronic events. In the 
model of Sterman and Weinberg for instance, one gets a limiting angle which should 
be almost reached as the centre-of-mass energy gets beyond 20 GeV. 

Jet fragmentation is interesting to study and particles near the limit 
of phase space should have quantum numbers strongly correlated with those of the 
primordial hadron constituent. In e +e~ annihilations, this should lead to impor
tant correlations among secondaries of high energy, taking one on each side so that 
they could be readily associated with the primordial quark and antiquark respec
tively. At present, available information refers to charge correlations only. 
Figure 6 shows SPEAR results with a particle with x > 0.5 (0.7) required in order 
to better define the jet. There is an important correlation on the same side. 
Two fast particles on the same side tend to balance out their charge. The expec
ted quark-antiquark correlation on the away side appears only in the latter case 
or only when the two particles are required to take a very large fraction of the 
available energy. 

While quark jets should be the common feature, search for gluon jets is 
of great importance. An a priori interesting hunting ground is offered by the 
narrow vector resonances since, in the framework of QCD, they should decay into 
3 primordial gluon jets. The mass of the T could be enough for the corresponding 
structure to emerge with, in particular, a coplanar but not colinear structure. 
An obvious consequence is that the mean observed sphericity should increase. This 
is indeed the case as shown in Figure 7. The sphericity is much higher on the T 
peak than just outside the peak and it takes a value in agreement with QCD expec
tations. On the T peak the mean observed sphericity is found to be 0.38 ± 0.02 
for charged particles (Figure 7 from PLUTO results), and 0.37 ± 0.02 for neutrals 
(DESY-Hamburg-Heidelberg-Munich). Off resonance the corresponding values are 
0.27 ± 0.015 and 0.19 ± 0.02, respectively. 

The mean multiplicity also increases on the resonance, as "naively" 
expected from gluon jets. It rises from 4.9± 0.1 off resonance to 5.9 ± 0.1 on 
resonance. 

Further studies are much needed on the T peak. Another a priori interes
ting hunting ground for gluon jets is opened by y triggers. In such a case the 
high energy photon should be produced together with two primordial gluon jets 
rather than with a quark-antiquark pair in a positive C configuration. The latter 
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Figure 6 : Charge correlations among jet fragments 
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Figure 7 : Increase in sphericity on the T resonance 
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configuration should rather correspond to soft photons. A particular case of 
special interest is x state production, the x recoiling from the T* (T") with y 
emission. The angular distribution of the jet axis with respect to the photon 
direction should then change from 1 + cos2S to 1 - 3/2 cos 26, depending on whether 
one considers a two-gluon system or a quark-antiquark pair. The angular distribu
tion is then defined with respect to the photon direction, in the x rest frame. 

Search for Heavy Leptons 

Charged heavy leptons can be produced through the one-photon annihila
tion process. The production cross-section is then given by 

V r = Vu"
 ß " - H ^ 

where 6 = P/E. When /s » 2 the cross-section corresponds to the point-like 
value and contributes for one unit of R. The decay depends on the nature of L. 

If the L lepton corresponds to the sequential series or is of the ortho 
type its decay modes will be of the type IT ->• v^ + (ev, uv, TV or qq) . 

The expected branching ratios (as estimated by Y. Tsai) depend on the 
mass. Keeping the T as a reference ( M ^ =1.8 GeV), one can list for instance 
what is then expected for ML = 6 GeV. It is as follows: 

1 Mode B (1.8) B (6) 

evv 0.18 0.23 
uvv 0.18 0.23 
TVV — 0.20 
7TV 0.10 0.01 
pv 0.22 0.05 
A, v \ 0.1 

I 
0.02 

Hadrons, v 0.08 0.26 

Other types of leptons can a priori exist. One may consider leptons 
with charges normally associated with anti-particles, or (and) with no specific 
neutrino of their own. This leads to decay modes which may indicate some apparent 
violation of the ue universality. 

There may also be heavy neutral leptons, as those (right handed) which 
can be advocated in order to suppress parity violation effects in atomic experi
ments. In this case E and M neutral leptons could be the partners of the e and y 
respectively, in right-handed doublets. The mass eigenstates could be linear 
combinations of E and M. Such leptons could be produced through W exchange in 
the t channel, hence together with a neutrino e +e~ -»• Ev, or in pairs through Z° 
(s channel) or W (t channel) exchange. Production rates can then be estimated 
to be at the level of about l O - 3 4 and 1 0 - 3 5 cm2 respectively, provided that they 
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exist at all, and, assuming a mass of the order of 3 GeV say. The production 
rate is large enough for experimentation, with 100 to 10 events per day at 15 GeV 
beam energy. 

Once produced, such leptons should decay leptonically (eev, epv, yuv) 
about 50% of the tine, the remaining decay modes associating charged leptons with 
hadrons. 

Study çtf 2y Processes 

This can be well studied at PETRA and the PLUTO detector in particular 
could soon contribute important results. A detailed discussion of the 2y process 
is to be found elsewhere in the proceedings of the Summer Study, in LEP Summer 
Study/1-13 and this will therefore not be reviewed here. 

Weak Contributions 

Weak effects should manifest themselves as the energy increases. At 
present energies the electromagnetic cross-section (one-photon exchange) decreases 
as a2/s whereas the weak cross-section increases as G2s (point-like four fermion 
coupling). At higher energies extrapolation of such behaviour gives an increasing 
role to weak interactions, with eventually s 2 > a 2 / G 2. Nevertheless, what is 
expected is rather some damping of the weak interaction effect, the point-like 
interaction being only a low energy approximation to Z° exchange. This may 
however occur with both couplings playing a competing rôle, as predicted in gauge 
theories. 

In the PETRA energy range, the emergence of weak contributions should 
lead to: 
(i) A change in the behaviour of the cross-section. 
(ii) Forward-backward asymmetry. 

(iii) Changes in the differential cross-section according to beam polarization. 

The weak coupling of the Z° to a quark-antiquark pair or lepton pair ff 

us written 

G^ fay (v^ - a f y^ f 

With a forward-backward asymmetry for quark 
A -L^JL 1 j . s m z 
A "" F + B = 2 g a e e s - m 2 

q Z 
a 

The ratio •—̂  i s 3/2 for the u, c and t quarks and 3 for the d, s and b quarks. 
It is 1 for^a muon pair. 

One may thus expect asymmetries at the level of 18% at 30 GeV and 36% 
at 40 GeV, when studying jet production. We have used g = -=-7=— z 4.4 x 1 0 - 5 GeV - 2. 
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For lepton pair production, the cross-section divided by the one-photon 
exchange contribution reads 

, s 
1 - v v g 

6 v s r 2 

(-=3- - 1) + — ~ 
with v e = v u = -1 + 4 sin26W = 0 

a e = % = - 1 

in the standard model of Weiriberg-Salam. 

The forward-backward asymmetry is then given by 

F - B 3 S V 
F + B - " 2 g a e a u s - m z 2 

which, with mg beyond the PETRA energy range, can be approximated as 
•r» _ "D 

f, •, „ s 7 x 10~ 5 s with s in GeV2. This gives 6% at /s = 30 GeV x + Ü 
and 12% at /s = 40 GeV. 

Figure 8.a) gives the ratio between the full cross-section for muon 
pair production and the cross-section calculated from one-photon exchange, as 
obtained for different values of a and v. Figure 8.b) shows the related varia
tion of the forward—backward asymmetry. Although some specific effects should 
occur over the PETRA energy range in its first stage (up to 30 GeV), the expected 
effects remain small and cannot provide any definite test of the Weinberg-Salam 
model used for calculating these effects. 

1.3 The PETRA Detectors 

At present there are 5 main detectors, all resulting from large colla
borations. They are respectively: 

CELLO (DESY-Karlsruhe-Munich-Orsay-Paris-Saclay) 
JADE (DESY, Hamburg-Heidelberg-Lancaster-Manchester-Tokyo) 
MARK J (Aachen-DESY-MIT-NIKHEF, Amsterdam) 
PLUTO (Aachen-DESY, Hamburg-Bergen-Maryland-Siegen-Wuppertal) 
TASSO (Aachen-Bonn-DESY, Hamburg-London-Oxford-Rutherford-Wiezmann-

Wisconsin). 

Four of them use a solenoid field configuration. The respective diameters D, 
lengths L and Field strength B are (in metres and Tesla): 

CELLO D = 1.5 L = 3.5 B = 1.5 
JADE 2 3.6 0.5 
PLUTO 1.4 1 2 
TASSO 2.7 4.5 0.5 
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Figure 8.a) : The expected cross-section divided by the one-photon exchange 
cross-section 
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Figure 8.b) : The forward-backward asymmetry 
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MARK J has a toroidal field configuration. It uses shower counters and 
magnetized iron. Figure 9 shows each of them. PLUTO, which recently moved away 
from DORIS, should eventually be replaced by CELLO in the interaction area where 
it is installed at present. One may rightfully be impressed by the sophistica
tion of all these detectors and perhaps also surprized by some redundancy among 
them. Nevertheless, this simply reflects a physics where each event is a priori 
valuable and where there is only one most interesting process, namely the one-
photon annihilation. This is very different from hadron physics where detectors 
usually try to focus on special types of processes, selecting one among many a 
priori interesting ones. As already mentioned, no detector is yet dedicated to 
the study of 2y processes, though PLUTO can probably explore them rather far al
ready . 

CELLO (Figure 9.a))hasa Ait coverage for charged particles and neutral 
detection. It can separate photons from electrons with a high precision and can 
well distinguish between electrons, muons and hadrons. JADE (Figure 9.b)) has 
drift chambers and track sampling. Electrons, muons, pions, protons and kaons 
are separated over the 3 to 15 GeV/c range. The PLUTO detector (Figure 9.c)) 
has An 'overage for charged particles and photon detection. It separates elec
trons, iñuons and hadrons. The TASSO detector (Figure 9.d)) which uses aerogel 
and Cerenkov detectors has full particle identification. ïne MARK J detector 
(Figure 9.e)) is specialized for muon and lepton pair detection (y, y+y~, ey, e +e~). 

Apart from these large detectors, there is a monopole search experiment 
installed in the present PLUTO area. It uses capton foils inside the beam pipe 
and is based on a dE/dx measurement. It should be sensitive to a production 
cross-section two orders of magnitude lower than the point-like (muon pair) 
cross-section. 

This concludes the survey of the PETRA programme. 

2. The PEP Programme 

2.1 The Machine 

The layout of the machine is sketched in Figure 10. The length of the 
circumference is 2.2 Km. The beam energy can vary between A and 18 GeV (with 
foreseen extension up to 29 GeV). The designed luminosity varies as 
L = 10 3 2 (E/15)2 cm - 2 sec - 1 below 15 GeV. It then decreases and equals 10 3 1 at 
18 GeV. 

The machine should be ready for first beams in October 1979 and the 
experimental areas will be ready for occupancy in the spring of '79. It is 
hoped that area 6 will be completed with building and crane by beam turn on time. 
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Figure 10 : A sketch of the PEP machine 

2.2 The Approved Experiments 

No specific request for time or energy have been considered as yet. 
During a "first round" approvals for several "facilities" have been given. 
During a "second round" smaller experiments were also included in the programme. 
A third round just considered DELCO and discussed the programme status. 

PEP 5 
PEP 4 

PEP 9 
PEP 6 

At present 7 experiments have been approved. They are as follows: 

SLAC/LBL 
LBL, UCLA, UCR, Johns Hopkins, 
Yale 

Mark II detector 
Using TPC chambers 

Study of 2y processes 
MAC detector 

PEP 12 High resolution spectrometer 

PEP 14 Search for free quarks 

PEP 2 Monopole search 

UCSD, UCSB, UCD, Amsterdam 
S tanford,Wis cons in,Northeas tern, 
Utah,Colorado 
Argorme, Indiana, Michigan, 
Purdue 
Stanford, Northwestern, Hawaii, 
LBL, Frascati, Berkeley, SLAC 
Berkeley, SLAC 

It is also expected that one experiment will use the DELCO detector (Stanford, 
Caltech, SLAC). 
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Figure 11.a) shows a general view of Che Mark II detector. It is a 
detector weighing 1500 tons. The magnet has an inner radius of 1.59 m and a 
length of 4.18 m. The field strength is 0.5 T and the thickness corresponds to 
1.2 radiation lengths. The drift chambers cover 90% of the full solid angle with 
3204 cells and 16 layers. The shower counters cover 90% of the full solid angle. 
There are 8 barrel counters. There are 18 layers with a thickness of 14 radiation 
lengths. The expected resolution is 0.1/ E. There is a stored read-out for 
position resolution. 

The muon detector system covers 60% of the full solid angle. It is a 4 
layer system. At average incidence their iron thickness corresponds to 47, 70, 
101 and 132 cm respectively. The detector proper has 3808 triangular proportio
nal tubes. The wire spacing is 2.5 cm. 

The time of flight system covers 75% of the full solid angle with 48 
double-ended counters. The expected time resolution is 250 psec. There is also 
a small angle tagging system. 

Figure 11.b) shows a layout of the detector of Experiment PEP 4 with 
IPC's, while Figure 11.c) shows a schematic diagram of the TPC proper. In this 
set-up the TPC has a length of about 1 m with an inner and outer radius of 0.1 and 
1 m respectively. The gas mixture at 10 atmospheres contains 80% Argon and 20% 
Methane. The drift voltage is 200 KV/m and the wire gain is 10 3. There are 
1200 wires per end cap and altogether 101* "pads". The digital system uses an 
analogue CCP storage at 50 psec per bucket. The expected dE/dx resolution is 
less than 3% and the expected spatial resolution is 100 - 150 microns. 

The magnet (Figure 11.b) has a radius of 1.1 m and a length of 3.8 m. 
The field strength is 1.5 T and the thickness corresponds to 0.6 radiation lengths. 
This includes the vessel of the TPC. 

Figure 11.d) gives a layout of experiment PEP 9 with emphasis on 2y 
processes. 

Figures 11.e) and 11.f) show the MAC detector of Experiment PEP 6. The 
magnet has an inner radius of 0.5 m and a length of 2 m. The field strength 
varies from 0.5 to 1 T. The thickness corresponds to one radiation length. The 
drift chambers have 1,200 channels with a double sense wire system, with 10 
layers. The shower counters are set up in a hexagonal array with 13,000wires 
and 32 layers. There are 1200 read-out channels. 

The hadron calorimeter has 30 layers of steel and proportional tubes 
with a total thickness of about 1 m. It includes approximately 50,000 wires with 
read-out in 3,600 channels. The total weight is 550 tons. It is toroidally mag
netized for u +u~ determination. The time-of-flight system uses counters just 
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Figure 11.a) : The Mark II detector 
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gure 11.c) : Schematic view of the Time Projection Chamber (TPC) 
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Figure ll.d) : The 2-y detector of experiment PEP 9 



- 422 -

Figure 11.e) : Layout of the MAC detector of experiment PEP 6 



Figure 11.f) : The MAC detector. Blown-up view 
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the steel with a conventional system. There are three sets of drift chambers. 
The first one is just outside the shower counters. The second and third ones 
are outside the steel and determine the muon direction. The total number of 
channels is 4,800. The overall expected resolution, using tracking, shower coun
ters and calorimeter, is the order of 0.5//E. 

Figure 11. g) gives the layout of the high resolution spectrometer of 
experiment PEP 12. The magnet has an inner radius of 2.3 m and a length of 4 m. 
The field strength is 1.7 T. The thickness is very large. There are two sets 
(inner and outer) of drift chambers. The inner set is similar to the one used in 
Mark II. The outer layer consists of a double set of cylindrical tube drift 
chambers. 

The shower (and trigger) counters are set as a band with two layers. 
They are of the lead scintillator sandwich type. 

A second phase development should include additional muon counters 
outside the magnet using the magnet steel as absorber. It should also include 
photoionization Cerenkov counters between the inner and outer drift chambers. 

Figure 11.h) shows the layout of the free quark detector of experiment 
PEP 14. In this case, the dE/dx and time-of-flight counters are set in 8 layers. 
They altogether use 400 phototubes. 32 lucite Cerenkov counters are set behind 
the time-of-flight counters. Finally, 14 multiwire proportional chambers are 
used to track charge 1/3 particles. 

2.3 Progress of Detectors 

At beam turn on, in October, 1979, Mark II (PEP 5) should be running 
and occupy one of the interaction areas (Area 12 on Figure 10). The area next to 
it (anti-clockwise) will be used for machine study, while accommodating the mono-
pole detector of experiment PEP 2. Either of the two following areas could 
accommodate the DELCO detector together with either the high resolution spectro
meter or the free quark experiments which will be in 6 and 8 respectively. 
The next area around (Area 4) will be used for the MAC detector of experiment 
PEP 6. The last intersection area will house the TPC detector of experiment 
PEP 4 together with the 2y detector of experiment PEP 9. 

The present status of Mark II is such that runs should take place from 
mid-October 1978 to June 1979, for 25 weeks altogether. The detector will then 
be moved to PEP in June 1979 to start up in October 1979. 

Figures 12 and 13 illustrate partially the performance of the detector 
with recent physics results and Figure 14 gives the efficiency for neutral detec
tion. 



- 425 -

HIGH-RESOLUTION SPECTROMETER 
(WITH MUON CHAMBERS AND END-CAP SHOWER COUNTERS) 

Figure 11.g) : Layout of the high resolution spectrometer of experiment PEP 12 
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T O F c o u n t e r s 

C h e r e n k o v c o u n t e r s 

s c i n t i l l a t i o n c o u n t e r s 

v a c u u m p i p e 

b e a m p i p e c o u n t e r s 

O 1 rn 

Figure 11.h) : Free quark search experiment - experiment PEP 14 
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Figure 12.a) : 5-prong hadron 
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1638 REC 153 E M 62 7 PR0NG HADR0N 

TRACKLIST TA3LH 
A . 162 1633 153 
0 -0.004 -0.002 

Figure 12.b) : 7-prong hadron 
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Figure 14 : a) photon detection efficiency 
b) it°n° detection efficiency 
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Studies with TPC are progressing. A prototype chamber with 200 dE/dx 
samples and 8 "pads" is being tested. At present the precision on the measurement 
of dE/dx is at the 2.7% level. The precision on the "pads" is 140 u. The CCD 
tests have been successful. Figure 15 shows the separation between pions, elec
trons and protons thus obtained. 

A prototype magnet 0.7 m long is being tested. Results are satisfac
tory. 

At present the coil of the TPC detector is under construction. It 
should be completed in January 1979. Design for the iron is completed and mag
netic measurements should begin in August 1979. The construction of the TPC is 
beginning. The construction of the cylindrical calorimeter is delayed due to 
funding reasons. The detector should be sufficiently advanced for check-up in 
the beam in the spring of 1980. 

The MAC detector is well into production for all components. It should 
be ready by October 1979. The high resolution spectrometer should be ready 
before the spring of 1980. At present, the iron is starting to arrive from 
Argonne while the coil is being modified. Work is beginning on the other compo
nents . 

Equipment for the free quark search experiment should be ready by 
October 1979. 

Delays with the 2y experiment are mainly due to the Nal crystal part 
of the detector. 60 elements should be available by mid 1979. The remaining 60 
should be ready early in 1980 only. 

2.4 Future Possibilities 

They are summarized in Figure 16 which gives the expected luminosity as 
a function of energy for different possible stages of development. They corres
pond to an increasing amount of radio frequency power and to the possible use of 
superconducting cavities. 

This concludes the survey of the PEP programme. 
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1. Introduction 

In this talk, which was given at the beginning of the LEP Summer Study 
at Les Houches, some of the more basic processes in e +e - annihilation were dis
cussed and the rates estimated. The hope was that this might serve as an intro
duction and be the starting point for the work in the various working groups. 
The following topics were treated: 

1. Estimate of e+e"~ -»- hadrons 
2. Strong Interaction Issues 
3. Weak Interaction Issues 
4. The Higgs Particle(s) 

An excellent review of all the topics discussed here can be found in the report 
written by J. Ellis and M.K. Gaillard published in CERN Yellow Report 76-18. A 
complete set of references can be found in this report. 

1.1 Estimate of e +e ->• hadrons 

The total number of events observed with an ideal 4TT detector in one 
day is giver by N = o • L • e. Here a is the total e +e - annihilation cross-
section and L the predicted peak luminosity integrated over one day. e is an 
efficiency factor which includes the solid angle coverage and the trigger effi
ciency of the detector, the difference between peak luminosity assumed and ave
rage luminosity obtained and it also includes the data collection efficiency. 
Based on the experience with SPEAR and DORIS we expect this factor to be of the 
order of 1/4. This reduction factor should be kept in mind since all the rates 
listed are evaluated assuming e = 1. 

The luminosity is taken from the Blue Book and it is plotted in Fig. 1. 
Shown is the luminosity curve corresponding to a standard RF cavity (solid line) 
and the one which would result from the use of superconducting cavities (dashed 
lines). In the neighbourhood of 40 GeV, where LEP should "take over" from PETRA, 
one unit of R corresponds to some 40 events/day. At the upper limit of the range 
allowed by the use of superconducting cavities (100 GeV of beam energy) one unit 
of R yields about 8 events/day. 

It is generally assumed, and this is supported by all the experimental 
information available, that the time-like current - electromagnetic or weak -
couples directly to pointlike fermions as depicted in Fig. 2. 

Figure 2 : e +e •* ff 
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Figure 1: The luminosity as a function of bean energy in the present 
Design Study 
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The corresponding contribution to R, R^ is written as, 

2 • s • e c • v v_ • g s 2 • g 2 (v 2 + a 2) (v„ + af) 
R. = e 2 E É + i- (1) 

f f (s/m2 - 1) + r|/s - m 2 (s/m2 - l ) 2 + r 2/m 2 

G_ 
with s = ( 2 E ) 2 and g = — = 4.4 x 1 0 " 5 GeV"2. 

8 • /2 • ir • a 

The couplings of the neutral weak current are given by 

a f = 2(1* - I3) v f = 2U3 + I3) - 4 e f sin 2 e (2) 

We estimate all rates using the standard Salam-Weinberg model, which 
has only left-handed doublets of leptons and quarks. Indeed, at present, all 
the experimental data agree with the predictions from the standard model with 
sin26 a 0.25. With this particular value for sin 26 we find 

v - 0. a = -1 (vv = 1 a v = 1) 
•u - v c - v t - 1/3 , v d = v s = v b - -2/3 (3) 

u - ac - at 
v, 
a.. = a_ = = 1 , a^ = a, = a^ = -1. 

The mass of the Z° and the W- are then respectively: 

M_ = . l7A r = 86.4 GeV 
¿ sm9 • cos8 

^ f l n f 74 .8 GeV 
(4) 

The Z° will show up as a resonance in e +e~ annihilation with an intrin
sic width given by: 

„ 3 G., • m J 

r = — — E (a2 + V 2) (5) 
24 /2 - TT F F F 

As explicitely written in (4), all "up" quarks and all "down" quarks 
in each of the left-handed doublets contribute in the same way. One might then 
rewrite the sum in (5) as a sum over the number of fermions Nf, appearing in 4 
different kinds, namely 

Z (al + v?) = (1 + (1 - 4sin26)) • NT + 2 N 
f 

+ 3(1 + (1 - 8/3 sin6)2) • N 2^ 3 

+ 3(1 + (1 - 4/3 sin 28) 2) N _ 1 / 3
 ( 6 ) 

: V 2 V 3 - 3 3 N2/3 = 4 ' 3 3 N-l/3 
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With the presently "known" number of flavours (including the yet to be 
found top quark) this gives 

r 2 0 z 2.1 GeV. (7) 

This width is much smaller than the natural energy spread in LEP 70 
(dE/E = 1.23 x 10~ 3 with Wiggler magnets) and hence can be determined directly 
from a measurement of the total annihilation cross-section. 

Note that a precise measurement of the width limits the number of 
fundamental fermions with m < 1112/2. 

The size and the energy dependence of R, derived using the equations 
above, are shown in Fig. 3. (Note tho logarithmic scale.) The value of R based 
on one photon exchange alone, is shown as a dotted line. The rates, obtained 
using the luminosity given in Fig. 1, are also shown. 

The most prominent feature in the cross-section is the Z° peak and it 
will take a very large number of fermions to wash it out. Note that whereas the 
rates in the vicinity of the Z° peak are very large they are not overwhelming 
outside of the peakj i.e., one really needs all the anticipated luminosity and 
e must be kept as large as possible. 

1.2 Strong Interaction Issues 

Here we want to discuss three topics: 

a) new flavours, 
b) free quarks and gluons, 
c) QCD. 

New flavours are produced in e +e~ annihilation with a "known" cross-
section and they have well-defined signatures: 

1. The occurrence of narrow states (onia) both with and without the 
quantum numbers of a photon; 

2 . A step in the total cross—section at the threshold for production of 
hadrons with open flavour. 

We will first estimate the signal and the signal to background ratio 
for new 1 -states. The cross-section for producing a vector meson of mass M 
integrated over the resonance is given by: 

- 6T 2 e h 
M 2 r 

where T e, the width of the 1 to decay into lepton pairs, are given by 
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Figure 3 : The parameter R as a function of centre-of-mass energy. Expected 
counting rates at different energies (number of events per day) are 
also indicated 
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Tb--J I* ( 0 ) 

M 
Present data are consistent with |iK0)|2 - M 2- Plugging this into (8) yields 

o dE - — 
M 2 

(9) 

The actual numerical value is obtained by normalizing to the J/tfi and 
this leads to the following estimate: 

3 e. 
a dE = 10*» ¿ ) 2 (—=-£) 2 nb • MeV M 2 

AR, the increment in cross-section, is given by 

faäE AR (<5E)T 

where 6E_ is the energy spread in the beams. o 1 V V"'B 

With Wiggler magnets 6E/E = 1.23 x 10 - 3 and without Wiggler magnets 

6E/E = 1.23 x 10" 3 (E/70 GeV). 

The results are listed in Table 1. 
Table 1 

Production of New Flavours with e. 2/3 

2-mf AR(1~ )/R AR(1~)/R Rate AR(ff)/R 

60 4.5 0.6 170 0.22 
100 2.8 0.06 105 0.10 
140 2 0.17 7.5 0.18 
180 1.2 0.13 1.7 0.19 

It might be possible to find new onia in this way, but the task is 
certainly not going to be easy. 

The step in R, due to a new flavour, is coming from two terms, one 
associated with the point-like cross-section and the other one with Z°-exchange. 
This gives 

AR = 4/3 + 0.104 • R„ 
AR 1/3 + 0.13 R„ 

(e f = 2/3) 
(e f = -1/3) 

The relative changes in R due to the production of new flavours are also listed 
in Table 1, last column. 

This also looks rather marginal, however, if our present ideas are 
correct, then selecting events with large sphericity should lead to a much im
proved signal to background ratio without reducing the rate substantially. 
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The Z° is a very prolific source of new flavours with m^ s ^.Z^-- The 
decay Z° ff with e f = 2/3 (1/3) proceed with a rate of about 20000/day 
(27000/day). However in order to find the new flavour states among the debris 
of the other decays, one must be able to identify both charged and neutral par
ticles and measure their momentum. 

The search for quarks should be an important task at any new accelera
tor. e +e~ collisions are particularly well suited since the current couples 
directly to the quarks in a well-defined manner yielding an initial state where 
the qq pair has all the energy of the e +e~ pair. The signature for a free quark 
is less well defined. If we assume that a free quark behaves like a bound one 
(all other colour charges are shielded) then we have to search for particles 
with charge 2/3 and 1/3. Most detectors proposed for PETRA and PEP should be 
able to identify at least the 2/3 variety by measuring dE/dx and it is fairly 
straight-forward to design a detector to measure particles with 1/3 charge. 
However, it has recently been suggested that a free quark might behave very 
differently from a bound quark. Such quarks which might have an extremely short 
range or even be non-ionizing and could easily escape detection in a genera, 
purpose detector. 

Deep inelastic experiments with electrons or neutrinos have revealed 
the existence of yet another particle. These particles, christened gluons, only 
participate in the strong interaction. The gluons can therefore not be produced 
directly in e +e~ annihilation but they might be radiated off a struck quark. 
Onia states with C = +1 are expected to decay into two such gluons. It is con
ceivable that quarks are confined but gluons not. The signature for a gluon is 
even less clear than the signature for a quark. 

Next I will discuss various tests of QCD. To first order, e +e~ annihi
lation leads to two well-defined, back-to-back jets of hadrons in the final 
state. This simple picture is modified (to first order in a s) in any sort of 
field theory of the strong interaction as shown in Fig. 4. 

Figure 4 : Quark-antiquark production in electron-positron annihilation 
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The hadrons in the jet will thus acquire larger transverse momenta with respect 
to the jet axis than naively expected, in some rare case one might even observe 
three jet events. However, note that such a feature is not unique to QCD but 
will arise in any field theory of the strong interactions. 

To test QCD we have to answer the following questions: 
PC 

1. Are the gluons vector particles, i.e. J = 1 ? 
2. Are the gluons flavour neutral ? 
3. Are they non-abelian, i.e. does the gluon-gluon coupling exist ? 

It might be that the cleanest information on these points will come 
from a study of onia decay, provided sufficiently heavy onia exist. Also, if 
the characteristic mass scale of the strong interaction is around 0.5 GeV, as 
indicated by present experiments, then PETRA and PEP might well be suited for 
the task. If one tentatively assigns 30 GeV to the toponium (with = 2/3) one 
expects - using the predicted peak luminosity for PETRA - 30,000 events per day 
for the production of the lowest state and 10,000 events per day for the first 
excited vector state. 

The predicted branching ratio for T(l ) -*• 3 gluons -»• hadrons is about 
0.4 - and a small fraction of these events will presumably lead to three well 
separated jets. The background due to 

T(l ) LL •*• hadrons and T(l ) •*• ly -»• hadrons 

can be subtracted by considering events at adjacent energies. 

Even cleaner gluon jets can be obtained by studying the decay of the 
C-even P states (P c / x for charmonium) T(l ) •+ y + P(0 + +, 2 + +) -»- y + gg y + 

hadrons. The flavour neutrality of the gluons can be established by searching 
for long range quantum number correlations in the back to back gluon jets. The 
angular momentum of the gluon can also be uniquely determined from these decays. 
It is a more difficult task to establish the non-abelian nature of the gluons. 
However, given sufficient statistic the decay 2 + +(0 + +) -»• 3g where a gluon is 
radiated by one of the original gluons can be used. Also, the rate for the decay 
T(l ) -*• y gg might be sufficiently modified due to gluon-gluon interactions to 
serve as a test. 

Although QCD will presumably have been thoroughly tested at PEP and 
PETRA before LEP starts operation, it clearly remains an important task for LEP 
to extend the tests into a new energy region. 
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1.3 Weak Interaction Issues 

Here we want to discuss three topics: 

a) Determination of the neutral weak coupling constants for quarks 
b) New leptons, 
b) W* production 

One can determine, using unpolarized beams, v • v^ from a measurement 
of the event rate and a • a£ from a measurement of the angular asymmetry. Both 
v and a can be independently determined from the purely leptonic reactions 
e +e~ -»• e +e - and e+e~~ •+ u+v~ (Yellow Report)and such a measurement of hadronic pro
duction can therefore be used to find the values for V £ and a^. Since the weak 
couplings to the valence quarks u and d can be determined from v induced neutral 
current events we only have to worry about the heavier quarks. Let us consider 
e +e - •*• ss. The angular distributions expected in the standard model is plotted 
in Fig. 5 for /s = 60 GeV and /s = 120 GeV. The predicted forward backward 
asymmetry is rather pronounced but the rates are marginal away from the Z° peak. 
We expect 25 (/s = 60 GeV) and 70 (/s = 120 GeV) ss events/day. However, in 
order to carry out such a measurement we have to determine the production angle 
of the quark and the quark flavour. Present wisdom says that the production 
angle is given by the direction of the hadron jet and hence "easy" to determine 
experimentally. It is more difficult to uniquely identify the flavour - in the 
case of ss production one might hope to find back to back jets - one with posi
tive the other with negative strangeness. Therefore, in order to carry out such 
experiments one must be able to identify particles which travel close together 
within the jet, such a task might be possible by a combination of dE/dx measure
ments and Cerenkov analysis. This procedure can easily be generalized to heavier 
quarks. 

For example e +e -> cc might be identified by observing leading D + res
pectively D~ in the two back to back jets. Indeed, this identification might 
improve with increasing quark mass since it is presumably fairly improbable to 
create heavy quarks by the colour potential created by the original quark. Ex
periments at PETRA and PEP will be able to test these ideas and hopefully to 
extract values for the neutral weak couplings to the s, c, b and maybe the t-quark. 

We next consider the production of charged leptons. The rates are cal
culated in terms of y and Z° exchange according to equation (1). The expected 
rate rises from 40 events/day for a lepton of mass 30 GeV to 7300/day at the Z° 
peak. It then falls to 50 events/day for a mass of 70 GeV and 9 events/day only 
for a mass of 100 GeV. The corresponding steps in R are only a few per cent 
at the Z° mass, and of the order of 10% at high energy. The classic signature 
for charged leptons is to search for final states e*;^ (4v) resulting from purely 
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gure 5 : Angular distribution for a pair of strange jets 
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leptonic decays. However the leptonic branching ratio is to first approxima
tion given by 

1 
B L , 

2 • N L + 3 • N £ 

where is the number of leptons and the number of flavour doublets; i.e. 
we expect B L - 0.085. Therefore, only about 1.5% of all produced lepton pairs 
will yield an e^u* (4v) final state or 0.62 events/day for m^ = 30 GeV, 106 
events/day at the Z° peak, 0.7 events/day for m^ = 70 GeV and 0.1 event/day at 
m^ = 100 GeV. These rates are very low and it may seem preferable to try to 
identify one of the leptons through its hadronic decay. The signature would be 
rather spectacular - well above threshold we expect fast single leptons on one 
side and a jet of hadrons with comparably low multiplicity on the other side. 
The expected rate for this final state is nearly an order of magnitude higher 
than the rate for the purely leptonic final state. 

The charged leptons discussed above are of a very orthodox type. Al
though the motivation for a neutral heavy lepton to partner the electron in a 
right-handed doublet has evaporated, a search for such unusual leptons, produced 
in association with a neutrino (W-exchange) or in pairs (W and Z-exchange) should 
be carried out at high energies. The production in association with a neutrino 
leads to a spectacular final state: a large transverse momentum imbalance caused 
by the neutrino and a single jet consisting of leptons and/or mixed lepton-
hadrons. Unlike the production of charged leptons, the cross-section for neutral 
leptons is model dependent. A typical cross-section production for a neutral 
lepton of mass 3 GeV is indicated in Fig. 6 and compared to the rate for 
e +e~ -> u +u~. 

We next turn to W* production. Single W- production is possible, the 
leading graphs are shown in Fig. 7. 

The cross-section however is rather small and increases only logarith
mically with energy. At /s = 140 GeV the cross-section (M^ = 74.8 GeV) is about 
2 x 10~ 3 7 cm - 2 sec - 1 or about 1.8 events a day assuming the peak luminosity. 
The signature will be rather clüan; a large momentum imbalance and either a 
single lepton or a jet of hadrons at large angles resulting from the W~ decay. 
The positron will in general be at small angles with respect to the beam axis. 
However, keep in mind that this was estimated assuming e = 1. Realistic esti
mates including all the cuts will reduce this rate to below 1 event/day. 

It is much more attractive to pair-produce the W via the diagrams 
depicted in Fig. 8. 
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Figure 6 : Production cross-section for a neutral heavy lepton 



Figure 8 : W production to lowest order in Gauge theories 
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In Fig. 8, the first diagram is a standard charged current interaction; 
the second is the pair production diagram via a virtual timelike photon, and 
the last diagram which proceeds via a timelike Z° is very interesting since the 
Z°W +W - coupling is a unique feature of Gauge theory and is completely determined 
in the standard model. In this model there are characteristic large cancellation 
effects among the various diagrams. 

The resulting cross-section is plotted in Fig. 9. The cross-section 
rises sharply above threshold. Such a Born term contribution would rise inde
finitely if the cancellation among the different terms were not working. If 
they work, as expected, the production cross-section should have a characteristic 
rise and fall behaviour, as shown in Fig. 9. This should be enough to ascertain 
W pair production with a peak value of the order of 1.5 x 1 0 - 3 5 cm 2, which corres
ponds now to 90 W pairs per day or 1.2 event per day with a clear e+y~(2v) final 
state signature. Fig. 9 is drawn for My = 74.8 GeV. A machine with /s ~ 200 GeV 
would have a peak energy capable of matching the maximum of the production cross-
section. 

Detection could use the leptonic mode but also the more frequent jet 
modes. W pair production should also change dramatically with beam polarization, 
since the first graph corresponds to a particular polarization state only. This 
has been studied in detail by K. Gaemers (see LEP Summer Study/1-6). 

1.4 The Higgs Particle(s) 

So far it has been impossible to construct a spontaneously broken 
gauge theory without introducing Higgs particles. The standard Weinberg-Salam 
model has one scalar Higgs particle, other gauge models have more, both charged 
and neutral. Since these particles are a special feature of the gauge models 
it is obviously very crucial to search for them, and high energy e +e~ collisions 
seem to offer the best possibilities. Unfortunately there are no stringent 
limits on the mass, although most theoreticians feel that the scalar Higgs in 
the standard model is above 7.0 GeV. However, note that the experimental bound 
only excludes Higgs particles with a mass less than 15 to 20 MeV and studies of 
K decays give a bound on Higgs particles in the mass range between 140 MeV and 
2 m^. These limits will be greatly extended by experiments at PETRA and PEP. 
The search for the Higgs mesons makes use of the fact that the Higgs likes to 
couple to heavy particles, with couplings to fermions proportional to m^ and 
to vector mesons proportional to my. Higgs bosons are therefore expected to be 
produced in conjunction with heavy particles and to decay preferentially into 
the heaviest particles which are kinematically allowed. 
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Figure 9 : W pair production cross-section 
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At PETRA and PEP energies the best way to produce a Higgs boson seems 
to be via heavy 1 onium states, QQ(1 ) •*• H + y . The branching ratio between 
this decay mode and the lepton pair ¿«icay mode is approximately given by: 

B(l" 
B ( l — ... u V ) 

T ) _ S_ mi 
(1 

"H 
2 TT 

) * « 3.5 x 10_l* x m 2 (1 - — ) ^ 

To translate this into a rate, one might assume a toponium with m^ - 30 GeV and 
e £ = 2/3 which is produced with a global rate of about 30,0G0/day at PETRA 
(assuming the design peak luminosity). With B(l y+u~) ; 5 x 10~ 2, one expects 
that Higgs bosons with a mass of 10, 20 and 25 GeV will appear 110, 90 and 60 
times per day respectively. The signature will be a monochromatic photon of 
respectively 13.3, 8.3 and 4.6 GeV recoiling against a pair of heavy particles. 
This might look very encouraging, but one should not forget the important back
ground resulting from 1 -*• y • g • g which, for the parameters above, occurs 
with a rate of 2,500 events per day. A prerequisite for such a search is there
fore a detector with a good photon resolution in order to extract the monochro
matic signal and with the ability to reconstruct the final state to ascertain 
that heavy states indeed were involved in the decay. 

At LEP one may envisage higher 1 onium states. The rate for produ
cing high mass 1 states and the branching ratio into Higgs, normalized to the 
branching ratio into u +u~, are given below in Table 2. 

Table 2 

My (GeV) Onium Rate 
events/day 

1 " Hy 
1 y +u -

40 260 0.14 
60 170 0.32 
80 140 0.56 
120 90 1.26 

Assuming a leptonic branching ratio which varies between 3% at 40 GeV 
JL 

and 0.5% at 120 GeV and neglecting the phase space factor (1 - m^/my)"* one 
expects about one Higgs event every day. Such a low rate might be acceptable 
since the signature is rather clean. 

However, a more attractive way to search for Higgs bosons at LEP is 
exploiting its relatively strong coupling to the gauge boson. A particularly 
favourable final state is e +e~ Z* ->- Z°H. One would identify the Z° through its 
lepton pair decay mode. From the Z° one can compute the effective mass of the 
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system recoiling against the Z° and thus the H should he visible as a peak in 
this recoil spectrum. That this peak is indeed associated with the Higgs can be 
verified by measuring its decay products which should contain heavy fragments. 
The maximum cross-section occurs at an energy /s = m^ + 2 • /2 • m^ and is given 
by: 

a(Z°H) -= o(pointlike) • 3/64 v j ) 4 • y-^ (1 + v 2/a 2) 

with in GeV. The expected rates are given below in Table 3. 

Table 3 

(GeV) 
•s 
(GeV) 

o (ZH) 
o(point) 

HZ 0 

events/day 
u+p-H 

events/day 

10 100 3.8 163 4.9 
30 130 1.3 56 1.7 
50 160 0.77 23 0.65 
60 172 0.64 13 0.34 

Thus, in order to search for Higgs bosons up to the mass predicted for 
the W ± and the Z, we will need cms energies in the order of 200 GeV or above and 
a luminosity of the order of 1 0 3 2 cm - 2 sec - 1. 

Conclusions 

LEP is a unique tool for the investigation of the strong, the electro
magnetic and the weak interaction in a very clean environment. The upper energy 
should allow us to pair produce W^W- with some margin and to search for Higgs 
mesons up to masses comparable to the anticipated mass of the Z°. This can be 
achieved with 2 x 100 GeV and a luminosity of 10 3 2 cm - 2 sec - 1. In order to 
exploit the unique feature of LEP we need much more sophisticated detectors than 
the ones available today, in particular we must be able to identify and measure 
momentum of particles inside a jet of particles. 

It is a pleasure to thank Maurice Jacob and Christine Redman for 
organizing an enjoyable meeting and for providing the ambiance which made it 
into such a great success. I'm less grateful to Maurice Jacob for forcing me to 
write my talk. 
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1. Introduction 
An e +e storage ring such as LEP provided an opportunity to per

form some exceedingly interesting experiments. If the present ideas on the 
Weak interaction are correct, the currently accepted value of 
sin 2 8 W = 0.23, fixes the mass of the Z° at 88.9 GeV/cZ, well within the 
range of LEP. The leptonic decays of the Z are very clean channels through 
which a study of weak-electromagnetic interference effects is made possible. 
The measurements around the 2° pole of total cross-sections, angular 
asymmetries and final state lepton polarizations are reviewed. 

± 2 
The expected mass of the W of 78 GeV/c makes the productxon 

+ 

of W~ pairs possible xf the beam energy can be extended to about 90 GeV. 
This channel, and the effect of beam polarization on its study, are also 
briefly discussed. Finally, possible detectors for leptonic final states 
are reviewed. 
2. Experiments near the Z° pole. 

The reactions that are relevant here are : 
+ - + -
e e e e 
+ - + -
e e -*• y y + - + -e e -*• T T . 

The diagrams involved are shown in Fig. 1. 

2.1 Measurement of the total cross-section 

In the absence of beam polarization and assuming the final state 
helicities are not measured, the differential cross section for y +y and 
+ - , . 1) T T production is given by 

"T m = Fi ( s ) ( 1 + c o s 2 e ) + 2 F 3 ( s ) c o s 8 ( 1 ) 

a 

where /s = 2 E, 
beam 

+ . + 
6 = angle between the incoming e and the outgoing y . 

F^, Fj = functions of the width T and mass M of the Z°, and of g^, 
g v the axial vector and vector coupling constants. 
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In principle the coupling constants entering (1) could be different 
for e, y, T. They would only be the same for e-y-T universality. The 
measurement of the y +y and T + T cross sections provides a test of universa
lity. The e +e cross section is expected to be different because of the 
exchange diagrams of Fig. 1. 

Integrating (1) over an apparatus that is forward-backward 
symmetric in 6, yields a total counting rate that is proportional to F^ 
only. The total cross section of lepton pairs as a function of /s yields 
the mass and width of the Z°. In the Weinberg Salam model 2^ a measurement 

. 2 2 2 of the mass fixes sin 8 W and hence the coupling constants , gy . In 
principle g/ 2 and g^ 2 can also be obtained from a measurement of the depth 
of the interference minimum preceeding the Z° pole. However, given 

2 
sin 9y = 0.23, the current best value, this minimum is too shallow to be 
measured accurately. The counting rate for e +e y +y (or T + T ) is shown 
in Fig. 2. It was computed assuming 

2 
i) The Weinberg-Salam model with sin 8 U = 0.23. 

n 7 

ii) Two values of T, the Z width,T = 1 and T = 3 GeV/c . 
iii) An apparatus with an angular acceptance 30° < 6 < 150° and 

0° < <J) < 360°. 
3) 

îv) A variation of the luminosity with the beam energy given by X , Ebeam . 2 i r i32 -2 = ( — ) x 10 cm sec 

In addition to the solid curves, 20 data points, corresponding 
to 100 hours running time each, are shown, together with statistical error 
bars. It is clear that statistics will not greatly affect the measurement 

2 
of the width that is expected to be about 2.5 GeV/c . The beams energy 
spread of 100 MeV will also not be a significant effect. The more important 
effect is likely to be relative point to point normalization errors. A 
measurement of the width is of interest as it is a measure of the number 
of neutrinos with m y < 

2.2 Forward Backward Asymmetry 

The asymmetry, A, is defined as 
N F * N B 
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COUNTING RATE/100 HOURS 

10 3h 

10* 

10; 

10' 

T=1GeV-

s i n 2 9 =0.23 w 

r = 3 GeV 

ACCEPTANCE 
30° < 0 <150° 

FULL <J> 

M2o = 88.884 

60 70 80 90 100 110 120 

V s GeV 
Figure 2 : Counting+rate as a function of /s for the reactions e +e~ u +u~ and 

e +e~ ->• T T near the Z° pole for the assumptions described in the 
text and for two values of the Z° width, r = 1 and r = 3 GeV/c2. 
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where N_ and K are the number of events with a positive lepton in the 
forward and backward hemisphere respectively. 

+ — . + — + — + — 

The e e y y and T T final states can be used. In the z X 
reactions the T (e)"w decays can he used as the y or e emerge close 
to the original T direction thus preserving the original asymmetry. For 
the u+y and T +T reactions and 4TT coverage 

, F (s) 
A ( S ) = TFTIST ( 3 ) 

whereas for 30° < 6 < 150° 

. , . _9A2 f3jf) ... 
A ( s } 13.60 F 1 (s) w 

2 2 2 The asymmetry again determines and g^ and hence sin 9^. 
Tliis value of sin2 6^ must agree with the one obtained from the mass of 
the Z° for the Weinberg-Salam model to hold. The relative sign of g A 

and gy is however not determined by the asymmetry. The asymmetry also 
provides an opportunity to test y-T universality. 

The asymmetry in the y +y final state is plotted in Fig. 3. 
It was calculated in the context of the Weinberg-Salam model for 

2 2 2 sin 9IT = 0.23 and 0.22 and for T = 3 GeV/c . A change of sin 0t, of 0.01 W W 
is certainly measurable. The difference in the two curves arises mostly 

2 from the different values of M„o derived from the two values of sin 0.,. ¿ W 
The reaction e e -+• e e - can also be used to measure the asymmetry. 

In this case however, the asymmetry is large and positive because of the 
exchange diagram of Fig. 1, except near the Z° pole where the asymmetry 
drops towards zero. The difference between the e +e and y +y asymmetries 
is illustrated in Fig. 4. 

The angular asymmetry can also be used to estimate the mass of 
o 4) a possible second Z lying outside the LEP energy range . It would 

influence the asymmetry near the top energy of the machine, (Fig. 5). 
For instance, for 200 hours running time at E, =70 GeV, a second Z° 

2 beam 
with a mass of 230 GeV/c would affect the asymmetry at the two standard 
deviation level (Fig. 6). 

A word of caution : radiative corrections will greatly affect 
the asymmetry even well above the Z° pole. They will have to be accounted 
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I » >X 

o s i r T © „ = 0.23 

A s i n 2 G w =0.22 
T = 3 GeV/c2 

AM,o = 1.41 GeV/c' 

-0.7 l ! J_ 
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IL 

G S 08 90 
Vs (G(?V) 
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Figure 3 : The angular asymmetry A ^ calculated in the context of the Weinberg-
Salam model and plotted as a function of /s for two values of sin 29 w 

0.23 and 0.22. 
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Figure 4 : The_difference in the angular asymmetry between the e +e~ and the 
u +u (or T + T ~ ) final states for sin 28 u = 0.25. 
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iVL = 79 GeV/c2 
¿ i 

20 40 60 80 

E BEAM GeV 
Figure 5 : The angular asymmetry in the u +u channel plotted as a function of 

/s for two hypotheses: 
a) the Weinberg-Salam model with a single Z° at 79 GeV/c2 

b) the model of De Rujula, Georgi and Glashow with a second Z° at 
214 GeV/c2 (Ref. 4). 
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Figure 6 : The number of running hours at = 70 GeV necessary to distinguish, 
at the two standard deviation levels, a two Z° hypothesis from a 
standard Weinberg-Salam model with a single Z° at 79 GeV/c2 plotted as 
a function of the mass of the second Z°. 
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for before extracting a second Z° contribution. In the case of A and 
yy 

A g e restricting the final state lepton to have an energy equal to the beam 
energy within the measurement errors will reduce the effect of radiative 
processes. Hence the importance of good energy or momentum resolution 
in the detectors. 

2.3 Polarization of outgoing lepton 

The polarization of outgoing y or T , p (j¿), is given by 
Li T 

-F (1+cosG)2 

P (£) = — 5 (5) 
F̂ ^ (1+cos 6) + 2F 3 cos 6 

where 
/ v . 2. t 2 ̂  2. 2 s(s- M z ) (gy + g A )s 

A V e2Us-Mz

2)2+T\h eA((s- M ^ ) 2 + T 2 M ^ ) 

F^ and P^ are proportional to the product of g^ and gy A measurement of 
P^ therefore determines the relative sign of g^ and gy. Both y's and T ' S 

can be used to determine the polarization. Here again y -T universality 
can be checked. The experiment is to be done at the Z° pole. 

i) e e -> y y 

The method and apparatus to determine the polarization of out
going muons was described in reference 5. Briefly it involves stopping 
muons in about 33m of iron and observing their polarization by measuring 
the forward/backward asymmetry in the decay electrons (Mys later). 
Typically the polarization can be measured to *X/ 10% in 100 hours. 

... + - + -
n ) e e T T 

' 1 » ( ¡ > v 
6 ) 

Here the y w and evv decays of the x are used . They each 
have a branching ratio of 17%. The signature is an electron and a muon 
only in the final state. Most of the events have a colinearity of less 
than 10° (Fig. 7a). The average momentum of the y and e is 15 GeV/c for 
T pairs at the Z° pole. The fraction of the total energy going into 
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neutrinos is shown in Fig. 7b). The origin of the events can be checked 
by studying their angular asymmetry. It should be the same as the 
asymmetry for y +y events assuming y-T universality has been found to hold. 

Since the momentum spectrum of the y or e can be computed given 
the T polarization the method is simply based on measuring this spectrum 
and deducing the polarization. 

If p^ = muon or electron momentum 
x = 2Pl//s 

F <*• V = £ 
Then ~ = 0 at x = x = 0.4215 dP L c 

i.e. the spectrum is independent of polarization at that point. This 
provides a polarization estimator R defined as 

•1 
n H r 

R = — , where = \ f (x) dx (7) 
n L J x 

c 
P 

n_ = f(x) dx 
J x 0 

where x n = minimum x (depending on apparatus and background). . 2 The variation of the polarization and of R with sin Gt, is shown 
W 

in Fig. 8, whereas the number of running hours required to achieve a pre-
2 

cisión of 10% and 30% is plotted in Fig. 9 again as a function of sin 0„. 
W 

The detector acceptance has been assumed to be the same as described in the 
previous section. 

Radiative corrections for this process have been calculated and 
introduced in the estimator ^\ They of course affect the R -*• P relation
ship. This is shown in Fig. 10, where the dashed curve is without radiative 
correction and the solid curve is with. However, once these corrections 
are introduced the method remains valid. In particular, the error in the 
estimator arising from uncertainties in the estimator due to the machine 
energy spread and due to the uncertainty in the Z° width is always less 
than 1%. 
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b) X p , the fraction of the total energy going into neutrinos in the 
above reaction near the Z° pole. 
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Figure 8 : The mean polarization, P L, of y's or T ' S and the estimator, R, described 
in the text plotted as a function of sin29y. The dotted line shows the 
fractional error of R which can be obtained in 100 hours of running time. 
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O 0.2 0.4 0.6 0.8 1 
s i n 2 6yv 

Figure 9 : Number of running hours required to achieve a precision of 10% and 30% 
in the measurement of the polarization of the T via its uvv and evv 
decays plotted as a function of sin28^j. The detector acceptance has 
been taken as 30° < 9 < 150° and 0 < <f> < 360°. 
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Figure 10 : The estimator R plotted as a junction of <PT.> without taking into 
account radiative corrections (dashed curve) and after introducing 
radiative corrections (solid curve). The horizontal scale also 
shows the correspondence between <PL> and sin26y in the Weingerg-
Salam model. 
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. + '- + -
i n ) e e -*• T T I >TT V 

The method uses the TTV decay mode for one of the T'S (8.5% 
branching ratio). The process is tagged by the other T decaying into an 
electron or a muon. Again the momentum spectrum of the pion depends on 
the T polarization but the effect is more pronounced since it is a two-
body decay (Fig. 11). 

j v T E - - E, ¡2 
~ i . i beam . 

I T ° l + <?T-> < E. 12 > 
TT Hjeam 

F. E - - E, 12 „ i . 4 f TT beam . 
A 1 + FT ( E. 12 > 

1 beam 

(8) 

As described earlier V^/F^ depends on the relative sign of g^ and g^. It 
is estimated that the polarization can be measured to ± 4% in 100 hours. 

2.4 Polarized beams 

If h + and h are the helicities of the positron and electron 
respectively, then 

Sggjjl = 1 - h V + (h--h+) F (gA,gv,/s) (9) 

where a is the cross-section integrated over all angles. It can be seen 
that this is identically zero when h + = h . However, for opposite helicities 

a(+-) - a (-+) = ( / j 
o(+-) + (0--+) l g A , 8 v , v s ; 

2 g A 8V k t. -o , = - — i J pole. 
8A + g,, 

So, here too the relative sign of g A and g^ can be extracted. However, 
the exact same combination of g A and gy is extracted from a measurement 
of the mean polarization of y's and T ' S in the final state. 
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e + e ~ — x ~ 
L—TC~ v 

Figure 11 : The energy spectrum of the TT~ in the reaction 
+ - -fre e -> T T 

IT v 
for two values of sin 26 w, 0.2 and 0.3 corresponding to a reversal 
of the T polarization in the Weinberg-Salam model. 
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3. W pair production 

The diagrams contributing to e +e -»• W +U are showm in Fig. 12. 
2 

The mass of the W is 78 GeV/c in the Weinberg-Salam model with 2 9) sin 9., = 0.23. The cross-section peaks 30 - 40 GeV above threshold 
(i.e. Vs = 190-200 GeV) at a value of ̂  2 x 10 cm . Because of the 
v-exchange diagram the cross section is peaked forward but since the W's 
are slow being near threshold the y's or e's from their decay will be 
nearly isotropic. An apparatus with an acceptance 30° < 6 < 150° and 
0 < 4) < 360° detects 70% of 

e +e~ ->• W +W~ 

3) 
With a luminosity variation beyond = 80 GeV given by 

_ ,80 ,3 l n32 -2 -1 a¿. - (g— ) 10 cm sec 
beam 

6000 W pairs are produced in the apparatus in 2000 hours running. Assuming 
a 20% branching ratio into an electron or a muon, 2400 events with an e or 
a y are seen and 240 with both an e and a y. 

+ — + — 
3.1 Polarized beams in e e ->• W W 

The v exchange diagram provides the major part of the cross 
section. However, it is the Z° exchange diagram with the information it 
provides on the WWZ couplings that is of greater interest. But the v 
exchange can be "switched off" by selecting left handed e + ,s and right 
handed e 's using polarized beams. Unfortunately the event rate drops 
by a factor of ̂  20 (Fig. 13). The yield is then 120 events with a single 
lepton in the final state and 12 events with 2 leptons in 2000 hours running. 

The study of W +W pairs is obviously a reaction that needs a 
beam energy in excess of 70 GeV and with the highest possible luminosity. 
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1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 

x = S / ( 2 M w ) 2 

Figure 13 : Cross-section for the production of W pairs 
a) With unpolarized beams 
b) With lefthanded e+'s and right handed e -'s. 
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4. Detectors 

Several types of detectors can be considered to study leptons in 
the final state. 

a) Magnetised iron toroids to measure muon momenta, with an 
inner sleeve of shower counters to measure the electron energies. This 
type of detector has the advantage of being relatively inexpensive and can 
cover very large solid angles. It's disadvantages however are that it does 
not measure the electron charge (an important factor in asymmetry measure
ments) and that it does not measure pion momenta thus ruling out T 
polarization measurements via its TTV decay. 

b) A superconducting air core toroid with 8 discrete coils 
(Fig. 14). Drift chambers around the vacuum pipe and beyond the coils measure 
the trajectories. An electromagnetic calorimeter is located behind the drift 
chambers and is itself followed by an iron muon identifier. The advantage 
is that this magnet leaves the forward direction free of end caps such 
that, for instance, a two-photon physics detector can be added. However, 
the coils obscure 35% of the azimuth thus limiting event rates. 

c) Superconducting solenoid (Fig. 15). 
Parameters : Length 3 m 

Radius 1 m 
Field 15 K gauss 
Coil aluminium stabilized 

(0.5 - 1.0 radiation length thick) 
The chambers would be of the type used by JADE at PETRA and 

R-807 at the ISR . They are drift chambers with current division to 
measure the longitudinal coordinates. A total of 50 measurements per 
track would be used. 

The shower detector positioned just outside the coil would be 
20 radiation length thick and would be segmented longitudinally into 2 
sections (5 and 15 rad. lengths) to reject hadrons using the early shower 
development technique. Lead scintillator sandwiches would be adequate 
to identify the electrons and measure their energy. 

The muon identifier (or hadron filter) would simply consist of 
the 2 m thick return yoke of the magnet followed by drift chambers and 
scintillators. 



Figure 1A : Superconducting air core toroid viewed along the beams. The figure 
shows an overall view of the magnet as an insert, and a detail of 
one segment equipped with detectors. 
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Figure 15 : Superconducting solenoid equipped with 
a) drift chambers in the field region 
b) electromagnetic calorimeters outside the coil 
c) a muon detector outside the return yoke. 
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The resolution of the magnet-drift chamber system is given by 

6 p T 3.3 x 10~ 2 (cm) , / 2 ~ — = P T V e An 
F T B(K gauss) L 

L = lever arm of measurement = 100 cm 
B = field 15 K gauss 
e = measurement error per point = 0.02 cm 

? . 2 ? i N = number of measurements N+5 
= 50 

5p T 

= — = ± 0.16 p % or 6.4% at 40 GeV/c. P T 

The lead scintillator energy resolution is given by 
AE/E = 12%//E or ± 1.9% at 40 GeV. 

The first step in rejecting hadronic events is to reject multi
particle events since all the final states of interest are 2 particle 
states : 

yy, ye, ee, eu, yir 
+ — + — 

(The only exception would be the e e -»• W W reaction) . To use this method 
thoroughly an end cap detector would be useful. 

The ir/y separation is given by the return yoke : 
Punch through (2 m of iron) < 3% 
TT-decay < 0.3% 
k-decay < 2.5% 
The Tr/e separation requires E "v p to within the measurement 

errors and a large energy deposition in the first 5 radiation lengths of 
the e.m. calorimeter. The rejection obtained by this method depends on the 
final energy spectrum of hadronic events but it is estimated to be less 
than 1%. 

Finally, cosmic rays which could contaminate the y +y data are 
discriminated against using time of flight between the scintillators 
located outside the yoke (the time difference is *v 26 ns). 
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5. Conclusion 

To conclude, a study of lepton final states at LEP will yield 
very valuable information on the weak interaction. Near the Z° pole, 
weak—electromagnetic interference can be studied through measurements of 
the total cross section and angular asymmetries. These measurements deter
mine the magnitude of coupling constants g^ and g^ as well as the mass 
and width of the Z°. A measurement of the polarization of y's and T ' S 
will in addition determine the relative sign of g^ and g^. These measu
rements provide an opportunity to test e-y-T universality. The existence 
of a second Z° of mass less than 230 GeV/c2 could be inferred from measure
ments of the angular asymmetry even if the maximum beam energy does not 
exceed 70 GeV. On the other hand if the maximum energy can be extended 
to 100 GeV the W +W threshold is likely to be reached thus opening up a 
whole new field of research. In particular the WWZ vertex could then be 
studied if the luminosity of the storage ring can be kept high at these 
higher energies. Finally, the study of the W +W final state would greatly 
benefit from the use of polarized beams. 
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ECFA/LEP 2 
24 July, 1978 

STUDY OF HEAVV-LEPTON POLARIZATION 

IN e*e" ANNIHILATION AT THE Z° POLE 

G. Goggi 

1. Introduction 
+ - + -

The annihilation process into lepton pairs e e •+ I I in the 
proximity of the 2° peak yields information on the relative strength of the 
vector and axial couplings g . and g through the cross-section energy 

V n 

dependence and the angular asymmetry of the final state leptons. 
The measurement of lepton polarization, besides providing a more 

sensitive test of the vector-axial mixture in the interaction, is the only 
way to determine the relative sign of g,. and g_, in the absence of polarized 

V A 
beams. 

The production of a pair of heavy leptons and the study of their 
subsequent leptonic decays provides a practical and effective way to 
determine final state helicities at energies around the expected Z° mass. 

+ - o + -The reduction of the T T rate by a factor Er^ with respect to u p due to 
the branching ratio of the leptonic decays of the x is not a serious limita
tion, given the large cross-sections expected at the peak Z° energy. This 
reduction factor is more than compensated by the exceptionally clean experi
mental signature of p e events, as opposed to hadronic x decays, and by the 
relative ease of detecting the decay leptons with a conventional apparatus. 
This is to be compared to the massive detector of a dedicated muon polari-

1 ) 
meter which requires about G.4 M-, (GeV] metres of Fe to stop muons from 
the decay Z° -»• p + u . The purpose of this note is to study the experimental 
feasibility cf a measurement of longitudinal polarization on heavy leptons 
produced near the Z° pole. 

2. Polarized heavy lepton production 

In the following the same conventions as in reference 1 ] are used, as 
21 

well as the general approach. The formalism adopted is that of Budny 
3) 

The Weinberg-Salam •model is used to obtain numerical results. 
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The c r o s s - s e c t i o n f o r unpolarized beams and unobserved f i n a l s t a t e 

h e l i c i t i e s f o r the react ion 

e + e T +T x •+• &vv (11 

I = e , p 

i s in lowest order in the weak and e lec tromagnet ic i n t e r a c t i o n s 

z£ = ° + c o s 2 0 ) + 2F 3 cos6> 2B2 [21 dfl 16TT p I 1 I *• 

where o i s the p o i n t - l i k e c r o s s - s e c t i o n and the s e t of funct ions F. i s piVRn 
P i 

in the appendix. 

The Lorentz boost i n x decay conf ines the f i n a l s t a t e leptons in a 

narrow c o l l i n e a r i t y d i s t r i b u t i o n , as shown in Fig . 1a f o r Mz = 77 .3 GeV. 

This a l lows a l s o the determination of the asymmetry a r i s i n g from the second 

term in C2] ( i n s e t in F i g . 1 a ] , which s e t s an add i t iona l co n s t ra in t on the 

o r i g i n of t h e p e event s . An addi t ional experimental s ignature i s represented 

by the large f r a c t i o n of the t o t a l energy carried by the decay neutr inos , 

shown in F ig . 1b. For t h i s case the average lepton momenta are about 

13 GeV/c. 

The l ong i tud ina l p o l a r i z a t i o n P^ of the heavy leptons produced i s given 

by 

; Fit C1 + cosQV + 

P. Ccos0] = -=-7^ j-T — - (T~] C3) 
L F j C1 + cos^e) + 2F 3 cos6 

Averaging over the polar aperture of any forward-bacKward symmetric apparatus 

y i e l d s 

< P L [ T ± l > » t4) 

where Ç = g f l / g u i s the r a t i o of the a x i a l and vector c o u p l i n g s . The funct ion 

(4] i s shown in F ig . 2a for x ; as an example the dependence of Ç on s i n 2 0 ^ 

in the w-S model i s g iven in F ig . 2b. 

F ig . 2a shows how the p o l a r i z a t i o n determines the s ign of g . /g . , ; 
although the p o l a r i z a t i o n i s maximal at |c¡ = 1, i t appears that even small 
va lues of g^, as obtained by the current va lues of s i n 2 6 ^ , y i e l d s i z e a b l e 
p o l a r i z a t i o n e f f e c t s . 
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O 0.2 0Â 0.6 0.8 1 

Figure 1.a) : Collinearity distribution for e events from pair production at 
/s = 77.3 GeV. The inset shows the angular distribution of the union 
in the lab system. 

b) : Distribution of the normalized missing energy for the same reaction. 
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Dependence of the average longitudinal polarization on the ratio 
of the axial to the vector couplings Ç. The polarization of a T + 

is shown. 
Variation of the parameter Ç as a function of sin 2 6 w in the W-S 
model. The left branch of the curve corresponds to negative Ç 
values. 
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3. Decay of polarized heavy leptons 

In the measurement of the longitudinal polarization of muons at rest 
the relevant information on the spin direction is contained in the angular 
asymmetry of the decay electrons. The rapid decay in flight of heavy 
leptons transfers this information to the momentum distribution of the decay 
leptons. It is the final state momentum of the detected lepton which is 
then correlated with the T spin. Assuming for the heavy lepton weak current 
the same V-A structure as for the muon and neglecting final state masses 

(m./m -*- 01 the differential momentum spectrum of the decay lepton in the lab. 
4) 

system has thf form 

^ = f[X,P. ) = a(X] ï P. btXl (for TT ) (5) dX L L 

where X = PüVp^ is the normalized lepton momentum; the functions a and b 
are given in the appendix. Fig. 3a shows the momentum spectrum expected for 
T + decay with sin 28 w = 0,1 or <PL> = O.BB. 

The sensitivity of the momentum distribution to the polarization value is 
shown in Fig. 3b, where the quantity r(X], the fractional difference of 
f(X, P ) for two values of sin26^, is displayed: 

r(X) = 1 - f(Xl . 2 q n , f _ 1CX) . ¿a n i ^ sin̂ e,,= 0.5 5inz9. ,=0.1 W W 

The function df/ changes sign when crossing the critical value 
X c = 0.4215, at whi(.'h ^int the momentum distribution does not depend on the 
polarization. It follows that, rather than fitting the entire distribution, 
which requires an absolute energy calibration, a simple estimator of the 
polarization can be the quantity^' 

where 

X. 
n = J1 f(XldX n = J ° fCX)dX 

X X c o 
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Figure 3.a) 

b) 

x= 2pl/vT 
Normalized momentum distribution of the lepton in x + decay at 

0 . 1 . 

The fractional difference r(X) of the distribution in a) for 
sin26,. = 0.1 and sin26„ = 0.5 (solid line). The dash-dotted line 

W W 

indicates the sensitivity of the spectrum in a) to the polarization. 
The critical value X = X„ at which the derivative is zero is shown. 

c 
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where the lower l i m i t X on the momentum i s s e t by cons idera t ions of 
o J 

d e t e c t i o n e f f i c i e n c y and backgrounds. The v a r i a t i o n of the average 

l ong i tud ina l p o l a r i z a t i o n for a T and of the es t imator R an sin^ö^ are 

d isp layed in F i g . 4 . Two separate curves for R correspond t o va lues of 
the lower l i m i t X = 0.05 and X = 0 . 1 . I t i s c l e a r that the method i s o o 
ra ther i n s e n s i t i v e t o the experimental momentum cut , which in turn i s a l s o 

dependent on the abso lute energy c a l i b r a t i o n . 

4 . A p o l a r i z a t i o n experiment 

As a r e a l i s t i c example l e t us cons ider an experiment in which T pa irs 
Q 

from L decay are detec ted through t h e i r e \i decays over a reasonable f r a c t i o n 

of the s o l i d ang le . The l e p t o n i c branching r a t i o of the T i s taken to be 

B £ « 0 . 2 , the width of the Z° = 1 GeV, and the luminosity 
= CMZ/1401 2 • 1 0 3 2 c m - 2 s - 1 . 

The apparatus i s supposed to be rather convent ional , having a polar 

acceptance between 30° and 150° t o the beams and f u l l azimuthal coverage. 

I t must be capable of measuring e l ec t ron and/or muon momenta up to the beam 

va lue; momentum r e s o l u t i o n i s not a c r i t i c a l parameter provided i t i s 

s u f f i c i e n t to minimize ( c a l c u l a b l e ) smearing e f f e c t s on R at X - X C > around 

17 GeV/c for Mz = 78 GeV. 

With these assumptions, and considering the energy spectrum of only one 
detected lepton, the f r a c t i o n a l uncerta inty on R ( X q = 0.05) obtained in 100 
hours of running time i s shown in F ig . 4b. In the worst case R i s measured 
to a 3% p r e c i s i o n in such a short t ime. 

Considering now the running time needed to measure the p o l a r i z a t i o n to a 
given f r a c t i o n a l error o / P , inc luding in the c a l c u l a t i o n the s e n s i t i v i t y of 
<P,> on R, we obtain 

where t i s the running time in hours, RtP^) and gCP^) are given by equations 
(A10] and (A11) and we cons ider the contr ibut ions of both l e p t o n s . 

Numerical r e s u l t s from equation (8) are shown in Fig . 5 for the range of 

s i n 2 9 y which can be explored with a 70 GeV machine. As can be seen a running 

time of the order of 1 0 2 hours y i e l d s a 10% measurement of the T l ong i tud ina l 

p o l a r i z a t i o n almost everywhere. Such a p r e c i s i o n al lows a va luable cross-check 
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s i n 2 Ovv' 
Figure 4.a) : The T longitudinal polarization averaged over a symmetric polar 

interval as a function of sin20^. 
b) : Dependence of the polarization estimator R on sin 26^ for two 

values of the momentum cut X 0 (solid lines). The dotted line shows 
the fractional error on R which can be obtained in 100 hours of 
running time (see text). 
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Figure 5 : Running time as a function of sin 26 w for given fractional errors on 
the polarization. The vertical dashed lines delimit the interval of 
sin'e., vhich can be explored with a 70 GeV machine. 
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of the g /g . ratio obtained by an asymmetry measurement. The curve n V 
labelled AP^ = PL/3 shows the minimal running time needed for a determination 
of the sign af g./g.,, which can be achieved in most cases in a few hours of 

o 
running. The number of e p events at the 2 peak corresponding to the case 
AP^/P^ = 0.1 is given in Fig. 5. Also shown is the statistics expected in 
100 hours of running time. 

The above values show that, besides the considerations of this note, the 
study of the weak properties of heavy leptons at LEP-70 has considerable 
intrinsic validity if such a copious source as the neutral weak boson is within 
reach of the machine. 

5. Conclusions and remarks 

It has been shown in the previous sections that heavy-lepton pair 
production at the neutral vector boson mass can be easily detected and 
measured through the leptonic decay mode. This reaction is particularly 
suited for a determination of the T helicity; no specialized apparatus is 
needed for this measurement, which is compatible with the physics programme 
of a general detector. In addition the expected rate of e p events is very 
high, yielding a minimum of 6-103 events in 100 hours of running time, which 
makes a detailed investigation of the T properties a physically interesting 
programme in itself. The information on the T spin alignment can be easily 
extracted from the lepton decay spectrum; good sensitivity can be achieved 
in the region 0.2 < sin2B^ < 0.4 where the physical value is most probably 
found. More generally the value of the longitudinal polarization allows 
the determination in a model-independent way of the relative sign of the 
axial and vector weak couplings, as well as their absolute ration 

Although in this case the need to observe final state polarizations can 
7 ) 8 ] 

be circumvented by the use of polarized beams , it is generally true that 
some of the information which can be obtained by observing final state heli
cities is not accessible by simply controlling the longitudinal beam polariza
tion and vice versa. This point is relevant tothe study of possible contri
butions from non-conserved currents. 
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Figure 6 : Number of events at the Z° pole as a function of sin29y. The solid 
line corresponds to the case AP^/P^ = 0.1 of Figure 5. The dotted 
line shows the expected number of events in 100 hours of running time. 
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APPENDIX 

liP" oÏÏ = 2 F l C 1 + c o s 2 e ) + 4 F 3 c o s 8 - h
+

h _ C l " cos6)2CF1 - F 3) 
C A D 

+ Ch_ - h+)[1 + cos6) 2 F 4 

where 

F, - 1 + 2g v
2 R e t m • t g y

2 + g A
2 ) 2 |R|2 

F 3 = 2g A
2 ReCR] + % 2 g A

2 ( R i 2 CA2) 

Fi. = 2g vg f t ReCR] . ZS vg ACs v
2 + ëffî M 2 

with 

R = 
'Ca-ri2. + m r ) 

From CA1] and CA2], averaging over the helicity of cne T, we obtain the 
longitudinal polarization of the other: 

±, + F^ci+cDse) 2 

F t1+cos2B) + 2F3 cosa 
P L C T - ] = 2 (A3) 

Averaging over any interval (6, -n-8) corresponding to the angular acceptance 
of a forward-bacKward symmetric detector we obtain 

•t F u 

< P , C T ~ ) > = + 7^ (A4) 

At the 2° pole we obtain from (A2) : 

For unpolarized beams the differential cross-section for x pair 
+ 

production with T helicity h + is: 
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<PL> = 
2 g vg ACg v

2 • g A
2]s/r z

2 

/f 2 ts = M 2) ÍA5) 

and for a reasonably narrow width 

The normalized lepton momentum distribution in the laboratory from T 

decays in flight has the form 

fCX) = aCX) ï P L bCX) t T " ) CA7D 

where 

aCX) 

bCX) 

b(X) 

3X 2 + ¿ X 3 

- 1 - 3X 2 + - I X 3 

0 at X •= X 
X = P/PT 

CAB) 

Defining: 

Í 1 fCX]dX f(X)dX CA9) 

The dependence of R on the longitudinal polarization is given by: 

A ï BP. 
RCP L) = c - D p (for t~) {MO) 

with A = 0.36186, B = -0.B666, C = 0.55493, D = 0.07011 for 
X = 0.05. 
o 

If is the number of events used in the determination of R and N the 
number in the whole distribution: 
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0 L H o 
CA11 ) 

N = g(P^)Np Q < X < 1 

where 

gCPL) = CO.91679 ± 0.01655 P ^ - 1 Cfor T~] 

The statistical error on P is giv<?n by: 



References 

1. L. Camilleri et al., CERN 76-18 (1976), 95. 

2. R. Budny, Phys. Lett. 45B (1973), 340; Phys. Lett. 55B (1975), 227. 

3. S. Weinberg, Phys. Rev. Lett. 19 (1976) 1264, 27 (1971) 1688. 
A. Salam, Proc. 8th Nobel Symp., Stockholm 1978. 

4. J.H. Field, CERN EMC Report, Sept. 1975. S.V. Golovkin et al., 
Nucl. Instr. Meth. 138 (1976), 235. 

5. J.H. Field, CERN EMC Report, January 1978. 

6. G. Goggi, Heavy Lepton Polarization and Radiative Effects in 
e+e~~ •*• T + T ~ near the Z° Pole, to be published in Nuovo Cimento Letters. 

7. B.W. Montague, CERN LEP-70/76 (1978). 

8. R. Budny, Phys. Rev. D14 (1976), 2969. 





- A99 -

ECFA/LEP 29 
10 August, 1978 

USE OF T HADRONIC DECAY MODES TO STUDY POLARIZATION 

NEAR THE Z° POLE AT LEP 

J.E. Augustin 

Laboratoire de l'Accélérateur Linéaire, Orsay, France. 

I. INTRODUCTION 

The aim of this note is to assess the possibilities offered by the two-

body or quasi-two body semi leptonic decay modes of the T in order to measure 

the polarization of the T produced in e +e~ annihilation in the vicinity of 

the Z° pole. 

These T decay modes have been studied by Tsai1 and also by Thacker and 

Sakurai2. Recent estimates7 are presented in table 1 . 

Some results on x +T~ production are recalled in section II. 

In section III, the ir-v decay mode is shown to have very visible effects 

both on the pion energy spectrum and on the pion angular distribution. Final

ly in section IV we give some remarks on the p-u decay mode. 

II. e +e~ - T + T ~ ^ 3 ' " » S ^ 

With the following assumptions : 

1 . One neglects effects of the T mass, which are at most of order ^ m T 

r~ + — . . i/¡3 

where /S = 2 E is the center of mass energy in the e e collision. 

2. One sums over the spin orientations of one of the final T particles, 

let's say T + spins. Then the cross section depends only upon the scattering 



- 500 -

V +• V + e ~ 16.41 T e 

V T + + y~ 15.97 

V t + ir~ 9.8 

V + K~ 0.62 
T 

V x + p~ 23.01 

V T + K*" 1.57 

V T + A~ 9.34 

V T + Q~ 0.41 

V T + ud > 1.1 GeV 21.27 

V T + ÜS > 1.1 GeV 1.54 

Life time : 2,53.10~13 sec. 

TABLE 1. (from réf. 7) 

T Branching ratios in % 
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angle 6 and the T ~ helicity h_ 

2 

o?? = IS ( F1 ( 1 + c o s 2 0 ) + 2 cos 6 F 3 + h_ (1 + cos 6 ) 2 F^) 

with : Fj = 1 + 2 v 2 Re x + (a2 + v 2 ) 2 | X | 2 : o J Q J = F, o . point. 

F 3 = 2a 2 Re x + Aa 2v 2 | X| Z 

F, = 2 av (Re X + |x| 2 (a2+ v 2) ) 

with : Re x = gm2 SÇS^tp^) m = m „ T = T 
(S - m 2 ) 2 + T V 

l x ' 2 = s V — r r - T T 
(S-m2)2+ r 2 m 2 

In the Weinberg-Salam model 

2 1 • 37.3 ... 
gm = ' m = m 0= (GeV) 

16 sin2 6 cos 2 6„ siu 6„ cos 6„ 
W W w w 

a « 1 

v " A sin28 - 1 

T = T zo = m.a.gm2 16 (1 - 2 sin2 6 W + | sin" 6 W) 

(if only six quarks and three lepton doublets are present). 

For example : T = 3 GeV at sin2 9 = .2 

The mean polarizations are : < P _ > - I i < P . > = - IA 

. lA a 2 a V At the Zo peak 
a' + v P i 2 . 2 1 a + v ' 
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III. DECAY x" -*- -rc~V 

The angular distribution for this decay with a helicity h_ for the T is 

given by Tsai1 : 

dw* = B (1 + h + cos 9 * ) d cos 6* 

One simple way to use this result is to look at the total pion spectrum in 

the final state. 

Then : \ = § 0+e> + | (l-e)ßT cos 8* ̂  | (1+cos 6*) L: = ^ \ 

s o t h a t : - i < , . < P . > ^jsa) . . . a {^¿ij 

The slope of the pion spectrum, irrespective of the charge, will give a measure 

of the sign and value of the v/a ratio of the Z 0 (fig. I). 

More information can be gained by looking at the bi-dimensional distribu

tion of pions in energy and angle. One finds (Appendix 1) that the forward-

backward assymmetry of the IT" will be a varying function of the pion energy. 

IT < • F¡ + C(E_) F4 C 0 S U 

where C ( E _ ) varies from -1 to +1 when E goes from minimum to maximum, and cos u n i 
is equal to + 1 at minimum and maximum of E , ans is always ner'f 1 at ener

gies around the Z° peak. 

E 
The figure 2 shows the angular distribution of pions for E < and 

TT ¿ 
E 

EJJ. > These asymmetries give an independent measurement of the T helicity. 
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Figure 1 : Pion energy spectrum 
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Figure 2 : Pion angular distribution 
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22 2 19 7. 

23 7. 36 % 

-1 0 +i cos 0 
TT 

In terms of counting rates necessary for a meaningful measurement, the reaction 

e +e~ -»• T+T- will be signed by a leptonic (e or u) decay mode of one of the T'S, 

with a branching ratio of 32 %. The fraction of events with a ÏÏ-V decay of the 

other T is 2 * 10 % x 32 % = 6.4 Z of all produced T-pairs. 

In the Weinberg-Salam model, with the realistic Z° width of 3 GeV, the num

ber of TFV decavs produced at the top of the Z° is i> 17/hour at a luminosity of 
, ,n32 -2 -1 5.10 cm sec 

In a hundred hours of running time, an absolute precision of 4 % is reached 

on the T polarization, or a relative precision of 10 % for sin2 9 W = .2. 

More realistic experimental conditions are under study with the help of a 

Monte-Carlo simulator. Some results are shown on figs 5 and 6. 

One sees that these T -*• TTV measurements are one of the best candidates for 
v 

measurement of the sign of the — ratio of the Z . 
° a o 

More over, if it exists other heavy leptons with a mass greater than 
m 0 7 4 GeV, and lower than _J¿— , the rapid disappearance of their ïï-V mode would 

leave this T decay mode a unique tool to study these polarization phenomena. 

IV. THE T ->• pV DECAY MODE 

The interest in this mode is its 23 % branching fraction. The angular dis

tribution for this decay is complicated by the vector structure of the p. Two 

Another way to use these distributions could be to cut the two-dimensional 

plot E^ , tosô^ into four quadrants. As an example, for sin 2 9 W = -2, one gets 

the ratios : „ 
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Figure 3 : Rho energy spectrum 
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S t*2" 0 ^ - 0 . 3 

I - ! 

Cos &p 

Figure 4 : Rho angular distribution 
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Figure 5 : Energy spectrum of pions from T + or T ~ ->• TTV in the Weinberg-Salam 
theory for 2 values of sin29W. The pion energy is measured in a 
calorimeter with a resolution AE ^ .5/E(GeV) 
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different amplitudes, with p's of helicity 0 and -1 contribute. The p angular 
distribution, following Tsai1 result, is given in appendix 2. We have : 

dW* = B p (1 + a h + cos8*) d coso* 

m 2 - 2m2 

with a = — 2- = -0,46. 
m 2 + 2m2 

T P 

In terms of p * energy and angle distributions, (Figs 3 and 4) the effects are 
± 

very similar to the it O T i e S j except that the polarization effects are decreased by the 
coefficient a. This loss of information will be partially recovered by the higher 
branching fraction of the p mode, but the number of produced T'S necessary to 
reach a given precision on the polarization using the p mode will be of order 

times greater than using the TT mode : it will be only a useful complement of infor
mation. For the Aj mode, a = .14 and this mode is useless. The ir - V mode thus 
remains the most important mode to measure T polarization. 

A useful conversation with A. COURAU is aknow ledged. 
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APPENDIX 1 

The angular distribution is : 

do = 2 l r
A
a g B 7 T JE, (l+cos29) + 2 F 3 cose + F 4 (l+cos9)2cos9^J d cos9 d cose* d<}>* 

By a change of variables to the pion energy E^, the pion angle cosS,,, 

and the azimuthal angle of the T around the pion, and integrating over this 

last angle one gets6 

-5 f 0 a G. + 2 G, cos 9,. + G, sin 2 9^ 
dcose^ dEïï 1 2 71 3 " 

vith : G, = (F, + CCE^) F 4) (1+ cos2u) 

G 2 = ^ F3 + C( ETT) *V c o s u 

G - ' 3 = - j (F, + C&tt) F 4) (3 coszu - 1) 

vhere • C(E ) = 2 % ~ E ( 1 + e ) E * ~ ^ 2 vnere . p^ (,_ e ) E / 2 

cos u = 2 E E^ - m 2 - m2- ^ j 
2 P T P^ 

Integration over c°s8 l r yields the energy spectrum of § III. 

The angular distribution yields a forward-backward assymmetry6 

f * do d COSSTT R ° 
J d E, d coseu , 

ACE,) = -2 =J-

do d cos9-
d E^ d cosô^ 6Gj 3(F 3 + C(EÏÏ) F¿) cos u 

do , n 6G, + AG. A (F, + C(E7r)F/) -7£—T s— d cos 9-jr 1 3 1 " A dEïï d cose^ " 
-1 

AÍE,) depends upon the pion energy : 

at E = E • • A . = 2 ( I l ^ - Ü ) 
a C b T i TT m i n • Vin 4 T| - F^ 

e +e •* T + T ~ 
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At the top of the Z n : A - - — ~ 2 a V - , A - 2 a v 

* W T i l l T î *i n 1 

max ? ? a z + v z 

P i r * P T 
cos u = is always positive if E > 11.3 GeV, and 

M M 
at 2 M^o , one gets cos u > .83. 

Such dépendance of the assymmetryin the angular distribution as a 

function of the particle energy should also be useful for purely leptonic 

decay modes of the T . 
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APPENDIX 2 : x - P V, 

L- Ti" TI" 
The squared matrix element is given by Tsai1 in term of dot products : 

| M | 2 a 2(p rQ) (p2.Q) - (p rP 2)Q 2 - mx

r2 (W-Q) ( p r Q ) - (W-p^O.2"1 2 

where P,, P 2, qj, q 2 are the four momenta of the X , V^, ir , TT* respectively, 

Q — 1j ~ 1% a n (^ ^ * s t* l e ^ o u r v e c t o r which reduces to the three dimensionnal 
polarization vector W in the rest frame of T . 

If a and <f> are the p decay angles in its rest frame and 9 the p 
production angle in the x frame we have : 

2 
m_ * * 

P..Q = P,.Q = — (1 - n) ß cos a 
2 

V P 2 = _ L ( 1 - n ) 

m t(W.P 2) = -j- (1 - n) W cos9 p 

m 2 

m (W.Q) = (I + ri) S W cos9 cosa* - m m ß* W sin9 sina* cos** 
t j p x p p 

and Q 2 = - m 2 ß 

* / 4m 2 \ 1/2 m 2 

where ß = 1 - -JL ¡ , r, = -°- and W is along the z axis. 
m2, y' m 2 

P / x 

m2 

so that IM] 2 a cos2a (1 + W cos6 ) + sin a (1 - W cos9 ) 
p m 2 p 

T 

— 2 — w sinO sina* cosa* cosd> (A.2.1) m p x K 

It is worth noticing that this can be expressed, for W = 1, as 

|M|2 a d 2 (0JY° (a*) + 

2 2 

/2n P ,2 (9 p )y ;V, $*) 
"x 2' 2 

where the two helicity states of the p are evident. 
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The formula A2.1 has been used for H.C. generation of events. When 
integrated on the p decay angles, it £,iv£-s the p production angular distribution 
used in section A : 

It may be useful to note here that the r energy angle spectrum, in the T rest 
frame given in ref 1 has a term missingswhich changes its shape : the formula 2 - 2 0 

of this paper should have its last line changed to : 

so that the coefficient in the square braket is not definite positive, and in 
fact changes sign in the w, range. Note also that the p and A, decay modes are 
incorrect in réf 6. 
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ECFA/LEP 30 
8 September, 1978 

THE REACTION e + e ~ •+ U + U ~ ( O R T + T ~ ) 

WITH TWO NEUTRAL WEAK 30S0NS 

AT LEP ENERGIES 

B. DECRANGE j LV'JHE, Ecole Polytechnique ¿Palaiseau 

At the present time, the standard Salam-Weinberg model of 

weak and electromagnetic interactions is in agreement with almost all the 

experimental data. The rates of neutral current-induced \> or v reactions 

on nucléons are now well accounted for with a Weinberg angle 6 such 
2 [ i ] A 

that sin 8 = O.24 ¿ 0.02 . Recently, the discovery of oaritv violation 
[2] 

in reactions of polarized electrons on nucléons at SLAC has provided 
2 

a remarkable confirmation of the standard model with sin 0„ =• 0.20 t 0.03 . 
W [ 1 ] 

In the reactions v
u< ,-' u) e there is still seme controversy in the data 

but all experiments suffer from low statistics. 

The standard model is also the "minimal" model, and its success 

at center-cf-mass energies much smaller than the mass of the week neutral 

boson is understandable, even if the structure of neutral current is 

actually more complicated. However, since w e are concerned by the energy 

range which should be covered by the LSF machine, it is particularly in

teresting to review the predictions of models involving larger gauge 

groups, thus more than one neutral weak boson Z. 
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I n S e c t i o n 1 , t h e m o d e l i n d e p e n d e n t f o r m u l a e g i v i n g t h e c r o s s -

s e c t i o n , t h e c h a r g e a s y m m e t r y a n d t h e l o n g i t u d i n a l p o l a r i z a t i o n o f t h e f i n a l 

l e p t o n s a r e g i v e n f o r e + e -*• u + u ( o r T +T ) r e a c t i o n . I n S e c t i o n 2 , t h e 

g e n e r a l f e a t u r e s o f m o d e l s b a s e d on t h e ( S U 2 ) L ' S U2^R (E) U I 5 R O U P A R E 

s u m m a r i z e d . The p r e d i c t i o n s o f two o f t hem a r e p r e s e n t e d i n S e c t i o n 3 f o r 

t h e r e a c t i o n e + e ~ -*• u + y ~ ( o r T+T~) . 

1 - GENERAL MODEL-INDEPENDENT FORMULAE 

T h e g e n e r a l f o r m u l a e f o r t h e r e a c t i o n e + e ->• u + u a r e g i v e n b y a 

s t r a i g h t f o r w a r d e x t e n s i o n o f t h e c a l c u l a t i o n s o f R. Budny , i n v o l v i n g 

t h r e e a n n i h i l a t i o n g r a p h s , ( v i a y, Z 1 a n d Z 9 ) . I f o n l y v e c t o r a n d a x i a l 

c o u p l i n g s a r e p r e s e n t , t h e d i f f e r e n t i a l c r o s s - s e c t i o n a n d t h e l e p t o n l o n g i t u -

n a l p o l a r i z a t i o n a r e g i v e n b y : 

(1) | ° j = ^ F ! ( s > í 1 + c o s 2 3 ) + 2 c o s 6 . F 3 ( S > 

. . F , ( S ) ( 1 * c o s 0 ) 2 

(2) P ( p o r T ) = = r 
F ^ S ) (1 + c o s 0) + 2 c o s 9 F 3 ( S ) 

i n w h i c h F,, F_ a n d F . a r e f u n c t i o n s o f t h e c e n t e r o f m a s s e n e r g y s q u a r e d S , 

a n d o f t h e b o s o n m a s s e s , w i d t h s a n d c o u p l i n g c o n s t a n t s . 

I n t h i s r e p o r t , we d e f i n e t h e c o u p l i n g c o n s t a n t s g v , , ( f o r Z j ) a n d 

5 V 2 / g f t 2 ( f o r Z j ) i n s u c h a way t h a t t h e i n t e r a c t i o n l a g r a n g i a n b e w r i t t e n 

a s : 

1 1 2 
(No te t h a t i n R c f . 1_3J , e " i s i n c l u d e d i n t h e c o u p l i n g c o n s t a n t s ) 
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If (M , F , K = 1,2) are respectively the boson masses and widths, we 
JC iC 

define : 

S - (M k- i - f ) 2 

Then, F^, are given by LO 

(3) F 1 = i + £ d ^ l 2 ^ + g l i . ) 2 + 2 ( R e Ri ) gvi 5 

i 

+ 2 (Re R* R 2) (g v l g y 2 + g R l g^) 2 

(4) F 3 = £ (4 |R. | 2 4í 9AÍ + 2 ( R e Ri ) gAi + 2 ( R E R Î R 2 ) ( W A 2 + gAl*V2 ) 2 

2 2 _2 
! (4|R. 

i 

and F^ is similarly given by 

(5) ? * = 2|R. i 2Ç,..g, . Ca2. + g 2.) + 2 (Re R.)g„.g„. 4 . 1 i' ^Vi^Ai -Vi 'Al l ^Vl^Al i 

+ 2(Re R* R 2) (g y lg v 2 + g^g^) (g^g^ + g^g^) 

The terms in ¡R^j2 clearly result from -he square of the amplitudes, the 
terms in (Re R/Í from the Y-Z^ interference , and finally the term in 
2(Re R^ R2> from the Z^ - Z 2 interference. 

Formulae (1) to (5) allow to calculate event rates, charge 
[4] 

asymmetry and polarisation as functions of S . In the following, the 
detector is assumed to be Solenoîdal, with full azimuthal acceptance, 
and 30° < © < 150° , 0 being the angle with respect to the beam axis ; 

C 32 E 9 - 2 - 1 
t h e luminosity of the machine is assumed to be : • e v ' = 10 ( ) ¿cm S 

70 GeV 
The model dependent inputs are thus the coupling constants, 

masses and widths of the bosons and Z 2 -
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GENERAL FEATURES OF ( S U ^ (x) (SU 2! R (x) models 

The extension of the usual StJn gauge group had been ini
tially motivated by experimental results, namaly : anomalous trimuon pro
duction in V reactions and absence of parity violation in bismuth atoms. 
At the present time, all experimental data agree on trxmuon rares compatiblt 

nal p: 
C21 

with conventional processes '-̂ "̂  and parity violation in e N reactions is 
clearly proved 

How°vei-, the m^d» 1 = bas°d on the (SrJ„î ''X>l, (SU î fîTi U croup ' — — 2 L Ky 2 R 1 ̂  ~ 
have an interesting feature, namely the basic left-right symmetry, parity 
being spontaneously broken via the Higgs mechanism. A complete review of 

— —i 

such models can be found in Ref. L .5J . Their most important characteristics 
are summarized here : 

(a) The (SU_)_ and (SU0)„ groups have the same coupling constant : 

y " e i n o • T h e U 1 = = u S l i n c constant is : ̂  - =- . 
S i n 9 W 1 ycos 20 w 

(b) The generators of (SU.,) , (SU,) and "0. being denoted by T . T 
and Y respectively, the electric charge is given by : 

Y O = T + T -»• — V 3L X3R 2 
Left-handed leptons are classified in (SU,) uouolets and (SU«) sin-
glets, whereas right-handed leptons are classified in (SU_) singlets 

£• Li 

and ( S U 2 ) R doublets. Both have Y = -1. 

(c) There are 4 charged boson states WT and W~ and 3 neutral boson 
L R 

states : W, , W, and B, (B corresponding to U . ) . The ohysical 
bosons are linear combinations of such states. The Higgs fields 
are chosen in such a way to give mass to charged bosons and to two 
neutral bosons, (the third one being the photon). 
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(d) Higgs bosons X L
( T

L = J • T
R = 0 ' Y = - 1 > a n d X R ( T L = 0 , T R = y , 

Y = -1) are introduced with vacuum expectation values X T and X_. 
They contribute to both neutral and charged boson masses. Neutral 
current violate parity only if X^ ¿ \ • 

(e) Higgs bosons ó" (T = 1 , T = O , Y = O) and 6 (T = O , T = 1 , Y 
L L R K L R 

are introduced with vacuum expectation values b and b , contribu-
L R 

ting only to charged boson masses. 
1 + + 

(f) An additional Higgs boson <5(T_ = T = , Y = 0) mixes W~ and W~ . 
L K J. L R 

It also affects the masses of the neutral bosons, and has no effect 
on parity violation in neutral currents. 

In order tc suppress right-handed charged currants at low ener-
+ 

gies, a very large mass has to be given to W^. This can bc achieved either 
by taking b p ~» b L , or by taking X R » or both. We shall only consider 
here, as illustrations, the two following extreme cases : 

-[7,6,9] 
1) Fritzsch - Minkowski - Mohapatra - Sidhu mode] (FTSIS) 

In this model, r\ and X_ are equal and b, set equal to 0, 
L R u 

whereas b R is very large. There L.3 no parity violation in nentrai 
currents since the lighter neutral boson (Z^) is coupled to a 
purely axial current and the heavier one (Sv> to a purely vector 
current. The predictions of this model for neutrino réactions coin-

2 
cide with those of the standard model with the same value of sin 0 . [2] " However, the recent SLAC experiment now excludes this model. 

r l o l -
2)De Rujula - Georgi - Glashow model (DGG) *" " 

In this model, k is set equal to 0 and only \ is used 
+ L R 

to give mass to W . Parity is thus violated in neutral current 
processes. The two physical neutral bosons are now linear combina
tions of Z (purely axial) and Z (purely vector) states. The model 

[ 5 ] 

parameters can be fitted to account for neutrino data and two 
solutions (denoted by DGG - and DGG+ respectively) are found. 
However, the DGG+ solution would imply a reduction of parity vio-
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lating effects in eN reactions relatively to the standard model 
and is excluded by the recent SLAC results^2^. 

3 - APPLICATION OF FMMS AND DGG MODELS TO e e -*• U U AT LEP ENERGIES. 

FMMS DGG+ DGG- S - W 

S i n \ 0.26 ± 0.07 Q.26 ± 0.03 

GeV/c2 
72 + 10 85 ± 3 

% GeV/c2 

j - 33 
143 

- 13 
+ ra 

22° - 86 CO 

TABLE 1 

Table 1 shows the range allowed for sin"0 and for the neutral 
boson masses from the fits to neutrino data performed in Ref.[5], respecti
vely for FMMS, DGG± models and tor the standard Salam-Weinberg model. I.-. 
the first three models, the mass of the first boson is expected to be 
slightly smaller than in the standard model. The mass of the heavier boson, 
however, is not likely in the eneroy range of LEP 70 if FMMS and DGG+ moceis 

[2] 
are discarded on the basis of SLAC results , but the present low energy 
data are still compatible with a mass of about Ä00 GeV resulting in obser
vable affects at 70 GeV, especially in charge asymmetry. 

In all models, the neutral boson widths have been calculated on 
[Qi 

the basis of 3 quark and 3 lepton doublets . Ir. tne DGG± models, ad
ditional parameters have been fixed as explained in Appendix i. 

Figures 1 to 4 compare the FMMS model to the standard model for 
event rates and charge asymmetry. The effect of the heavier boson in 
charge asymmetry is the presence of a "dip" whose width strongly depenas 
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o 
u 

a 

i i i i * 

Figure 3 : Charge asymmetry versus beam energy (sin26W = 0 .20) 

a) FMMS model with boson widths calculated 
(M(Z2) = 107.8 GeV/c2, r ( Z 2 ) = 2.7 GeV/c2) ( } 

b) FMMS model with T(Z2) fixed at 1 GeV/c2 (-.-.-.-.-.-.) 
c) Standard model ( ) 
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on the boson width, cf course, the FHH3 model predicts no final lepton 
polarization, since parity is conserved ; (gyj = O and = 0 ) ; (see 
formula (5)). 

Figures 5 to 7 compare DGG± models to the standard model for event 
rates, charge asymmetry and lepton polarization. In DGGt models the dip 
effect in charge asymmetry is not concentrated at the heavy boson mass as 
in the FMMS model ; significant effects can be seen below the resonance 
energy; they are not sensitive to the width of the heavier boson. 
As far as polarization is concerned, the predictions depend on the deviation 

1 2 2 1 from T of sin 0 . . ; (for sin 0 . . = — . all the orecedincr models oredict no ** w w <4 * 

effect). Here also, significant effects of the heavier boson can be seen 
below the resonance energy. 

The preceding features of the DGG- solution allow for significant 
deviations from the standard model at a beam energy of 70 GeV, even if the 
heavier boson is out of the range of LEP 70. 
As far as the cross-section is concerned, the main effect is the shift of the 
lighter boson peak relatively to the prediction of the standard model with 
sir . 2 9 w = 0.24 ï 0.02 namely M(Zj) = 87 ± 3 GeV/c2. However, sin 2 0 w being 
essentially known from V - r nucleón reactions, its present value may be 
affected by QCD effects so that the discovery of the Z. peak at 

2 1 

e.g. M(Zj) = 79 GeV/c would not b<= a decisive argument against the Salam-
Weinberg theory. However, cnce the Z^ mass is known, it is possible to 
compare the standard model and a two-poson-model, both accounting for the 
same measured mass. As an example, we assume M(Zj) = 79 GeV/c" and compare 
the DGG- models^ and the standard model for effects in the charge asymme
try A. The variation of A with the beam energy is shown in figure S, both 

2 
for M(Z.) = 214 GeV/'c .and for an infinite value of M(Zn) (standard model) 

I ~2 ¿ 

On the basis of the statistical prror onlv (A? = ' — - — , N being the number — N 
V l - A ¿ 

nlv (A? = 1 - ! - — , — N 
of observed events at 70 GeV), the number of hours of a 70 GeV run necessa-

1 

( X ) The DGG models have 3 parameters, namely sin"0 w and the angles a. and & 
defined in Ref.[lo]. Here, ¡3 has been fixed to O in order to agree 
with STAC data on polarized electron scattering. Only a and Q are varied 
in order to keep H ( Z ^ ) equal to 79 GeV/c^. 
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< # • o tu -r tm u 

r r r r r 

Figure 6 : Charge asymmetry versus beam energy 
a) DGG - model ( ) 
b) DGG + model (-.-.-.-) 
c) Staudard model (sin z6 w = 0.20) ( ) 
For the parameters of DGG ± models, see appendix 1. 
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et a t ra a rj -r 
; r r i 

Figure 7 : Longitudinal polarization of the final lepton versus beam energy 
a) DGG - model ( ) 
b) DGG + model (-.-.-.-) 
c) Standard model (sin26 = 0.20) ( ) 
d) Standard model (sin26 = 0.30) ( ) 
For the parameters of DGG - models, see appendix 1. 
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ry to obtain a 2 s.d. discrepancy with the standard model is plotted in 
figure 9 as a function of M(Z„). Assuming that the LEP machine can be 

A 31 - 2 -1 operated at '.lOO GeV with a luminosity 4 x 1 0 cm s , the number of 
hours of a ICO GeV run necessary to observe the same deviation is also 
indicated in figure 9 . Similarly, the 90% confidence intervals for A 
obtained at 70 GeV are shown in figure 10 as functions of M(Z2> both 
for a 2 o o h run and for a 1O00 h run. 

It can be concluded that indirect effects af a second bcsor. can 
be detected by LEP 70, only if M(Z2) <: 260 GeV/c2. 

CONCLUSION. 

The present data on v + nucleón and e + nucleón scattering 
(found to be in good agreement with the Salam-Weinberg model) impose , 
severe constraints to (SU 2) L (x) (SU 2) R (x) U 1 models, so that no devia- / 
eion from the Salam-Weinberg model is predicted in e e uT)J reactions 
for beam energies lower than about 50 GeV. However, if there exists a 
second neutral boson Z0, its effects in charge asymmetry can ne detected 

— 2 by LEP 70 provided its mass is lower than 260 GeV/c . 
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Figure 9 : Number of hours of run necessary to obtain a 2 s.d. discrepancy with 
the standard model, versus the mass of the heavier boson 
(DGG - model with MCZ^ = 79 GeV/c2) 
a) Run at 70 GeV with a luminosity of 1 0 3 2 cm~2 s _ 1( ) 
b) Run at 100 GeV with a luminosity of 0.4 x 10 3 2 cm - 2 s - 1( ) 
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IS 3 S î B S S ¡5 S S t* 

Figure 10 : 90% confidence interval in charge asymmetry, versus the mass of the 
heavier boson. 
(DGG - model with Uf.Z^ = 79 GeV/c2) 
a) 1000 h run at 70 GeV ( ) 
b) 200 h run at 70 GeV ( ) 
The dotted line corresponds to the prediction of the DGG-model. 
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APPENDIX : 

^ 2 Sin a Sin 2©^ 
M(Z 2) 
GeV/c 2 Rate/h 

Charge 
Asymmetry 

0 . 1 6 0 . 3 O O 2 1 4 1 . 4 4 0 . 3 4 

0 , 1 2 0 . 3 1 5 2 5 1 1 . 5 3 0 . 4 2 

0.O8 0 . 3 2 5 3 1 3 1 . 6 0 0 . 4 5 

0 . 0 4 0 . 3 3 6 4 5 1 1.66 0 . 4 6 

0 , 0 0 0 , 3 4 3 oo 1 . 7 2 0 . 4 7 

(standard model) 

2 a) FMH5 model : Apart from sin G , this model uses a parameter £ ^ — — ~ ^ — ~ — w 
defined in Eef.[3]. This parameter (which has no effect on 
parity conservation in the model) has been taken equal to 0. 

2 
b) DGG model ; Apart from sin 0^, this model uses two angles 

a and ¡3 defined in Ref. [loj. The curves shown in figures 5 to 
2 

7 have been calculated using sin 0,,=O.3O and 2 2 W 

sin a = 0.16 , sin f3 = O for solution DGG- ; 
2 2 sin a = 0.40 , sin (3 = 0.23 for solution DGG+ 

Those values are close to the ones fitted in R e i . . [5], and thus 
agree with neutrino data. 
The curves shown in figures 9 and 10 have been calculated with 
3 = 0 , and by varying a and 0 simultaneously in order to keep 

2 
M(Zj) = 79 GeV/c . The following table shows their corresponding 
variations together with those of M(Z 0), of event rates per 
hour and ;of charge asymmetry at a beam energy of 70 GeV. 
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ECFA/LEP 51 
January, 1979 

FORWARD - BACKWARD ASYMMETRIES WITH QUARK JETS 

W. Albrow, H. Boggild, R. Cashmore, M. Davier, T. Ekelöf, î1 I.K. Gaillard, 
B. Naroska, F. Richard, K. Winter. 

Following réf. (1 ) and (2), we describe two methods to reach the weak 
coupling of the quarks by measuring the forward-backward asymmetries with jets 
produced in e +e~ annihilation. 

We can define an orientation on a jet either by using the leading 
particles or by measuring the charges of the two jets. By doing so, we are 
unable to separate uü from dd jets : both u and 3 can give a leading if and 
have very similar charge distributions. Fig. 1 - 2 show the charge distribution 

f4 51 

expected from the Feynman-Field' 1 model for quark fragmentation. Fortunately, 
these two types of jets do not occur with the same frequency and have different 
asymmetries (fig. 3) so that in a wide range of energies we can measure a net 
effect which can be related to the Aveak interaction asymmetry. In the case of 
ss jets, the situation is less ambiguous and we will indicate a method which 
allows for an efficient separation from cc , uü and dd jets provided one can 
afford a low efficiency. 

I. Average charge method. 

Given two back to back jets, one can define a class of events where 
the charge in one hemisphere is greater or equal to 1. We assume that all the 
particles are seen, so that no independent requirement on the opposite jet can 
be made. 
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d 

t ! 1 1 1 1 

u 

- 3 - 2 - 1 0 1 2 3 

Figure 1 : Charge distribution frequencies for ü and d jets3^. 
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- 3 - 2 - 1 0 1 2 3 

Figure 2 : Charge distribution frequencies for d and u jets 3) 
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Figure 3 : Weinberg Salam predictions for the leptons and quark asymmetries 
with sin 26 I T - .2 W 

d quarks 
u quarks 
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One defines reliability factors for each type of jet with the 
definition : 

True - False 
R = 

True + False 

where "True" refers to the number of times the criterion succeeded in selecting 
the correct flavor and "False" to the number fo times the criterion failed. 

The observed asymmetry : 

N FORWARD (Q > 1 ) - N BACKWARD (Q s 1) 

N FORWARD (Q ? 1 ) + N BACKWARD (Q > 1) 

can be expressed in term of the quark asymmetries^ A u and A^ as follows 

N N, 
(i) An = R A M

u ^ M - R, A, M
a ^ ..• J y) u u N + N, d d N + N, ^ u d u d 

wliere N and Nj are the number of uu and dd type jets selected with the charge 
criterion. 

Table I gives R and efficiencies for both types of jets in the Feynman 
and Field model ^' ^ referred from now on as the F.F. model. 
Fig. 4 shows the expected variation of A with energy assuming that three 
isodoublets are produced at LEP. 

Remarks : 
1 ) The A Q measurement provides a test of universality of the Weinberg 

Salam theory since as, already mentioned, all isodoublets contribute. However 
charge distributions may change with the type of flavour so that both reliability 
and efficiency vary from quark to quark. For our calculation , we have assumed 
universal behaviour of same charge quarks. 

2) One could alternatively measure weighted charges ^ or perform 
longitudinal momentum (Z) cuts. These variations are probably useful to check that 
the F.F. picture is correct but the size of the effect should remain the same. 
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Table I. 

Average charge (. Q >, 1 ) method parameters (F.F. predictions] 

Type Efficiency Reliability 

uu .63 .78 

dd .52 .65 
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Figure 4 : Charge asytnmetry expected requiring that the total charge in one hemis
phere be greater or equal to 1. We take sin 28^ = .2 and assume three 
isodoublets. We indicate statistical errors with 100 hours per point 
with^= 1 0 3 2 f e ) c m - V 1 . 
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I I . Leading particle signature. 

An orientation is given by selecting jets with a fast - about one half 
± + 

of the maximum momentum - particle with characteristic quantum numbers : n , K~. 
Fig. 5 shows the ideal behaviour expected assuming that a leading lt+ mean3 a u 
or a quark and a K + means a i or u quark. 

Three effects will tend to dilute this ideal effect : 

- Secondary dressings can often produce a leading particle with no 
relation with the leading quark. 

- Primary- dressings into resonances, e.g. P°, can al-o loose the information 

- The majority of the flavours s, c, b, t, etc... will give no asymmetry 
through leading II±though still providing such It. Except for the s, we kno": r»j 
reliable way of estimating such contributions. 

+ 
a) n . 

We can write for the asymmetry parameter an expression similar to 
formula Ci)» although the probability to get a fast II* clearly changes 
when going to heavy isodoublets. Defining as F^ , the fraction of cases 
in which an isodoublet i gives a fast charged n one finds : 

K F A N - K, F, A, N, 
(ii) A = U U U U D D D D 

* Fi Ni 

where K u F y is the fraction of N u events giving the leading n + (n~) 
along the u ( 0 ) direction. We assume that all the asymmetry comes only 
from uü and dd . 

f3 4) 
Table II gives a set of probabilities^ ' J allowing an explicit calculation 
of F^ for uu , dd and ss . 
For numerical application we make the simplifying hypothesis that we have 
three isodoublets (^j , (^j and ĵ) and that F g = F c = F̂  = Ft-

Formula (ii) reduces to : 
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Table II. 

Leading particle probabilities in F.F. in 

a) Z min > .5 

quark + 
n rf K + K" 

u 10.6 3.2 3.6 1.1 
ü 3.2 10.6 1.1 3.6 
d 3.2 10.6 1.1 1.9 
d 10.6 3.2 1.9 1.1 
s 2.9 2.9 .8 8.7 
s 2.9 2.9 8.7 .8 

b) Z min > .4 

quark + 
n if K + K" 

u 16.8 5.9 6.0 1.8 
ü 5.9 16.8 1.8 6.0 
d 5.9 16.8 1.9 3.3 

; a 16.8 5.9 3.3 1.9 
; s 5.5 6.1 1.8 12.4 

I 6.1 5.5 12.4 1.8 
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In table III the efficiency and reliability parameters are summarized. 
Fig. 6 shows the expected variation of A n with energy. From this curve, we 
see that we obtain a rather poor sensitivity to sin 2 9 w measurement with uü 
and dd jets. Tt does not matter so much since this parameter is already available 
from neutrino reactions. 

b) K- . 
Using charge kaons asymmetries in e +e~ annihilations is the only way to 

reach weak coupling constants for strange quarks. 

A similar procedure can be developed which will lead to a relation between 
A^± and and As> However, in this case, ure can tliink of a better method. 
V.'e separate ss from uû by requiring a leading K (K+) in the jet opposite to the 
leading K + (K~). In addition, a veto can be set on jets with two charged K to 
depress uü and dd jet type events where K are produced in pairs. 

Charm is also a contribution although it will not produce so easily a 
leading kaon. Since K + come from the c quark jet with charge - 2 / 3 we can use 
method I to separate them from K + originating from s jets with charg3 + 1/^. 

Table IV summarizes the useful estimates for this method. We give only 
an estimate for the upper limit for the charm contribution. 

With these small contaminations, one is almost able to reach directly A g. 
A^ has the same behaviour as A g so the dd contamination simply adds up. 

The "up" contribution is small and could even be reduced since the charm 
term tends to cancel the up asymmetry. 

Fig. 7 shows the dependence of the asymmetry with sin^ 6 wat the Z° pole. 
With 200 hours spent at the 2° pole, one will collect 10° events giving about 
2000 fast K +K" pairs. 
Conclusion. 

From this study, we conclude that the average charge method gives the most 
efficient way of measuring weak interactions with quark jets. The leading particle 
method has nevertheless its own advantages : 

- It does not require an exact counting of charges which looks hard experi
mentally. 

- It relies less on the details of F.F. (especially on any cut off on the 
soft particles). 

- It allows a separate measurement of A g . 



- 548 -

Table III. 

Leading H + method parameters in F.F. 

a) Z > .5 

b) Z > .4 

jet Efficiency Reliability 

uü .18 .40 

dd .18 .40 

jet Efficiency Reliability 

uu .30 .37 

dd .30 .37 
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Figure 6 : Predicted asymmetry behaviour using leading n* with 2 > .4. Errors 
statistical with hypotheses of Figure 4. 

Curve (a) sin 29 w = .2 
Curve (b) s i n 2 e „ = .25 
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Table IV. 

Leading K + and K~ probabilities. 

S min > .4 

j et KV with charge cut j et 
Efficiency % Efficiency % 

UU .36 .23 

dd .1 .05 

ss 1.5 .75 

ce 
1 

< 1.5 < .08 
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Figure 7 : Asymmetry behaviour with leading (2 > .4) K + and K~ detected in each 
hemisphere versus sin 26 w at the Z° pole. Statistical errors assume 
2000 hours spent at the 2° pole. 
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Foreword 

It is well known that while the point-like cross-section, falls as FT 2, 
the total cross-section associated with the 2-y process slowly rises with energy. 
At LEP energies, the latter is already overwhelming as compared to the former. 
However, while a large fraction of the available energy is often concentrated on 
particles produced at wide angles in the former case, most of the energy is 
usually found with the two quasi-elastically scattered electron and positron in 
the latter case. The two main questions which then arise are: 

(i) How to escape from the very large background associated with 2y processes 
in order to study the a priori far more interesting annihilation processes; 

(ii) How to properly trigger on 2y processes in order to study their interesting 
and specific features. 

Present expectations about 2y processes and ways in which they could be 
studied at LEP are reviewed in this report. At Les Houches, it was deemed appro
priate to approach questions from different sides: theoretical, experimental and 
machine design. This is reflected in this paper which puts together the contri
butions of P.V. Landshoff and of J. Field, which cover the theoretical and experi
mental aspects of 2y processes. 

Present understanding and expectations concerning 2y processes were 
closely related to some of the conclusions reached when discussing experimental 
zones in the interaction areas. This is discussed by P. Strolin in his report 
LEP Summer Study/1-7. 
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YY COLLISIONS : THEORETICAL AStfcUTS 

P.V. Landshoff 
DAMTP, Cambridge 

1. Introduction 

In the early 1970's, there were a very large number of theoretical 
papers on YY collisions. These are very well reviewed in references 1 to 5. 
Reference 5 lists 244 papers, of which I suppose about half directly concern yy 
reactions. Since 1975, there have appeared only a few relevant papers; I have 
listed these in references 6 to 13, though I may have missed some. 

The YY contribution to e +e~ scattering is shown in Figure 1. Because 
of the poles in the photon propagators, small values of q 2 and q| dominate, and 
result in large cross-sections. Some particular examples, to be compared with 
the "pointlike" cross-section o(e +e~ •*• u+u~) = 4 x 10~ 3 6 cm2 at 70 + 70 GeV, are: 

a(e+e~ -> e+e~e+e~) = 2 x 10~ 2 6 

o(e+e~ e+e_e+e-e+e-) = 2 x 10~ 3 0 

o(e+e" -*• e+e'u+u-) = 3 x 10~ 3 1. 

While the point-like cross-section falls rapidly, as E - 2 , with increasing beam 
energy E, the YY processes vary only slowly with E. 

Mostly, the particles produced in the YY processes go down the beam 
pipes. Nevertheless, with such relatively huge cross-sections, the small fraction 
of events where they do not can be a troublesome background to more interesting 
e +e~ physics. This is considered by Field later in this report. I shall be more 
concerned with the question whether YY processes are interesting in their own 
right. My conclusion will be that they are not sufficiently interesting to form 
a significant part of the case for building LEP. However, once LEP exists, the 
processes will certainly be worth studying. 

2. Lepton Pair Production 

The Feynman graph for the processes e +e~ -*• e+e~SL+l~ is shown in Figure 
2. With untagged e*, it leads to an asymptotic cross-section 
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P V : 3 x Í C T 3 1 

T + T ~ : 5 x 10~3H 

mass 25 GeV : 10~ 3 6 

Figure 2 

This assumes that the lepton has spin \. For larger spin, the cross-
section could be greater, and it might grow with increasing beam energy F., per
haps like a power. 

These cross-section values should again be compared with that for pro
ducing the pair via the single-y process. The latter is independent of the 
mass m^ (provided that m ¿ is rather less than E), and at E = 70 it is 4 x 1 0 - 3 6 . 
So at E = 70 and for m^ < 24 the YY process gives a larger cross-section. 

However, in the yy process the pair is almost always produced with 
an invariant mass that is nearly as small as it can be: unlike in the single—r 

process, the pair is almost at rest in its centre of mass. Also, this centre of 
mass tends to move fast in one or other of the two longitudinal directions, so 
that the leptons emerge close to the beam direction. But they do sometimes have 
large p t; I return to this later. 

3. Equivalent Photon Approximation 

This approximation ignores the facts that the photons are not quite on 
shell and not completely transverse. The literature contains extensive discus
sions 5) as to how accurate this approximation is, but it is certainly good enough 
for estimating expected counting rates. In terms of the energies u and fluxes N 
of the two photons, it gives 

du du 
do = a N N — - — - (2) YY 1 2 IOJ u>2 

Here, the photon-photon cross-section a is a function of the invariant energy 
/s ~ (4io U j ) ^ of the produced system. The photon flux N is a function of the 
photon energy u and of the scattering angle 9 of its parent electron or positron. 
For the case of tagging between angles 6 . and 9 the angular dependence of N 0 0 0 0 min max r 

is roughly as 
.6 max d e 2 

8 2 + m 2/E 2 

e m m 
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So about half the cross-section comes from angles less than /nT/E, which is 
2.5 mrad for E = 70, and tagging at realistically accessible angles reduces the 
cross-section by an order of magnitude in the case of single tagging (e + or e~ 
only), and by two orders of magnitude for double tagging. The effect of double 
tagging on the formula (1) is to replace the factor (log 4E 2/m 2) 2 by 
(log 62

 / e 2 . ) 2 . ° max m m 
To calculate do/ds, one has to integrate (2) over and , subject to 

the constraint = ^ e result is that values of 2 ^ a r f r o m 0 dominate; 
hence the produced system usually has large longitudinal momentum. 

4 . Hadron Production 

Integration of (2) gives, when there is no tagging, 
4E 2 

o = k 

s min 
(3) 

f(z) = (2 + z 2 ) 2 log l/z - (1 - z 2) (3 + z 2) 

Because of the factor s - 1 under the integral, low values of s are relatively im
portant. It is usual to estimate a in the low energy region by assuming that, 
as in purely hadronic reactions, the resonances are dual to Regge exchange. At 
large s, the cross-section is assumed to be purely diffractive and7) to obey the 
usual pomeron factorisation 

a - o 2 /a » 2.5 x 10" 3 1 

YY YP PP 

(An interesting question to explore experimentally is whether a , like a and a 
H v YY YP PP 

rises slowly with energy). These assumptions give 

a(e+e~ e +e~ + hadrons) - 1 0 - 3 1 

Again, this should be compared with the single-y cross-section, which at E = 70 is 

o(e+e~ -> hadrons) = (4 x 10 - 3 6) R 

with, perhaps, R ; 10. 

It is worth remarking that the duality assumption is open to question, 
because amplitudes that describe the scattering of photons have fixed poles7^ in 
the Regge plane. It has been suggested9) that in fact, there is a substantial 
additional contribution to a in the resonance region, resulting in the conven-

_ YY 
tional estimate of a(e e~ ->• e +e~ + hadrons) being too small by perhaps a factor of 3. 
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5. Large Transverse Momentum 

In their classic 1971 paper on large transverse momentum114) BBK pointed 
out that YY processes would contribute significantly to the production of large 
transverse momentum jets of hadrons. The mechanism is that shown in Figure 3, 
which is similar to Figure 2, but with the lepton line replaced by a quark. 

The emerging quark and antiquark fragment 
into a pair of jets; these are precisely 
similar to the single jets already seen 
at SPEAR and DORIS. However, the YY events 
should be readily distinguishable from the 
single-Y events, even without e- tagging, 
because in the YY case a large fraction of 
the energy is usually taken by the final-
state e* and usually the jets do not come 

Figure 3 out back-to-back. 

Because of the similarity of Figures 2 and 3, 

o(e+e~ e+e~qq) = R o(e+e~ e+e~SL+l~) 

Z) ei ( 4 ) 
R = 3 YY 

quark 
flavours 

3 4 f A = Tjy for u, d, s, c 

Notice that the relation (4) applies only to the case where the quarks are pro
duced with large transverse momentum; at small p t there is no reason to believe 
that the simple diagram of Figure 3 will dominate over more complicated ones. It 
is interesting to note that the value given for R applies only to fractionally-
charged Gell-Mann/Zweig quarks; for Han/Nambu quarks below the colour threshold 
the corresponding value is R = . In this respect the YY processes differ 
from the single-y ones; for the latter R takes the same value in the Han/Nambu 
case below the colour threshold as in the Gell-Mann/Zweig case. 

The cross-section that Figure 2 gives for the production of a large-pt 

lepton pair is 1 1) 
. _ , min 

, „ min, 16ir /a 2 . 4E 2\ 2 l o g E / p t 
o ( p t > P t ) = - T - / _ i o g - ^ j m i n a (5) 

V e / p 
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are shown in Figure 4. Their contributions to the inclusive production of trans
verse jets i s 1 1 - 1 3 ) only a little smaller than that of Figure 3, but they are 
experimentally distinguishable from Figure 3 through the presence of longitudinal 
hadronic jets in one or both of the beam directions. In the second diagram of 
Figure 4, one of the transverse hadronic jets is a fragmenting gluon; this could 
be one of the cleanest ways to study gluon jets. 

Each of the diagrams of Figures 3 and 4 gives a pair of transverse jets, 
having approximately equal and opposite total rapidity, and the directions of the 
two jets are only weakly correlated. As is seen 1 1) in Figure 5 , the jets nearly 
always take much less than the maximum available energy, so there is no risk of 
confusing them with the jets from single-y events. Because jets are reluctant 
to give a significant fraction of their total energy to any one particle this means 
also that the yy jets do not contribute significantly to the production of high-pt 

particles; when E = 70 for 9 = 90° the contribution to o(e+e~ -> TT + anything) 
from YY is 1 1) already an order of magnitude below that from single-y at p t = 6 GeV/c. 

This asymptotic form applies provided that p™ln is rather greater than the mass 
of the lepton. With p™ X n = 10, it provides about 4 units of R at E = 70 for each 
type of lepton. 

According to (4), the production of a pair of hadronic jets having 
pj[eC > p m l n occurs at approximately the same rate. The original calculation14) 
of Figure 3 was within the framework of the scaling parton model. It is now known 
that the corrections to Figure 3, where gluons are added as internal lines or 
are emitted as part of the quark jets, just cancel in leading order. However, 
QCD provides 1 1" 1 3) also additional diagrams of importance. Two of these 
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Figure 5 

6. Deep Inelastic Processes 

So far I have considered events where both photons are near their mass 
shells, q 2 = q 2 * 0. If now one photon is far off shell, one effectively has 
deep inelastic scattering on an on-sheli photon target. Two contributions to 
this are expected. The first is rather similar to that expected from a vector 
meson target; the corresponding structure function F2(x) will nearly scale and 
the longitudinal structure function F^(x) will be small (the Callan-Cross relation), 
The other contribution occurs because of the pointlike nature of the target pho
ton. It arises again from Figure 3, and it gives an F 2(x) that grows logarith
mically with the q 2 of the off-shell photon, with an F^(x) that is not small but 
rather scales: 

F2(x) - f2(x) log q 2/m 2 

FL(x) - fL(x) 
(6) 

The value of the scale parameter m^'is not known, but it seems likely to be of 
the order of 1 GeV. 

In the simple parton model, f (x)'and f (x) are very simple functions, 
2 Lt 

for example f^ is proportional to x(l - x). W i t t e n 8 ' h a s derived the remarkable 
result that QCD correlations retain the .general forms (6), but they change the 
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functions f„(x) and f (x) : see Figure 6. At small x, the vector-meson-dominated 
2 L i 

part of F 2(x) will probably swamp the pointlike contribution; as for a nucleón 
target, it will be non-zero at x = 0. 

Figure 6 

Notice that, even with unpolarized e~, there is a third structure function. This 
is because each of the two photons tends to be polarised in the plane of the 
emitting e-. Thus there is a term in the cross-section proportional to 
F 3(x, q 2) cos 2<f>, where <p is the angle between the scattering planes of the e + 

and the e~. The contribution from Figure 3 gives an F 3 that scales. 

7. Doubly Deep Inelastic Events 

Finally, I come to those rare events where both photons are far off 
shell. There have been a very large number of papers on this subject; a good 
summary has been given by Walsh 2). When both q 2 and q 2 are large, one might con
sider a variety of limits; in most of them the invariant mass 7s of the produced 
hadronic system will also be large. It is uncertain how large the variables must 
be in order that theoretical predictions, which are always asymptotic predictions, 
shall be realised experimentally, and the expected counting rates do not seem to 
have been calculated fully, though partial estimates are given in Ref. 15. 

a) s » q 2 q 2 

b) s, q 2, q 2 -> » with s/(q2q2) fixed 

c) s, q 2, q 2 -»• » with s/q2 and s/q2 fixed 

d) q 2, q 2 •*• °° with q 2/q| fixed, then s -*- "> 

e) q 2, q 2 -*• °° with q 2/q 2 and s fixed. 

The case a) is just the Regge limit, while d) and e) are associated with light-
cone commutators of currents. In the cases b), c) and d) the diagram of Figure 3 
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will again dominate asymptotically and its contribution is completely calculable 
but in limit e) the quark and the antiquark suffer an ordinary final-state strong 
interaction and the contribution is not calculable. For b), c), d) and e) there 
are scaling predictions: the amplitudes are functions of the variables that are 
kept finite. For the case q 2 = q| the various limits are as depicted in Figure 7. 

S ff-

Figure 7 
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YY COLLISIONS: EXPERIMENTAL ASPECTS 

J.H. Field 
DESY, Hamburg 

1. Introduction and Summary 

This review is divided into 4 sections. In section 1 the problem of 
separating ly and 2y processes is rediscussed in the light of new theoretical ex
pectations of high p t hadron production from jets in 2y processes1 . Here there 
is some overlap with P. Landshoff's review, but as a rather complete monte carlo 
study of single particle inclusive production in both ly and 2y processes has 
now been done-*) some quite firm conclusions can be reached. In spite of the 20 
times larger ratio of 2y/ly cross-sections at LEP, as compared to PEP or PETRA, 
no problem is expected in separating processes with hadronic final states. Heavy 
lepton production is also considered in section 1 and here the conclusions are 
not so optimistic, particularly if several heavy leptons exist within the energy 
range of the machine. More work is needed here. Section 2 considers 3 potentially 
interesting fields of 2y physics: (i) jet production, (ii) deep inelastic YY 
scattering, (iii) production of C = +1 resonances. Experimental signatures are 
discussed and rates are given. In section 3 tagging is discussed. The main 
points here are: a) Tagging efficiency, in particular the effect of vector meson 
propagators5^, which may suppress the tagging efficiency for some 2y processes 
by an order of magnitude or more as compared with previous assumptions, b) Back
grounds. These include the "intrinsic" background resulting from ir/e misidenti-
fication, as well as various external backgrounds resulting in production of 
electrons at small angles. By far the most serious of the latter is beam-gas 
bremsstrahlung, which imposes quite severe constraints on the vacuum in the LEP 
straight sections, if tagging is to be a viable proposition. Finally, in section 
4, single particle inclusive production of hadrons in various ly and 2y processes 
are shown for different angular acceptance regions of a practical detector, and 
some features of a possible 2y detector for LEP are summarized. More detailed 
discussions of the problems of 2y detector design are presented elsewhere7>8). 

2. Separation of ly and 2y Processes 

2.1 Hadronic Final States 

A number of different possible processes resulting in jets in the final 
state are shown in Fig. la)-g). Of these, the dominant contribution at high p t 

is expected to come from the QED graph, Fig. la). The cross-section for this graph, 
when the quarks have large p t, is expected 1> 3) to be related to 2y production 
of u pairs: 
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Figure i : Jet Physics in YY Collisions 
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d f l d X g ^ s l TT *" m e / x3 R sinte (1) 

where a = fine structure constant 
s = 4E 2 

Eq. (1) may be compared with the corresponding differential cross-section for the 
ly process : 

e +e~ -*• qq ->- 2 jets 

which is : 
, R a do _ y 2 (1 + cos2e) (2) dÇi 4s 

where Ry = 3EQ i
2 = 10/3 i = u,d,s,c 

Separation of the ly and 2y processes will be most difficult for large values of 
x D. Integrating Eq. (1) over the range 0.8 < x_ < 1.0 and taking the ratio to 

K K 

Eq. (2) gives: 
d a 2 Y 

dJ2 

¡jv " A " r*" ; « « - e 

dS2 

*R * °- 8 = 1.89 x 10" 2 

JET 
r is plotted as a function of 6 in Figure 2. 

At beam energies of 15, 70 GeV, r = 1 at angles of 102, 109 mrad so the 
JET 

"cross over" of the ly and 2y processes occurs at 0 - 6° almost independantly 
of the beam energy. For E = 70 GeV this corresponds to a p t of the jet of 

JET 
- 6 GeV. With 6 > 20° the 2y cross-section is only 1% of the ly. It is inte
resting to note that the curve in Fig. 2 is independent of the number of quarks, 
provided these always occur in doublets of charge 2/3, -1/3 and both members of 
each doublet are either excited, or above threshold. In this case the ratio 
R /R has the universal value 17/45. 
yy y 

One may conclude from the above analysis that, providing jets can be 
identified in the final state, the 2y background will become negligible for 
JET n 

9 > 20° i.e. within the normal acceptance of a central solenoidal detector. 
Since however the experimental definition of a "jet" is rather more fuzzy than 
the theoretical one it is of interest to ask what separation of ly and 2y processes 

do(e+e~ -»• e +e —qq) = da(e+e~ ->- e +e -y +u —) 
where R = 3 I Q " . = 34/27 i = u,d,s,c 

yy £ 1-
Q¿ = quark charge. 

Defining x R = E q u a r k / E = E J E T/E (E = beam energy) and 
6 = ê 1131^ = e^ET = polar angle to the beams, the differential cross-

section for x^ - 1 is given by 1): 
d 2o _ 4 \ Y (a1 . E \ 2 ( 1 " V (1 + cos2e) 



- 566 -

Figure 2 
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can be obtained by use of more straight forward kinematical cuts. Two variables 
which may be expected to give good discrimination between ly and 2y hadronic events 
are: 

(i) The total observed energy E ^ 

For ly processes this should peak at 2E with a width given by the de
tector resolution, and a tail extending to lower energies, due to unobserved final 
state particles. For 2y processes this variable peaks at low values due to the 
luminosity function of the YY collisions which is roughly « x ̂ r— where 

y i Y2 E , E are the lab. energies of the colliding photons. ' Yi Y 2 

(ii) The polar angle 8 of produced hadrons 

For ly processes, this is expected to result from the fragmentation of 
quarks produced with a 1 + cosz8 distribution at the quark level, and so to be 
almost isotropic. In the 2y process the largest contribution is expected on the 
basis of VDM to result from quasi-diffractive pp scattering, and so to have the 
most energetic particles at small angles. 

In Figures 3 and 4 is plotted for respectively, diffractive and 
high p t (two jets as in Fig. l.a) 2y processes9^. In both cases a cut 6 > 10° is 
made on the produced hadrons. In Fig. 4 the expected ly signal, assuming a resolu
tion of 0.5 ^E(GeV) for E . is also shown. It is clear that a cut E . > 100 GeV 

vis vis 
will reduce the background even from the high p t 2y process to negligible levels, 
while retaining all but a few % at the ly signal. More details of the Monte Carlo 
simulation used for these plots are given in Ref. 9 

2.2 Heavy Lepton Production 
Here the process of interest is supposed to be ly production of a new 

heavy lepton L of mass greater than the t. As for the T , the cleanest experimen
tal signature is expected to be in the purely leptonic decay channels, in parti
cular the eu channel i.e. 

e +e~ L +L~ eu + 4v 

There are a number of different 2y processes contributing background: 
+ — + — + — e e e e u u 
e +e~ -+ e +e~ T + T ~ -+• e +e~ eu + 4v 

or •*• e +e~ up + 4v 
e +e - -»- e+e~l+SL •*• e +e - up + 4v 

where £ is a heavy lepton with m^ < m^ < m^. 

Backgrounds also arise from ly production of lighter heavy leptons: 

e +e~ ->- T + T ~ •> eu + 4v 
e +e~ -> !L+Z~ ->• eu + 4v 
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Because of the large energy carried away by neutrinos, E £ g is no longer a useful 
parameter in separating background. The problem is illustrated in Fig. 5 where 
the ly production of a 40 GeV heavy lepton is compared to the 2y background from 
e + e - -» e +e~y +u - 9). The yy signature is used and E . = E + + E _. Cuts 8„,6,, > 10° 

° vis y + y y y 
are used to suppress the 2y background, but even so, the heavy lepton signal is 
buried by some two orders of magnitude under the background. 

This problem has been studied in some detail at PEF/PETRA energies by 
Vermaseren10). To separate the e +e~ e+e~u+u background, where an e and a y are 
unobserved, use can be made of strong peaking of the unobserved electron in the 
beam direction. Suppose that the e + and y - are observed, the e~ and y + being 
considered "missing" whether or not they are within the acceptance of the appara
tus. The polar angle of the missing momentum vector can be calculated from the 
kinematical variables of the observed particles: 

p miss - + p - cos e , .miss L (' e T e *y \i ) cos8 - - -
E m l S S 2E - E + - E _ 

e y 
This variable is plotted for E = 15 GeV, M L = 5 GeV, in Fig. 6 1 0^. Making a cut 
|cos9 m i s s| < 0.3 retains all the heavy lepton signal. In most cases when 
|cos9 m i s s| < 0.3 either the e~ and/or the y + will also be seen in the detector so 
the background level will in fact be even lower than shown in Fig. 6. However, 
scaling to LEP energies, the 2y signal will be relatively -20 times higher, cor
responding to a signal/background -1/1 on the peak of the heavy lepton signal. 
As noted above the background level will certainly be suppressed further by ob
servation of the e~ or y +. The background level can also be estimated by taking 
different charge combinations. With e +y +, e~y~ identical distributions to e+y~ 
should be obtained for the background contribution. 

To separate the channels: 

e +e _ •+ L +L~ ->- ey + 4v 
-> T + T ~ -»• ey + 4v 

e +e~ T + T ~ -*- ey + (ey) + 4v unseen 
Vermaseren1°) suggests use of the variable p£. If p^ (pt^) is the transverse 
momentum of the e(y), with respect to the y(e) direction, p c is the minimum of 
p^, p^. This variable measures the transverse momentum in the heavy lepton 
decay, and has a kinematic limit determined by the heavy lepton mass. In Fig. 7 
-ĵ =- is shown for E = 15 GeV and heavy lepton masses of 1.8, 5, 10, 14 GeV. Other 
cuts are detailed in Ref. 10. Also shown is the contribution from the e +e~ T + T ~ 

final state. Remembering that this signal will be some 20 times higher at LEP 
energies one cannot be too optimistic as to the possibilities of making a clean 
separation. 2y production of intermediate mass heavy leptons 1 will further com
plicate the situation. 
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Figure 7 
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In conclusion more work must be done and more ideas are needed before 
a clear separation of heavy lepton events from various backgrounds can be expec
ted at LEP energies. The existence of such leptons could no doubt be established 
by looking for thresholds in the energy dependence of the eu signal. To produce 
clean event samples for more detailed studies seems more difficult. 

3. 2y Physics 

3.1 Jet Production 

A large number of different processes leading to jets in the final 
state are expected in 2y collisions. Some of these processes are shown in Fig. I 1 ) . 
The characteristic x^ and p t behaviour of the produced jets is indicated. All 
reactions except that in Fig. l.c) which corresponds to diffractive pp scattering 
in the VDM model, have two jets at high p t, accompanied by 0, 1 or 2 jets in the 
beam directions. The p t behaviour of some of the processes is shown in Figs 8, 9 
for E = 15, 70 GeV 1» 2). Ep t

I f J3^ët is plotted versus p t for 6J e t = 90°. The 
already mentioned leading behaviour of the QED graph of Fig. l.c) is evident. Of 
particular interest is the 1st order QCD graph of Fig. l.d) which leads to a 
3-jet event. The contribution is comparable to that of the QED graph, and domi
nates the competing C.I.M. (Constituent Interchange Model) 3-jet process, for 
p t

j e t > 10 GeV, E = 70 GeV (Fig. 9). The interest of this process is that a single 
gluon jet should be produced, clearly separated from the quark jets, so that the 
properties of the gluon fragmentation function may be directly studied. Another 
interesting point is the absolute cross-section of the QED graph. As pointed out 
in P. Landshoff's review, this is 2.5 times larger in the integer charge (Han Nambu) 
model than in the fractionally charged (Gell-Mann Zweig) model and should allow 
an easy experimental discrimination between these two models. 

All the processes in Fig. 1 have a common experimental signature, two 
jets should be observed, co-planar with the beams, but in general non-collinear. 
In addition there may be further jets along the beam pipes. Because of the yy 
luminosity function, generally E v£ g

 < < 2E, making the experimental identification 
of the jets more difficult than in ly reactions. To disentangle the different 
topologies good acceptance near the beam pipes, and double tagging to give kine-
matically constrained events will be needed. The jets themselves, however, par
ticularly from the leading QED graph, should be evident even without tagging. In 
fact a clear separation of the 2-jet process, Fig. l.a), from the diffractive 
process, Fig. l.c), can already be seen at the level of the single hadron inclusive 
distributions, in the Monte Carlo studies of Ref. 5, when suitable cuts are made. 
This is shown in Fig. 10, where the number of charged tracks is plotted versus 
their momentum for the QED (qq) and diffractive (pp) processes. 
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Figure 10 : Separation of high p t and low p t 2y processes from single particle 
inclusive distributions. M. DAvier, ECFA/LEP 26 
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3.2 Deep Inelastic YY Scattering 

The physical interest of this process, as a particularly clean test of 
quark parton and QCD ideas, has been stressed in Landshoff*s review. The numbers 
of events which may be expected above the kinematical region accessible to PEP 
and PETRA, for an integrated luminosity of L = 1 0 3 8 cm - 2 and E = 70 GeV are: 

Q 2(GeV/c) 2 WYY = 1 0 - 2 0 GeV 20 - 50 GeV 
1 - 2 5 265 850 

25 - 100 15 7 
> 100 5 10 

These figures assume a 5% double tagging efficiency and equal contribu
tions from the box diagram discussed by P. Landshoff, and a VDM contribution which 

0 2 * 
is expected to dominate when x = n^ . ¿ ; 0 . Over 1 0 J events are expected, which 

. . + YY . . . . 
should bc sufficient to test the two most interesting theoretical predictions: 

the shape of F 2(x) 
- the rise <* In Q 2 in F2(x) near x = 1. 

3.3 Production of C = +1 Mesons 

YY collisions give a unique opportunity to study the direct production 
of C = +1 states, via the process 

e +e~ e +e~YY •* e +e~X 

where X is a C = +1 meson, e.g. TT°, n°, n'» n c, X i % , nt> ••• This method has 
PC 

the advantage, over scanning for new states with J = 1 , in the annihilation 
channel, that a single run at the maximum beam energy makes available the entire 
spectrum of C = +1 states to which the machine is sensitive. No time-consuming 
and rather hazardous (if the states are very narrow) energy scanning is needed. 
However, if the states are narrow, the available YY luminosity at any given mass 
is rather low. Consider for example n and n^ states with parameters: 

n c ; M = 2.8 GeV, = 10 keV 
n D ; M = 9.2 GeV, Tyy = 20 keV 

The total cross-sections for production of these states using beam energies of 
15, 70 GeV are, in pb: 

E(GeV) n c n b 

15 104 (116) 2.0 (2.0) 
70 265 9.4 

The cross-sections were calculated in the DEPA (Double Equivalent Photon Approxi-
mation) 1 1). The bracketed numbers are the result of an exact Feynman diagram 
calculation12^. On the assumption of an integrated luminosity of L = 1 0 3 8 cm - 2 
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and 5% double tagging efficiency, the following number of events are obtained: 

n c n b 

1330 50 

Whether these represent observable signals depends on the level of background 
underneath the resonance peaks. The widths of the latter are determined by the 
experimental resolution in the yy effective mass, Wyy This is given, for produc
tion of the resonance at rest in the lab. system, by: 

V 
The dependence of o,, on the rapidity of the produced state is weak, so only a 

"yy 

small error is made by using Eq. (3). aE/E is determined by the beam energy 
spread in the machine, and is typically ~ 10 - 3 1 3^. The best value that can be 
expected for oE'/E' is that obtained by using Nal detectors for the scattered 
electrons1 : 

^ = —jl; z 7.0 x 10~ 3 (E' : 70 GeV) 

so the error on E' is the dominant one and 

a., : /2E 2£r- z 900 MeV (E = 70 GeV) 
Viyy Li 

Defining the resonance peak by a region ± 2o centered on the maximum, the ex-
pected number of background events is 1 1^: 2 a 

Nb = eDT Lee' 

where: z = -jg- << 1, = double tagging efficiency, L £ e = luminosity 
=0.05 = 10 3 8 cm - 2 s - 1 

• tot 
Taking Oyy = 250 nb leads to the following number of background events, and 
statistical significance for the signals: 

^c nb 
Signal 1330 50 
Background 6.9 x 10 4 7.0 x 10 3 

Statistical _ _ , _. .... 5a 0.6a Significance 
The situation for the may not be quite so pessimistic as these numbers suggest. 
As will be discussed in the following section, arguments can be given why the 
tagging efficiency for background events may be considerably less than the simple 
expression: 

s D T = ln2(9 max/6 min)/|ln (E/inJ ^ln (E/m e)^ 
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though the signal should not he so suppressed. The signal/noise ratio can also 
be improved by making cuts on the p of the produced hadrons. Those resulting 
from the resonance decay, coming, for example, from the fragmentation of two wide 
angle gluons, should extend to higher p t values than the background which is 
expected to be predominantly diffractive. 

4. Tagging of Scattered Electrons 

4.1 Tagging Efficiency 

Except in the region very close to x g = E'g/E = 1 the single tagging 
efficiency is almost independent of the scattered electron energy E' e, and is 
given approximately (within 10%) by the expression 

eST = l n fSI / l n W*e> (5) 
(1 - x e )

2 

The tagging efficiency in the region near x = 1, (actually where < 0 2) 
Xg 

is givan to within - 1% by replacing In (9 max/9 min) by the expression11': 

m 11-2^ 
9 min 

(1 - x ) 2 + x 9 2. 
e e min (1 - x )* + x„ 9 2 

e' e max 
(6) 

The definition of tagging efficiency in Eq. (5) is the ratio of the flux of virtual 
photons at a given value of x in the angular region 9 . < 9 < 9 to the flux 

e o o m i n m a x 

in the full angular range 0 < 9 < n. It has been pointed out by M. Davier6' that 
in processes where the virtual photon couples to the produced hadronic system via 
the propagator of a light vector meson (p, to, <¡>) the tagging efficiency will be 
considerably suppressed compared to the value given by Eqs. (5) and (6). In the 
case when the vector meson propagator is given by -̂ j q¿/m2)2 a r u* t n e scattered 
electron angular distribution in the absence of the propagator is d9 2/8 2, the 
suppression factor may be calculated analytically with the result: 

, / /e2
 P(X0, 9 . )\ , 

c / . Q \ - 1 (-, I max e' m m ^ , 1 1 
^ Xe' 9max> W ~ 7 c T \ C e ) F HxD, B J~ P(x. 8 . ), 

/ ewax V 

^ m m ' 

l n . , x ^ m m e' max / e* max e' min 

where P(x, 0) = 1 + " 
m 2 • 

P 
Figure 11 shows S for E = 70 GeV, 8 . =10 mr, 8 = 100 mr and m. = 0.773 GeV. 

m m max p 
In the region near x = 1, S is =0.05. 

It should be pointed out however, that by no means all hadronic final 
states are expected to be produced by VDM like coupling to virtual photons. Some 
exceptions are: 

production of high p t jets (point-like coupling of both photons) 
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- deep inelastic photon coupling (point-like coupling at high Q 2 

photon) 

- heavy C = +1 resonance production. If n c, for example, is produced 
via a VDM-type diagram the propagators might be expected to have 
a mass Mj2.^ rather than M 2 and so have a much flatter Q 2 depen
dence. 

For these processes one might hope that the propagator effects would improve the 
signal/background ratio by suppressing uninteresting diffractive background. 
However, it should be stressed that it is quite unknown how much of the total yy 
cross-section is VDM-like and how much point-like, so the curve of Fig. 11 should 
be treated as a lower limit. It is also interesting to note that the suppression 
is least important in the region of small x, corresponding to large effective 
masses of the produced yy system. This is the kinematic region where it is 
important to have samples of tagged 2y events to estimate background levels to ly 
processes. Clearly, one of the most interesting quantities to measure in a 2y 
experiment, at a very early stage, will be the Q 2 dependence of the total hadronic 
cross-section at relatively low values of Q 2 s 1 GeV/c2 so as to shed light on 
the VDM versus point-like nature of the coupling of photons to hadrons in 2y 
collisions. 

Figure 11 : S(x) = suppression factor of single tagging rate due to 
p propagator 1/(1 - q 2 / m 2 ) 2 . 
E = 70 GeV, 10 ms < 6 < 100 ms, mp = 0.773 GeV 
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4.2 Backgrounds in Tagging 

Two different types of background are considered here. The first is an 
"intrinsic" "background resulting from misidentification of forward produced had
rons as electrons. The second results from various external processes that pro
duce electrons at small angles. 

In Fig. 12 the x e distribution of scattered electrons in a typical range 
of tagging angles 10 mrad < 0 < 100 mrad is shown with 3 different assumptions: 

- * M 1 + X 2 8 _ „ dN e . max Curve B — - x . x m — e e m i n 

Curve C ^ given by exact EPA expression11^ 
d X e 
.„ 1 + X 2

 8 
n T > ° N e , max , , Curve D -r—- Œ ^ rr- In -5 S(X . 8 , 6 . ) dX„ 1 - X 6 . e' max m m e e min 

i.e. p propagator effect from Eq. (7) included. 

Also shown in Fig. 12, with the correct relative normalization, is the expected 
distribution of charged hadrons in the same angular region, from diffractive type 
2-y events5^ where, in almost all cases, the corresponding scattered electrons are 
in the beam pipe and unobserved (Curve A). It can be seen for small values of 
X e, Xjj the flux of hadrons is some 2 orders of magnitude higher than the scattered 
electrons. This can also be seen in Fig. 13 where the ratio of Curve A to Curve D 
is shown. To reduce the number of false tags to acceptable levels a hadron/ 
electron discrimination fac. - in the tagging system of the order of 10 3 is needed. 
If the total energy of the pr>uuced hadrons ^ v £ s is measured with good efficiency, 
this background should be lat^my removed by accepting only events where this 
directly measured energy agrees with the value E = 2E - E' - E' calculated 

tag 1 2. 

from the energies Ej, E'^ of the scattered electrons. For the background events, 
coming predominantly from low energy misidentified hadrons, it is expected that 
E„ » E . . 
tag vis 

Some order of magnitude estimates of backgrounds due to various sources 
of small angle electrons are presented in Table 1. The angular range is 
15 mrad < 9 < 150 mrad, E = 70 GeV and L = 1 0 3 2 cm - 2 s - 1 . The entries are the 
single tagging rate and the double tagging rate, resulting, in all cases except 
DBBB, from accidental coincidences. These latter have a rate: 

1 ( £ S T ) 2 -f It 
fDT = I f f e ST B 

where is the single tagging frequency and f̂  is the bunch crossing frequency 
= 54 kHz in LEP 70 with 4 bunches in each beam. Also indicated in Table 1 are 
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Figure 12 : Comparison of fluxes of charged hadrons and scattered electrons in 
the tagging region 10 mrad < 9 < 100 mrad 
E = 70 GeV, W > 4 GeV 
A : hadrons 
B : electrons, tagging eff: In / In E/m 

C : electrons, tagging eff: complete EPA formula11^ 
D : electrons, as B but p propagators effect included 
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Figure 13 : Ratio of charged hadrons to scattered electrons in the tagging 
region 10 mrad < 6 < 100 mrad. 
E = 70 GeV, W > 4 GeV 
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the main characteristics of the energy spectra of the electrons from the various 
sources. The bremsstrahlung rates BBB and DBBB, as well as the pair production 
and Compton rates were taken from formulae and plots given in Ref. 15. The BGB 
rates were takent from the LEP-70 study16^ and refer to a pressure of 10~ 1 0 torr. 

It can be seen that, the most serious background because of its high rate, 
and because the electrons are quite hard and so cannot be significantly reduced 
by energy thresholds, is that due to beam-gas bremsstrahlung (BGB). This back
ground consists of electrons, which lose energy in collisions with residual gas 
in the long straight sections, but remain trapped in the machine until they 
encounter the strong field gradients of the low-ß quadrupoles just before the 
intersection region, which deflect them into the experimental detectors. The 
bracketed BGB rates in Table 1 refer to a vacuum of 5 x 10~ 9 which is typically 
what is aimed for at PEP and PETRA. Such a vacuum gives a single tag rate of 
- 1-4 x 10 5 Hz, 10 e times larger than the rate from 2y hadrons, and correspon
ding to more than two background hits per beam crossing. If 2y physics is to 
be possible, or more generally, if any type of tagging is contemplated, the vacuum 
in the straight sections is of crucial importance. This must be at the 1 0 - 1 0 torr 
level if the BGB rates are to be - a few % per beam crossing. Other methods of 
reducing this background are: 

High 2 shielding in the vacuum pipe to absorb electrons not passing close to 
the interaction point; 

A requirement in the fast trigger, by the use of coincidence matrices, that 
accepts only electrons pointing from near the interaction point. 

5. Detector Design 

As discussed in more detail in Refs. 7 and 8, technical limitations 
impose on the design of 2y detectors typically four different regions of polar 
angle 8, relative to the beams, of produced particles. These regions with typical 
values of 8 are: 

a) Beam pipe 0 < 8 < 10 mrad 
b) Tagging 10 < 8 < 100 mrad 
c) Forward Detector 100 < 8 < 300 mrad 
d) Central Detector 8 > 300 mrad 

Particles can La detected only in b, c) and d) and there are often dead areas 
between these regions, due again to various technical constraints. 

In Figures 14 - 16 are shown inclusive hadron momentum spectra for the 
4 regions a) - d) for the following three processes5^ 

(i) e +e~ ->• e +e~ + hadrons (low-pt, pp scattering) 
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Figure 14 : Inclusive hadron spectra (M. Davier ECFA/LEP 26) 
e +e~ ->- e+e~X (low p ) 

charged + neutral, E = 70 GeV, W > 4 GeV 
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Figure 16 : Inclusive hadron spectra (M. Davier ECFA/LEP 26) 
e +e~ -v qq (annihilation) 
Charged + neutral, E = 70 GeV, E '.' = 10 3 8 cm - 2 
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Figure 17 : LEP yy detector (plan view, one quadrant) 
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(ii) e +e~ e +e - + qq (high p t, as Fig. l.a) 
I î>hadrons 

(iii) e +e~ -»• qq (annihilation) 
•— vftadrons 

Figures 15 and 16 have the same relative normalization. These plots show two 
general features of the hadrons from 2y events: 

- the spectra are soft, as compared with those from annihilation events. Even 
at small angles, in the tagging region, the spectrum peaks around 2 GeV for 
70 GeV beam energy; 

large numbers of very soft (< 1 GeV) particles are produced in the central 
detector region. 

These features imply that in the design of 2y detectors, at least for analyzing 
the final state hadrons, quite modest magnetic fields are adequate. Another con
sequence is that particle identification techniques should be aimed at rather low 
momentum particles. This has not always been the case in previous conceptual 
designs of 2y detectors. Thus relativistic ionization rise and time of flight 
are expected to be important techniques for charged-particle identification. 

A possible dedicated detector for 2y physics, based on the design study 
in Ref. 17 is snown in Fig. 17. The main features of the detector are summarized 
in Table 2. Special emphasis is placed on the following points in the design7^: 

large tagging efficiency 
good e/hadron discrimination in the tagging region (see section 4.2) 

high magnetic field to match electron momentum measurements from bend to 
Nal energy resolution 
the provision of space for good particle identification (dE/dx, C, T.o.F.) 
in the forward direction 
full coverage for neutral detection outside the beam pipe. 

Fin-i'Ty, it may be remarked that other design philosophies may have advantages 
for studying specific physics topics. To improve acceptance, and provide magnetic 
analysis of momentum down to much lower angles than the detector shown in Fig. 17 
one possibility is to use lower magnetic fields, with unshielded beams. These 
possibilities are discussed at some length in Ref. 8. 
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Process 
Single Tag 
Rate H2 

Double Tag 
Rate Hz Electron Energy Range 

Signal: e +e -> e +e~ + hadrons 
(no propagator suppression, 
see section 4.1) 

0.11 0.015 4 < E¿ < 67 GeV (bremss. spectrum) 

BBB: e +e~ e +e~ y 11.6 1.2 x 10~ 3 n n • 1 M It I I 

DBBB: e +e" -> e+e~yy 0.01 < 0.002 u I I n n n n 

BGB: e.g. eco ecoy 2.7 x 10 3 

(1.4 x 105) 
64 

(1.4 x lO1*) Flat 0 - 50 GeV 

Pair production on 
synchrotron radiation: 
ey ee+e~y 

- 10 3 - 104 - 10 - 103 i < E ; < 100 MeV (peaked low) 

Compton scattering on 
synchrotron radiation 
ey •*• ey 

~ 200 - 0.4 I < E; < 1000 MeV (peaked low) 

For BGB: p = 10~ 1 0 torr, in ( ) p = 5 x 10 - 9 torr N.B. bunch crossing frequency = 54 kHz 
15 mrad < 6 < 150 mrad, E = 70 GeV, L = 1 0 3 2 cm"2 sec - 1 



Table 2 : Summary of yy Detector 

I II III IV V VI 

0 - 12.5 mr 12.5 - 62. 5 mr 62.5 - 75.8 mr 75.8 - 150 mr 150 - 367 mr > 367 mr 

Beam-pipe 

Dead 

Tagging, B = 0 
Nal , 

oE/E = 0.02/E-Í 
Propn chambers 

rr/e disc: 
3 layers of 
X n radn detectorsi 
Length 60 cm 
ir/e rej: 
10 3 (2 GeV) 
e detection eff: 
(.97)3 = 0.91 

(2 GeV) 
No y/ir disc 

Super
conducting 

pipe 

Dead 

Tagging, horiz. 
dipole field B - I T 

/ Bdl = 3 Tm 
op/p = 2 x 10"1* p 

Drift chambers: 
o ~ 200 u 
Nal, Prop" ch. as II 
ïï/e disc, as II 
n/K T.O.F. 

p < 1.5 GeV 
K/p T.o.F. 

p < 2.5 GeV 
(at = 0.2 ns, 30 sep ) 
U/TT disc 

- 1 m Fe 
few % rej . 

B ) as 
Drift Chambers ) IV 

E.M. Shower Detectors 
Pb-scintillator or 

liquid A 
Cp/E - 0.1//E 
TT/K T.o.F. 

p < 1.6 GeV 
K/p T.o.F. 

p < 2.7 GeV 
Tt/K/p separation 
at higher^energies 
dE/dX or C counters 
in tandem 
U/TT disc as IV 

Solenoid 
Modest Resolution 
op/p - 0.01 - 0.0 

x p sin 9 

e.g. 
CELLO 
JADE 
TASSO 

t See ref. 18. 
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SEARCH FÜR NEW PARTICLES 

In this review, we consider only these particles which, according 
to present theoretical prejudices, will or might exist. Wc examine the 
fesaibility of observing such particles at large e +e — energies. 

The standard model of Weinberg-Salam assumes the existence of a 
triplet of heavy bosons, that is Z n and the two charged v J ' s . If the Z" 
exists with a mass cci$ . its mass and natural width 
can in principle lie easily neaiurîtf. It will not be '•ii^ciosr-d further. 

It is assumed in what follows that the detector measures the 
direction and the momentum of all charged particles, and of photons. 

DETECTION OF THE W 

If the total energy \R is less then twice the W mass it con 
only be produced singly. The feasibility of an experiment which 
detects the single W has been investigated by W.D. Schlatter (ECFA/LEP/ 
10, 1979). The cross section is 

D C f i r s <r( H
+e--* evW) = . Log(—) F(a) 

where a = "'^v/s- The function F(a) is shown in fig.2. For my = 76 GeV 
ond v

/i"= 140 GeV, CT total ( W 2 U) = 2 10~ 3 7 cm 2. 

In thi^ reaction the electron distribution is peo'.ud in the 
forward direction. The W is supposed to decay into two jets. The 2-photon 
annihilation is the mdin background contribution. The transverse 
montMitutn distributions of the 2 hadronic jets differ, for the W signal, 
ant ' thu ü-phnton backyiound:. Dy requiring pp > 10 GeV/c, the background 
is i-'.-HucerJ by a factor 1Ü, with n loss in the signal of only lÔ i. Figs.3 
i.nrj A suinnuu ISD • the situation. A resolution C /E =0.3 of the hadronic 
enejgy is assumed in Fig.3. Fig.4 assumes G""/E = D . S / V E . The superimposed 
curve (A) is the W signal. Curve (B) is the calculated background for 
pj > 4 GeV and curve (C) for p-y > 10 GeV. It should be stressed that the 
background calculation is not very reliable ; the background could be 
larger. 
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Figure 2 : Plot of the function F(a) a = m2. 
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Figure 3 : Relative counting rate as a function of the dijet mass 
(a) W production 
(b) for YY jets with p t > 4 GeV/c 
(c) for YY Jefcs with p t >̂  10 GeV/c 
Calorimeter resolution a E = 0.3//E 
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Figure 4 : Same as Fig. 3 but with o E = 0.6//E 
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The e f f i c i e n c y for d e t e c t i o n of the W with pj > 10 GeV/c and 

an e l e c t r o n tagging b e t w e e n 1° t o 15°, i s 0 . 6 5 . If the e l ec t ron tagging 

i s between 3° and 15°, which seem e a s i e r to ach ieve , then the e f f i c i e n c y 

becomes Q.34. In t h e s e c o n d i t i o n s , at a luminosi ty of 1 0 3 2 c m 2 / s , the 

rate i s 0 .5 events p e r day. Assuming that the average luminos i ty i s one 

quarter of the peak luminos i ty , 200 days aro necessary to c o l l e c t 25 

e v e n t s . The experimental s i t u a t i o n i s d i f f i c u l t . If the W i s seen, i t s 
2 

mass w i l l not be measured b e t t e r than severa l GeV/c . 
If the energy of the nùchl'.e ia lu i g e ünaugii, it i s pjs jxoi t ; 

de tec t the W v i a the reac t ion e + e ~ -> W+W~. F i g . 5 shows the c r o s s s e c t i o n 

1-T Lhis proceso us given in thu Yelluw Uoak (CI Rh' 7 6 - I M ) . The dominant 

W d e c u y mods i s hadronic, i n t o 2 j e t s . The p o s s i b i l i t y of d e t e c t i n g the V 

in t h e s e condi t ions has b e e n i n v e s t i g a t e d by De Brion (t'CFA/LEP/14). 

Again, w e w i l l g ive only the m a i n f eatures here . It i s assumed that the 

hadron-jet energy i s measured with a re so lu t ion of <T/E = 0 . 6 / \fz. 

In the d e t e c t o r , 4 j e t s w i l l b e observed and the problem i s to c o r r e c t l y 

a s s o c i a t e sach j s t :• i-r, i t s pcr _ . -=r. T - i o j a t s or - i ç i^a- l -g fror a .-' d e c a y 

phould have a t o t a l energy equal TO the beam energy. The decay of two 

V J ' s i n t o 4 j e t s has been simulated by a Monte Carlo method. The energy 

d i s t r i b u t i o n of a l l 2 - j e t combinations i s given in F i g . 6 . A peak at the 

boom energy i c seen and therefore the pairing can b e s e l e c t e d by t h i s 

method. When the pair ing i s determined, the W mass can be recons truc ted . 

The r e s u l t i s shown in F i g . 7 . A c lean W s igna l i s measured. The background 

in F i g . 7 i s due to the few cases where the pa ir ing i s i n c o r r e c t . The W 

width is given by t h e energy r e s o l u t i o n . If one i s worried about the l o s s 

of events due to angle o f the j e t s with respect t o beam d i r e c t i o n , or the 

ünglü between them, F ig . B and 9 show the two angular d i s t r i b u t i o n s . These 

d i s t r i b u t i o n s are broad and a maximum of 10% of the detected events are 

l o s t due to overlap between 2 j e t s . In p r i n c i p l e , e + E ~ -» hadron should 

ihow a t y p i c a l two j e t s t ruc ture and should not produce any background t c 

the four j e t E v e n t s . About 50^ of the W+W~ pairs produced decay i n t o 

four hadron j e t s . At f u l l luminosi ty one expects at the energy for m a x i m u m 

production cross s e c t i o n assuming ( s i n 0^ = 0 . 2 5 ) , 70 e v e n t s per day. 

Again, assuming the average luminos i ty t o be one quarter of the peak 
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Figure 5 : W pairs cross-section as a function of the total energy /s 
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luminosi ty i t would take 20 days t o accumulate 30D E v e n t s . With t h i s 
method the W mass can be determined to a within few GeV/c 2 . But, an 
in spec t ion of F i g . 5 shows that the r i s e of the cros s s e c t i o n i s very 
s t e e p and there fore the measurement o f law va lues oF the e x c i t a t i o n curve 
can g ive ci very p r e c i s e determination of the W mass. 

A l arge f r a c t i o n o f the time (between 20 and d0£ depending on 
the number D f quarks) one V/ decoys i n t o a hadron j e t , and the other in to 
a charged lepton plus neu lr ino . The event pattern i s r e l a t i v e l y simple ; 
? badron j e t s with on invariant " l a s r egal to the W t r a v - , ¡ r r ) î leptnn pi i-, 

missing energy. Thu bionching r a t i o of the W into lepton plus neutrino 
i s measured as we l l as the anguleir d i s t r i b u t i o n of the leptunic decay in 

t i l " '. ' r C E t f I d l ' i e . 

Also, the: number of event;: i s s u f f i c i e n t to perform an a n a l y s i s 

of the '/I angular d i s t r i b u t i o n , und to obtain information on the W coupl ings 

(Darr iu la t -Ga i l l ard , ELFVLEP/1 ) . 

It i s worth while to add few cumments concerning the efFect of 

polarized b e a m s . . . A d e t a i l e d t h e o r e t i c a l study on t h i s subject e x i s t s 

(K.J .F. Gaemersand, G.J. Gounaris, TH.254B CERN). Here, we would l i k e to 

remark the fol lowing simple f a c t . 

unpolarized " 7 1 5 + ff + ^ 

L and R stand for the beam h e l i c i t i e s . The three l a s t terms are small 
and hence, iF the beams were 1 QOl'c po lar ized , the rate of "J+W~ events 
would he increased by a 
beuii polor izat ic in , then 

<T RL 
would he increased by a fac tor of four. If a = — << 1 , and P i s the 

^ LR 
( 1 - P 2 ) + 4 P 2

a 

l< - ( R a t e R L ) / ( H d t e L R ) 

A P¿ + (1 - P 2 ) 

a i s i>mall ( a¿ 1/20) and in p r a c t i c e the r a t i o R w i l l depend only on the 
bourn p o l a r i z a t i o n . The measurement oF a = ^~R|_/ **"LR therefore requires 
a prec i se determination of the beam p o l a r i z a t i o n . The observation of these 
p o l a r i z a t i o n e f f e c t s would be a remarkable confirmation that only l e f t 
handed e lec tron i n t e r a c t weakly. 
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SCARCH FOR HEAVY LEPTONS 

If the heavy lepton mass i s l e s s then hal f of the Z° mass, the 
c l e a n e s t way to d e t e c t t h e i r e x i s t e n c e i s to measure those electron—muon 
co ïnc idences having a large f r a c t i o n of the miss ing energy. The branching 
r a t i o ZD -» L+L~ i s of the order of 3 . 1 0 - 2 . The branching r a t i o 
L+L~ •* e n i s of the order of 2 . 1 0 - 2 . At LEP, at the energy of the Z° 
pole i t i s ra i sonnable to assume a Z° production rate of 2000/hour. 
This l eads t o 1.2 e u co inc idence per hour, or 30 per day. The dominant 
background could cone fiom tbi. l e u c t i o n 

+ — + — + — 
e T e -* e e u V-

ln.1 the t rancve i s e momentum of iI ID e l e c t i o n s i s in thiu - a se much l e s s 
than for the decay e lec tron of the heavy l ep ton . 

The d i s t r i b u t i o n of the angle h' between the e l e c t r o n and the 
muon, has been ca l cu la ted by Fujikawa et a l (Phys. Rev. D13, 2534) and 
i s shown in F i g . 1 0 . Because t h i s angular d i s t r i b u t i o n depends on the 
heavy lepton v e l o c i t y , i t w i l l be p o s s i b l e , i f the number of heavy leptons 
between the < ¿ ' mass and m~L"/~¿ n o * ^ Q O l a r g s , to have arfapproximate 

determination of i t s mass. A p r e c i s e measurement of i t s mass would 
piobably require a scan in energy and because of the low rate outs ide 
the Z° po le , i t would be very d i f f i c u l t to perform. 

For the same reason, a heavy lepton of BO GeV/c 2 mass w i l l a l s o 
r ± 

be d i f f i c u l t to d e t e c t . With a t o t a l energy v s = 200 GeV, an L mass 

of BO GeV/c , and a 10% branching r a t i o i n t o e l ec tron or muons, one 
expects a rate of eu of 14 per 1000 hours. The s i t u a t i o n i s b e t t e r i f 

the de tec tor peimits the measurement of 1 lepton + 2 hadron j e t s + missing 
[-•ncrgy. 70 events of t h i s type could be detected in 1000 hours. A scan 

in i s not f e a s i b l e . 

SEARCH OP H1 GGr. 

If the mass of the Higgs boson i s much smaller than the Z° mass, 
the cross s e c t i o n for the react ion e + e ~ -• Z° + H has been given in the 
Yellow Report (CERN 7 6 . 1 8 ) . The best s ignature for the Z° i s i t s decay 
in e + e ~ or y.+u~". The Higgs i s i d e n t i f i e d by the missing mass to the Z°. 



- 608 -

Figure 10 : Collinearity angle distribution between the decay electron and the 
decay muon in the case of heavy lepton pair production 
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For a 40 GeV Higgs mass and a t o t a l energy af \/s~ = 146 GeV the production 

cross s e c t i o n i s 2 .0 1G-"313 cm^ and i n 1000 hours a t o t a l number of 100 

Higgs could be d e t e c t e d . On the other hand, i f i t i s p o s s i b l e to i d e n t i f y 

thp Z° v ia i t s two j e t decay, thc-n the rate w i l l be 10 t imes l a r g e r . 

QVrW SEARCH 

Acroitling to current 1'iuji-jticdl ideas , the v i r t u a l photon af 

ti f u~ a n n i h i l a t i o n LOUJ. iu _ tu J q ui K - U Í I iiq ..Ji~k pJii. <!)i q-^ijiU r t ^ e l f 

i ht-n fragment:, tn pruihicu a jeL ul p a r t i c l e s . If at :;uFl i c i o n t l y high 

rtii rqy the q mrk brrotnt'r f r rc , a measurement nf the q'joi k chorno i s 

I'' I'ii'. • i h in Duiiiii' i-'i" i ih !»• ntjluitii'il I i nm loiii v î ijn m -;c mti l— 

l i i i j n counters oi m g-izrou^ cc t t : c tor s . 

!t" Il u.1 quark ici 1 ihr ru '.e.1 in u j r t , iunicat ion mcj&uremcnts might 

bu l i i f f i c u l t to perfpi ' i . Surac puople have proposed the use of the 

"ouperpneiny" mcthou (KCFA/LEP 41'. It i s bused on the fact that i f the 

quark charge i s ~ , then i l s apparent momentum i s l arger than i t s energy. 

1 oh If 1 (taken from ECTA/LEP -11) summarizes the s i t u a t i o n . 

NEUTRAL HEAVY LEPTON 

A neutral heavy l fpton cor, decay i n t o a lepton pair plus neutr inos . 

1 ' -v e + u~ ) v u + i>u + v L o 

^cu'.i.'l heavy l ip tonr a i " prodi•{ i.<\ in puirr, and thert'fcirn a cle^n s ignature 
'"f'il'l hu t'vrnlc W i l l i r i'li.ctrair.., 2 mjons and the r e i t of Ihs. energy mis s ing . 

Cn;oLLU iltlN 

/• gond -id c c t . r u (¡"ig.ll ) lor the de tec t ion of new p a r t i c l e s must 

l u v . ijnrjt4, e l e c t r o n jivl muon i d e n t i f i c a t i o n . It must a l s o have a good hadron 

i .i i ui ' in.1 txy cystu'n. A suJenoïd of 1m rad ius , followed be e l e c t r o -

iriug' 1.1 I L and hadion calorimeter i s probably a good d e t e c t o r . The hadron 

calor imeter can a l s o be u&cd as a T ' ion i d e n t i f i e r , IF incorporated as part 

ul the so lena ïde return yoke. 

http://cct.ru
http://�%22ig.ll


Table 1 

Reconstructed f i n a l s t a t e energy Ê . for E^ - 200 GeV and 

d i f f e r e n t react ions using the LEP j e t de tec tor . 

Reaction rms snread 

+ -
e e (hadrons) A , j e t 1 = (hadrons) . n j e t 2 200 .8 GeV 1 .e Gel/ 

+ -
e e - (u+hadrons). , j e t , + (u+hadrons). . 1 j e t 2 2 34 GeV B.C. GeV 

+ -
e e -

(d+hadrons). , j e t . + (d+hadrons). 
1 j e t 2 340 GeV 32 .C ~e\i 

4- _ 

e e (hadrons). . . 
j e t 1 

+ (u+u+hadrons). . 
j e t 2 2 2 7 . 4 Ge\/ 5.2 Csv 

+ -
e e - (hadrons). , . 

j e t 1 
+ (d+d+hadrons). , 

jet. 2 309. S GeV 21 .2 
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Figure 11 : Possible detector for the search for new particles 
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FOREWORD 

The key motivation for LEP is the unique possibility which it would of
fer to study the merging of weak and electromagnetic interactions, as expected in 
the framework of present gauge theories, and as supported by a whole array of 
recent and spectacular experimental results. 

Of particular importance is the expected presence of the Z°, which 
should lead to impressive effects over a good fraction of the LEP energy range. 
Z° formation and decay, and related theoretical issues, are covered by J. Ellis 
in Section 1 of this report. There are however very important weak interaction 
issues for the study of which energies still higher than the Z° mass are required. 
Production of W's, W pairs and perhaps Higgs meson;, is in particular of great 
interest. This question is surveyed by M.K. Gaillard in Section 2 of this report. 
The importance of the e +e - annihilation cross-section over the Z° peak should 
rapidly lead to registering tens of millions of events at very large Q 2. Hadron 
production, with perhaps the occurrence of new quarks, should then provide very 
interesting clues testing strong interaction theories. This question is covered 
by J. Ellis in the third section of this paper. 

This paper combines three of the plenary theoretical talks presented at 
Les Houches. Weak interaction issues, with emphasis on very high energy quedtions, 
were also covered by M. Veltman, but this will net appear as a special write-up 
in the proceedings. While the present paper mainly describes what is now referred 
to as the standard approach, other scenarios may be entertained. This was dis
cussed at Les Houches by S.L. Glashow and LEP Summer Study/1-9 actually covers 
both his CERN and Les Houches talks. The theoretical review of the 2y process 
given by P.V. Landshoff is included in LEP Summer Study/1-13. 

These 6 talks at Les Houches contributed to the discussion of theoreti
cal questions at LEP energies, with conclusions summarized by Ch. Llewellyn Smith 
in LEP Summer Study/1-2. 
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Zedology 
John Ellis 
CERN, Geneva 

1. Introduction 
It is clear that the Z° peak will be a very important landmark in e +e~ 

collisions1'2>3>'4 > 5). It will be a rich cornucopia of all conceivable particles 
with masses s m z or i t s properties resemble at all the predictions of 
simpler gauge models such as the Weinberg-Salam model 6, it will produce about an 
event per second for a LEP luminosity of the order of 1 0 3 2 cm - 2 sec - 1. As far as 
the weak interactions are concerned, Z° decays present the opportunity to measure 
in detail the neutral weak couplings of all lepton and quark flavours with masses 
S ^i/2' ^ s ^ o r t n e strong interactions, one can imagine experiments with 0(106 or 
10 7) hadronic events at Q 2 = OCIO1*) GeV2, for more than are conceivable in any 
experiments at space-like Q 2 7 ) . These events will provide a unique window into 
the dynamics of quarks and gluons at short distances. Strong interaction studies 
with LEP are discussed later in this report8): the rest of this section will con
centrate on weak interaction studies at the Z° pole 9). Two main aspects will be 
emphasized: the fact that high statistics enable precision measurements which 
bear on the fundamental structure of the theory, and the possibility to search for 
very rare decay modes involving exotic particles. 

2. General Features of the Z° 

We will be mainly concerned with the couplings of the Z° to fundamental 
fermions (quarks, leptons) which we parametrize2'5) in the following form: 

Z°ff = -m z ® f Y, 
a f Y 5 

/2 
f Zh ( 1 ) 

Constant factors have been removed to the front of equation (1) so that the re
duced couplings V f and a^ are expected to be of order unity in any unified gauge 
model for which the coupling constant would be of order e. As an example, we can 
consider the standard SU(2) x U(l) Weinberg-Salam model5) in which 

v„ = v,. = v_ = -1 + A sin29,, , a 

v., = v 
U c 

vb = ~l + 3 s i n 2 8 W 
1 
vfc = 1 - § sin 2 e w 

ij = a = a, d s b 
a„ = 1 

a,, = a u c 

-1 

1 

(2) 

Before discussing the size of the Z° peak implied by the couplings (1) and (2) we 
need a standard reference cross-section, which we take to be: 

o p t = c(e+e" . + -\ ATT a 2 

Y* -> u u ) = -~- 777 ; 87 
3 Q 2 " Q 2 (GeV2) nb (3) 
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Relative to this cross-section we define, for any ff final state, 

R . °(e+e- - A ) ( 4 ) 
f °Pt 

Also used often will be the integrated forward-backward asymmetries 

/ d ( c o s 9 ) d-fesT) ( e + e " * f" f ) / d i F O s 6 ) l _ ^ , d (cos9) 
A f - ° 

(e e -+ ff) 

f d (cos9) .,d° Q , (e +e _ ff) - f d (cos6) f° (e +e - - ff) Ja d(cos9) I d (cose) 
(5) 

Gauge theories generally expect that the mass of the Z° will be 

rr̂ o = 0(e/GF) ^ 0(100) GeV (6) 

The simplest Weinberg-Salam model5) in fact predicts":' 

TO , . . . 37.4 GeV 
m 7 = A,„ / sinStj cos8o = — — - r — (7) Z /2Gp w w sinOy cos6y 

Taking sin 2 ey .= 0.20 consistent with the latest neutral current experiments10), 
we find ~ 94 GeV. In this energy region, equation (3) tells us that 
O p t - 1 0 - 3 5 cm2, corresponding to 3.6 events/hour at a luminosity of 
10 3 2 cm - 2 sec - 1. Elementary considerations tell us that, neglecting radiative 
corrections, the cross-sections at the peak of the resonance are given by: 

o(e+e- Z° ̂  X) = 9 ß ( z 0 ^ e + e _ ß ( z 0 ^ 

°pt a ¿ 

Taking three generations of each type of fermion (v, J l - , charge -1/3 quark, charge 
2/3 quark) we are led to expect: 

B(Z° - e +e -) = 0 ( ¿ to -¿) ( 9 ) 

Inserted into equation (8) this branching ratio suggests that: 

a(e+e" Z° -* all) 

V 
few thousand (10) 

at the resonance peak, corresponding to the order of ten thousand events/hour. 
In fact, in the simplest Weinberg-Salam model5) with sin20y = 0.20, we find: 

a(e+e" •* Z° all) 
°pt 

z 5100 (11) 
WS 

if there are just three generations, corresponding to about 5 events/second. 

Before continuing, a word should be said about the reliability of esti
mates of the Z° mass. The prediction7) of the Weinberg-Salam model depends on the 
SU(2) symmetry being spontaneously broken by an isodoublet of Higgs fields 1 1). M 0 

complicated Higgs sectors could alter the prediction7), but they are already 
severely constrained by neutral current data. Since the couplings1'2) are fixed 



- 617 -

in the Weinberg-Salam model, ve see that the neutral to charged current cross-
section ratio 

a(NC) 1 (12) 

The present agreement of neutral current cross-sections with Weinberg-Salam con
strains the Z mass within the SU(2) L x U(l) framework1"): 

m 2 (WS) 
= 1.02 ± 0.05 (13) 

If one goes beyond the SU(2) x U(l) weak electromagnetic gauge model the restric
tion (13) is of course greatly relaxed. However, it can be argued that in a wide 
class of models with more than one Z° boson, àt least one of them must have a mass 
smaller than that predicted by Weinberg and Salam 1 2). 

For an arbitrary Z°, the formulae (1) and (2) correspond to decay widths 

r(Z° -+ fï) = 
24 /2n 

(v2 + a 2) (14) 

for inj << n>2y2" ^ o r t* l e f a v o u red range of values of uî  and v^, a^ of order unity, 
equation (14) implies that r(Z° -+ ff) = 0(100) MeV. Including 3 generations of 
fermions one would therefore expect a total Z° decay width 

r(Z° -+ all) = 0(2 to 3) GeV (15) 

which is much wider than the expected machine energy resolution 0(10~3)ni2 = 0(100) 
MeV. In the simplest Weinberg-Salam model (since one expects decays into fermion-
antifermion pairs to dominate) one finds2'5) from equation (2) that 

r(Z° •+ all) = 
G F m l 
24 /2ir 

2N v + (1 + (1 - § sin 26 w) 2) M r 

+3(1 + (1 - i sin 2 e w ) 2 ) N 2 / 3 

+3(1 + (1 - A sin 26 w) 2) N _ 1 / 3 

If we take sin29 = 0.20 we find that 

r(Z° -+ vv) 

with the decay rate 

r(z° -+ 
1.04 : 3.63 

r(z° •*• uïï) 
4.67 

r(z° -+ dd) 

(16) 

(17) 

r(Z° -+ e+e~) = 90 MeV (18) 
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r 2 m1» 
r(v •» z° -» w ) U F ™v 
r(V -y y * •+ e+e~) 64 T T 2 C I 2 — (1 - 4 I e j sin26 ) 2 (24) 

= 0.2 x 10~ 8 m^ N v for e
q = § (25) 

Putting in V = j/xji : iry - 3 GeV, and assuming an upper limit 
r(J/<|j -* vv)/r(J/i|) -+ e+e~) 5 1, one finds5) < 5 x 10 6, an even less stringent 
limit'. However, if there happens to be toponium with a mass of 30 GeV, the strong 

Combining the results (17) and (18) we see that if there are generations of 
fundamental fermions 

r(Z° -+ all) - 1.0 N G GeV (19) 
and 

B(Z° - e +e -) - 1/11 N (20) 

resulting in r(Z° -»- all) - 3 GeV, B(Z° ->- e+e~) - 3% for the minimal case of 3 
generations. 

3. Determining the Fermion Spectrum 

The above results are encouraging, in the sense that the Z° peak is 
large and dramatic, as long as there are not too many generations ot fermions. 
Is it conceivable that there might be so many fermions as to wash out the Z° peak? 
The "established" fermions are the three generations: 

( » (?) (?) C) C) C) 
and the question arises whether we have any constraints on the total number of 
other as yet undiscovered fermions. Neutrinos are a particular headache because 
they seem to have negligibly small masses, while charged fermion masses increase 
sufficiently rapidly that not too many of them can be reasonably expected to have 
masses < m^^ -

What limits do we have on the number of unobserved neutrinos? The best 
limit from high energy physics at the present time may come5) from the upper limit 
on the decay K -+ 7r v\3 : 

B(K •> T T V V ) < 6 x 1 0 - 7 (22) 

which when compared with the theoretical branching ratio 

B(K Ttvv) - O(10~ 1 0) N v (23) 

suggests5) that N v < 6000 - not a very stringent limit! It has been proposed 
that one might establish a good limit on from decays of heavy quark-onia into 
neutrinos13). One finds5) that 
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mass dependence in (25) would enable a much more stringent limit to be set on N v. 
The decay V -*• vv could be looked for by looking for events of the type 
e+e~ V' -*• V + ir it, V -*• nothing visible. 

There are some limits on neutrinos and other neutral, heavy leptons 
which come from cosmology. The standard big-bang cosmology is only consistent 
with the present astrophysical density of Helium if there are at most 3 or 4 
"light" neutrinos with masses S m e

1 4 ) . For heavier neutral leptons, there are no 
very strong constraints-on unstable species, b>'t stable neutral leptons are con
strained1 by the large scale dynamics of the universe and of galaxies to have 
masses ï 10 GeV. 

To limit the number of unstable massive neutral leptons or neutrinos, 

(?) we fall back on the observation that generally m v << m , for any given 
c c , , 

doublet. From the results of PLUTO and SPEAR, we believe that any new heavy lep
ton must have a mass 5 5 GeV. However, the number of such heavy leptons is theo-' 
retically constrained. In the simplest Weinberg-Salam model the result 
m^ = n^/cos8w which underlies equation (7) is subject15^ to radiative corrections 
from all doublets containing massive fermions: 

= cos 2e 
2 w m zo 

, i 1 for leptons \ F l 1 2 . 2 / 2 Z\ 1 + I -, c — - £n — + (mf + mi) 3 for quarks I B 2 \ „2 _ „2 „2 1 2 
(26) 

The experimental constraint (13) already means that for heavy leptons L with mas
ses >> their associated neutrinos 

Z M 2 < 0(500 GeV) 2 (27) 
L X 

Since present experimental limits tell us that any such heavy lepton has m^ > 5 GeV, 
the restriction (27) means there are less than 0(10**) such heavy leptons, and so 
N v < 0(10"*). PETRA can soon improve the lower limit on to - 15 GeV, in which 
case N v would be < 10 3. LEP could eventually improve the lower limit on m^,to 
about 100 GeV, corresponding to < 0(25). It is clear from equation (8) that 
0(10^) neutrinos would be required if the Z° were washed out to the extent that 
o(e+e~ -»• Z° X)/o t = 0(10). Therefore either PETRA and LEP find vast numbers of 
heavy leptons, or the Z° will be a large peak l e^. 

Assuming that the Z° peak is indeed big and not very wide, one can then 
imagine a precision determination of the Z° mass. A precision measurement of the 
W +W~ threshold to get the W mass, and detailed neutral current measurements (see 
part 4 of this report) would then enable the radiative corrections in equation (26) 
to be severely restricted, so that the bound (27) could be improved. In this way, 
one could perhaps exclude the possible existence of any heavy lepton with 
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mass > 100 GeV (and hence outside the mass range accessible to LEP), and of course 
detect any heavy lepton with mass < 100 GeV. A check that the studies of fundamental 
fermion spectroscopy were indeed completed by LEP would be furnished by measuring 
r(Z° -*• ̂  vv). Several ways of doing this come to mind. One possibility is looking 
for the decay chain e +e~ -*• V' -*• Viru, V vv mentioned earlier 5 3) . Another is a 
precision measurement of the Z° width, which increases by 0(5 to 10)% for each 
neutrino in addition to the canonical three. Another possibility is to look for 
the reactions e +e~ -»• vv + y , where the only particle visible in the final state 
would be an energetic large angle -y 1 7). The rate for this seems prohibitively 
small at PETRA energies, but the experiment may be feasible18^ above the Z° mass, 
where the dominant contribution to the cross-section is the radiative correction 
reaction e +e~ -*• Z° + y , Z° -*• vv. Depending of course on the total number of neu
trinos, this process may have 1 8) a cross-section of the same order as o p t for 
centre-of-mass energies between 120 and 200 GeV. 

4. Detailed Measurements Near rhe Z° Peak 

We will now survey the different neutral current measurements that can 
be made by observations at and near the Z° peak. Radiative corrections will not 
be taken into account, because a complete calculation of these is only just be
coming available19), but we do not think they will make qualitative changes in 
the classes and qualities of measurements that can be made. 

The Shape of the Total Cross-Section 

If we consider an arbitrary fermion-antifermion pair (with the exception 
of e+e~) then 

R = a(e+e" - y . z-> ff) 
2s p qc V V. s2p2 (v2 + a 2) (v2 + a 2) 

a Q2 - _ _ Í _ £ _ L _ , + ^ _ e V \ . f (28) 
- l) + r 2

 2 \ - i ) 2 + r 2 

m| Z/s-ml) ^ m? Z/m, i) 
where p = (GF/8/2ira). (29) 

We notice that the total cross-section shape is sensitive to the products 
of vector (or of axial) weak couplings. If we specialize to p +u~, assume u-e uni
versal 

(30) 
ility: v = v = v ) e M I 

a = a s a ( e u ; 
and neglect T^, we find 

i /,.2 J. -2"\.,2 R̂  = 1 + 2v¿x + (v2 + a2)xz (31) 
where x = m|p «0.39 

(s - m 2 ) 

if m z = 94 GeV 

(32) 
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In general, 'exhibits a minimum at 

+ 6 Vm|py (v2

 + a

2)2 s 

corresponding to /s = 29 GeV if we take the Weinberg-Salam model with 
sin z6 w = 0.20. The value of at its minimum is 

K » « . ! ^ (34) 
T ( v 2 + a2)2 

which is not very exciting if sin 28 w = 0.20: 

R™ X T l = 0.9985 (35) 

The general shapes of R^ for different choices of v and a, and a Z° mass of 83 GeV, 
are shown in Fig. 1. It is clear that if a = 0, which is not expected in the 
Weinberg-Salam model and is indeed disfavoured by experiments finding parity viola
tion in deep inelastic electron scattering and atoms, then R™ 1™ = 0 at /s - 0.85 stic electron scattering ana acorns, nnen " m i T i 

- rather dramatic! 

Forward-Backward Asymmetry 

The angular distributions for the processes e +e - •* ff (ff ^ e+e~) have 
the following form near the Z° peak: 

d 0 (e+e~ •+ ff) = I Q 2 (1 + cos 2 e ) - 20- X (v v. (1 + cos26) + 2a a. cos6) dcose y ' 2s i vf s ' x f A v e f v ' e f 

(36) X 2 £ (v2 + a 2) (v2 + a 2) (1 + cos 29) + 8v a v,a r cos8 e e f f e e f f 

if we neglect the decay width compared with nt,. If we define the integrated 
forward-backyard asymmetry ^ 

/ do o s _ / do , . - v. , , a d(cos9) _ -o dcosö o dcos9 A f = x (37) 
d 0 (cos9) dcose 

1 

it is found from the angular distribution (36) to be 

-fx T-QfVr + 2 v e a e v f a f x ] 
A, = > 1 -, (38) 

Q 2 - 2Q f Xv ev f + x 2(v 2 + a 2) (v2 + a2)J 

Since the angular distribution is only quadratic in cos9, there is a trivial bound 
|Af|.<3/4. 



Figure 1 : The ratio of (e+e~ •*• u+ i j -) relative to 0 p t (3), plotted for dif
ferent values of the vector and axial couplings of the e and u. 
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We see from equations (36) and (38) that the forward-backward asymmetry 
is non-zero if a g and a^ 0, as expected in the Weinberg-Salam model. Notice 
however that it does not permit a determination of the relative signs of v and a 
couplings (a limitation shared of course by the total cross-section formula (28)). 
Even at low (PETRA-PEP) energies, the asymmetry (38) can become quite large. 
When /s << m_ UZ' 

a a c e f ^3 
2 X Q, (39) 

which at /s = 40 GeV is already 

-10% for u +iT, T + T " 
-14,2 tor uû, cc, tt 
-28% for dH, ss, bb 

(4Ü) 

In the particular case of e e -*• u+u or T + T , and assuming charged lepton univer
sality a = a = a = a, v = v 

' e p T e p v = v, we find 

A = jx (a2 + 2v 2a 2x) 
(1 + 2 Xv 2 + x 2 ( v 2 + a 2) 2) 

which goes through a minimum at 

(41) 

1 + (m|p) (a2 + 3v 2) 

(/s = 78 GeV for sin26 = 0.20). At this point A takes the value 

(42) 

(43) 

and in fact attains the kinematic bound of -0.75 when v = 0 corresponding to 
sin20 = 0.25, while w 
through a maximum at 
sin 20 w = 0.25, while sin 26 w = 20 would yield A = -0.69. The asymmetry also goes 

(pm2) (a2 - v 2) 
(44) 

(/s = 118 GeV for sin 26 w = 0.20) at which point it takes the limiting value 
A m a X = +0.75. At the peak of the resonance, sin 26 w =0.20 would imply an asymmetry 
A z +0.11 at /s = 94 GeV. General forms of the asymmetry for muons are shown in 
Fig. 2, corresponding to different choices of the values of v and a. 

The above analysis does not apply to e +e~ •+ e +e~ because there are also 
crossed-channel y and Z° exchange diagrams. The cross-section formulae therefore 
become more complicated20^, and will not be reproduced here. We will just make 
the qualitative observation that the behaviour of the forward-backward asymmetry 

\ 
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Figure 2 : The forward-backward asymmetry A (37) for e +e -»• vi+y~, plotted for 
different values of the vector and axial couplings of the e and p . 
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H Ä (s, cos9 = +1) = — (45) 
-4xav (1 + x(a 2 + v 2)) 

1 + 2x(v 2 + a 2) + x 2 [(a2 + v 2 ) 2 + 4a 2v 2] 

so that on the resonance peak itself 

_ -4av (a 2 + v 2) 
H* (m2, cos9 = +1) - (46) 

(a + v ) + 4a v 
If sin29 = 0.20, this value on the peak is +0.13. The variation with s if 
sin29 = 0.35 is shown in Fig. 4. We notice in (45) (46) that the helicity is w 
sensitive to the product of a and v, enabling their relative sign to be measured, 
which was not possible with the cross-section and angular asymmetry measurements 
discussed earlier. 

So helicities are interesting and non-zero in general. Can they be 
measured? An early suggestion was to stop muons produced on resonance in a 
Polarimeter, and determine their polarization from observations of the decay 
electrons. Such an experiment would be very cumbersome and difficult2°), and a 
better idea may be to use the decays of the T -*• evv or irv as convenient polariza
tion analyzers. Either of these seems possible, with T -*• irv measurements perhaps 
more sensitive to H T 2 1 \ Could one perform polarization measurements on quarks? 
In the absence of e-fermion universality, the numerator in (45) becomes 

4av(a2 + v 2) -+ v ra- (a 2 + v 2) (1 + cos26) + 2a f (a 2 + v 2) cos9 (47) f r e e e e f f 

and we have sensitivity to a^v^ as well as a
e

v
e - The only problem is to find a 

quark helicity analyzer. It has been suggested22^ to look at correlations of the 
type Bjet'^i x £ 2 ^ ' w ^ e r e Bi a n c* E 2

 a r e the momenta of the two fastest particles 
in a quark jet. Unfortunately, neutrino data suggest23^ that any such correlations 
are in fact washed out. A related suggestion is to look at the polarization of 

parameter is very different in this case from the reaction e +e~ -+ p + i i - . In the 
case of e +e~ e +e~ there is a large positive asymmetry, of the order of 3/4 off 
resonance, which may be drastically reduced on resonance - see the asymmetry in 
a restricted angular range 30° < 8 < 150° plotted in Fig. 3. For 9 sufficiently 
small the well understood crossed channel y exchange will always be at low enough 
Q 2 to dominate the cross—section and provide a reliable luminosity monitor even 
near the top of the Z° peak. 

Helicity Measurements 

Another observable which is potentially interesting in the reaction 
c +e - -*• ff is the helicity of the outgoing fermion. If we specialize for the mo
ment to the case of e+e~->u+u- or T + T , the helicity is maximal in the forward 
direction 



- 626 -



- 627 -

Figure 4 : The helicity of a muon or x, for different values of the vector and 
axial couplings. 
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final state hadrons with non-zero spin, such as p, K* and A 2 1*). A guaranteed 
quark Polarimeter has yet to emerge, but we note that in a sense none is needed. 
Cross-section and angular asymmetry measurements enable the relative signs of 
all the to be determined, and also those of all the â .. The t helicity experi
ment would then determine the signs of the a^ relative to the v^, and any further 
information would in principle be redundant. 

Polarized Beamo 

These would enable the extraction of physics similar to that obtainable 
from helicity measurements. If the incoming e + and e~ have helicities h +, h -

respectively, then5) 

+ (h~ - h +) x j Q f j^veaf a+cos29) + 2a gv f cosej (48) 

- X v ra, (a2 + v 2) (1 + cos26) + 2a v (a 2 + v 2) cos6 ( f f e e e e f f ( 

Equation (48) again exhibits sensitivity to the relative signs of v and a couplings. 
If polarized beams were freely available they would probably be more powerful 
probes of these signs than the helicity measurements. Certainly, the prospect of 
being able to turn on, or off, an e +e~ •*• ff cross-section by adjusting the beam 
polarizations seems very attractive. On the other hand, it should be emphasized 
that from a logical point of view, within the standard gauge theoretical point of 
view no new information is gained thereby. It is not clear how seriously this 
should be taken into account when considering the cost of developing polarized 
beams . They would certainly be invaluable analyzers if the standard gauge picture 
were wrong. 

Z° -y Heavy ff 

The Z° decays democratically into all fermions with essentially equal 
rates (if m^ < m^j^). In fact the event rates may be larger than those close to 
the associated thresholds. If m << m„, then for equal luminosities one finds 

q Z 

< Z ° - " > . 1000 Y (49) . . . . ' M 2 

Rate (threshold -* ff) \ m Z / 

whicH is promising for studies of tt and bb final states. Measurements of these 
final states may be the only way to determine heavy quark neutral current couplings, 
At present we know in principle the neutral current couplings of u,d,e,vy and to 
some extent v ß. Those for s,c,t,b,T and even u are still essentially unknown. 
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The problem resides in finding ways to detect heavy quaik decays of 
the Z°. One might look for 

- events with many final state leptons25) (> 3 e 1 and u* + hadrons, or events 
with 2 identically charged leptons in the same jet); 

- fat jets 2» 5), because one expects 2 5' 2 6) a heavy quark to decay into three 
light quarks and antiquarks: Q qqq as in Fig. 5. The transverse momenta 
of the associated hadrons would then probably be quite large; 

Z |ptl = Z |p t| - f m (50) 
hadrons quarks 

- long-lived heavy mesons? In the conventional six-quark extension of the 
Weinberg-Salam model, the decay rates of heavy quarks into light quarks are 
suppressed25). Careful analysis27) suggests bounds on the lifetimes of 
bottom mesons: B° = bd, B = bu: 

1 0 - 1 1 sec > x n > 10~ 1 4 sec (51) 

If the lifetime is in the upper half of this range, it might be observable in 
e +e~ collisions at high enough energies to give a useful relativistic dilation of 
the decay track length. One might therefore look for "staggered" events of the 
type shown in Fig. 6, where there is a set of particles produced in the initial 
e +e~ annihilation, and two other sets of tracks converging on separate B and /B 
decay points. 

In this section we have chiefly discussed relatively common Z° decays 
with branching ratios 10 - 2. The large event rates available at the Z° peak 
should enable detailed studies of these channels. It may be worth emphasizing 
again the interest of such studies. For example, there are theories which purport 
to calculate sin28T, with a precision better than 0.01 2 8). It would be nice to 

w r 

know if these theories were correct. It would also be nice to reduce the errors 
on the combination m 2 / m 2 C O S 2 8 to see how close it is to 1, and thereby (recall15) 
equation (26)) get a useful constraint on the fermion mass spectrum. For this 
purpose, detailed measurements at the Z° peak must be combined with precise 
measurements of the e^e- •+ W +W~ threshold. 
5. Decays Involving Higgs Bosons 

The previous section dealt with the relatively common decays of the Z° 
into fermion pairs. What other important decays of the Z° are expected? Other 
members of the elementary particle zoo include the W- and the Higgs particles. 
Decays into the W* are expected to be very rare: in the Weinberg-Salam model with 
sin29W = 0.35 so that = 62 GeV, m z = 80 GeV, it was found 2 9' 2) that 

r(Z° -v W~e+v) - 3 x 10~ 7 GeV (52) 
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Figure 5 : The expected dominant decay mode Q qqq of a heavy quark. 

Figure 7 : The dominant diagram for Z° •* H°l+1 
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and the presently preferred value of sin 26 w =0.20 would imply a still smaller 
decay rate. So we turn to the detection of Higgs bosons. Their importance has 
been adequately stressed in the literature30). Higgs bosons play the essential 
rôle in generating the spontaneous symmetry breaking necessary to realistic renor-
malizable weak interaction models. Verification of their existence is therefore 
a crucial test of the entire gauge theory approach to weak interactions. Other 
promising ways of looking for Higgs bosons have been proposed which involve either 
lower e +e - centre-of-mass energies (e.g. the decay of a vector meson V -*- H + y 3 1^ 
or higher centre-of-mass energies (e.g. the reaction e +e~ Z° + H 3°) . What are 
the possibilities in Z° decays? 

Z° - 11° + y +u~ or e +e~ 

This decay would proceed via the diagram shown in Fig. 7. In terms of 
the variable x = 2E„. , the decay spectrum has been computed3) to be: Higgs/n^ 1 v v 

The resulting total branching ratio is plotted in Fig. 8. We see that for 
irLj < AO GeV, the branching ratio B(Z° -* H 0 ^ " ) is > 3 x 10 - 6. This may give an 
acceptable rate if one can indeed do experiments with tens of millions of Z° 
decays, though more thought about backgrounds is required. The signature for 
Higgs decays is its propensity for decaying into the heaviest fermions available: 
H ->- QQ, which snould mean that its final states will contain an unusually high 
fraction of prompt decay leptons, and tend to have fatter jets on average than 
in the e +e - continuum. 

Z° -v H° + v 

The branching ratio for this process has recently been calculated32) 
It was found that 

r(Z° H° + Y) / m 2 

8 x 10~ 5 ( 1 - -f ) (l + 0.17 -3; ) (54) 
r ( z ° - uV) V mz ) ' ( — Í ) 

for sin2e = 0.20. We therefore see that B(Z° -> H + Y) * B(Z° -> H° Ä + J l ) for w 
iiij á 0.6 m z (see Fig. 8), with a total branching ratio B(Z° -*• H y) ~ (1 to 2) x 10~ 6. 
The final state may be cleaner than in the H°i,+£~ case, which could be polluted 
by decays involving heavy quarks and their subsequent semileptonic decays. On the 
other hand, the H°Y final state may be confused with the radiative reaction 
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Z° f qqy which occurs in lower order in a than Z° -*• qq Û ST. This background can 
be reliably computed in QCD 3 3) and should enable a reliable assessment of the 
gravity of this potential background. 

Z° - H +H~ 

The previous two reactions involved the single neutral Higgs boson found 
in the minimal Weinberg-Salam model where symmetry breaking is obtained from just 
one Higgs multiplet. If there are more than one Higgs multiplet, there will be 
additional physical charged Higgs bosons, as well as extra neutral ones. The 
decay rate 

G m 3 

r<z° H V ) , (55) 

for charged Higgs particles with m^ « nî /j» corresponding to a branching ratio 
at the percent level. One might guess that each charged Higgs particle may like 
to decay into pairs of heavy quarks: H + -*• QQ 1? resulting in distinctive final 
states which should be detectable if H* exist. 

Z° ->• H°H 2 

If there is only one Higgs multiplet and hence only one neutral Higgs 
boson, the decay Z° H°H° is forbidden by Bose symmetry. On the other hand, if 
there is more than one Higgs multiplet and hence more than one neutral Higgs boson, 
decays like Z° •*• H^H° become possible, and might have branching ratios up to the 
percent level. As in the case of Z° H+H" , decays into heavy quarks might pro
vide a useful signature for such final states. 

6. Summary 

Theoretical studies of the Z° peak in e +e~ annihilation suggest the 
following conclusions: 

a) Large event rates can be expected near the Z° peak, which should enable 
precision measurements of important fundamental parameters like m^, T^, the 
neutral current couplings of fermions, sin 26 w, etc. 

b) One should also be able to search for rare decay modes of great interest, 
such as the Higgs boson processes Z° H°Z+î,-, Z° -»• H°y. 

c) Combining Z° width and mass measurements one should be able to determine the 
complete fermion spectrum: the number of neutrinos, the possible existence 
of massive fermions, copious decays into fermions with masses < ">2/2' 

d) A topic not emphasized here, but discussed elsewhere8), is the possibility 
of detailed strong interaction studies with tens of millions of events at 
Q 2 ~ 101* GeV2 - a cornucopia not available in any other way. 
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Of course we hope for and expect surprises, but even the above minimal 
shopping list of predictable physics suggests that the "Z° factory" aspect of LEP 
should be a copious source of new physics. 
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Weak Interactions Beyond the 7. Pole(s) 

Mary K. Gaillard 

CERN and Laboratoire de Physique Théorique 
et Particules Elémentaires, Orsay 

Most theorists now believe that weak, electromagnetic and strong inter
actions are described by gauge theories: the leading candidate for the strong 
interactions is quantum chromodynamics1) (QCD), unbroken colour SU(3); for the 
electroweak interactions the minimal model is that of Weinberg—Salam2)• More 
generally I shall refer to the electroweak gauge theory as quantum asthenodynamics; 

(QAD: the Greek word aoSevns means "weak, without strength"). 

So far we have acquired a certain amount of indirect evidence that gauge 
theories are relevant to nature: the anomalous dimensions of the deep inelastic 
structure functions measured in BEBC1*) agree with those predicted in QCD; QAD is 
supported experimentally by the verification of both the Weinberg-Salam2) and 
GLM5) predictions. The anticipated discoveries of the \i-Z in forthcoming facili
ties will provide even more compelling evidence. However, at least in the case of 
QAD, these data provide evidence only for couplings of vector bosons to fermions 
which obey certain symmetry requirements. The property specific to a locally 
gauge invariant theory is the self interactions of vector bosons: trilinear and 
quadrilinear vector couplings characterized by the same strength as the vector-
fermion couplings. Isolation of these couplings would provide direct evidence 
for gauge theories. 

For QCD, isolation of tri- and quadrilinear gluon vertices is in 
principle possible in, for example, high p t jet production in hadronic collisions 
or in onium decay. However interpretation of such data will be difficult to say 
the least. Here I shall be concerned with the self interactions of the heavy 
vector bosons of QAD as well as a second signature, unique to spontaneously broken 
gauge theories: The Higgs boson. 

1. The Trilinear Boson Couplings of QAD 

The obvious way to measure the ZW+W~ and yW +W - vertices in e +e~ colli
sions is via the annihilation diagram of Figure 1. As this requires a machine 
energy above the W +W~ threshold, one may ask if there are means of studying these 
vertices at lower energy. Candidate processes for probing the yWW vertex are de
picted in Figure 2. The total cross-section for the process 

e +e" e± + W T + v, (1) 

including the contribution of Figure 2.a) has been calculated5'7) and found to 
have a very small cross-section for energies below threshold. 
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Figure 3 : Z decay channel which might probe the ZWW vertex. 
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For example, in the Weinberg-Salam model with sin 29 w = 0.20, my ^ 84 GeV, the 
cross-section at /s = 150 GeV, i.e. nearly at 2W threshold, is only 

r(e+e~ ->• Wev) - 8 x 10" 3 8 cm 2 (2) 

considerably lower than the W-pair production cross-section just above threshold, 
and Calls rapidly at lower energies. The contribution of Figure 2.b) to the pro
cess 

e + e - ->. YV ev e (3) 

has not been calculated, but is expected8) to be similar to (1) in order of magni
tude. Therefore, unless there are very large deviations from the QAD couplings, 
Lhesu processes do not seem to provide useful probes. 

A possible probe of the ZWW vertex is through the decay of the Z into 
one real and one virtual W 

Z - W + "W" _ (4) 
- ff', 

shown in Figure 3. The branching ratio for this process in the Weinberg-Salam 
model with currently accepted parameters has been found to be 9) 

r (z - w + x ) / r z - i o ~ 7 (5) 

giving a cross-section at the Z peak 

a . (e+e~ -> W + X) - 10~ 3 8 cm (6) pk 
which is at the limit of detectable rates. 

We are therefore led to consider W pair production 

e+e" •+ W+W - (7) 
as the only sensitive probe of trilinear vector boson couplings. The total 
cross-section, calculated9) in the Weinberg-Salam model for several values of 
sin 70 w, is shown as a function of energy in Figure 4. For sin 29 w =0.20 the 
threshold will be higher (/s = 170 GeV), but the cross-section will peak (at 
about /s = 200 GeV) at a higher value. In addition to the "interesting" annihila
tion processes of Figure 1, there is a contribution from the "uninteresting" 
neutrino exchange diagram of Figure 5.a) - uninteresting in the sense that the 
couplings involved are already known from low energy data. Unfortunately, this 
gives the dominant contribution for energies not far above threshold as seen in 
Figure 6, where different contributions9) to the cross-section are plotted 
separately. However, Figure 6 also illustrates the sensitivity of the total 
cross-section to the delicate cancellations required by a gauge theory, each of 
the interference terms gives a negative contribution comparable in magnitude to 
the square of each contribution. 
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Figure 4 : Cross-section9) for e +e~ W +W~ in the Weinberg-Salam model. 
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Karel Gaemmers has explained in detail how the use of longitudinally 
polarized beams together with measurements of W polarizations through the angular 
distributions of their decay products allows the experimental separation of dif
ferent contributions to the cross-section 1. I shall discuss instead what infor
mation can be extracted without the benefit of polarization. Discarding the 
possibility of the exchange of a doubly charged fermion as in Figure 5.b), 
there are only two independent amplitudes at fixed energy in any gauge model. 
This is because the form of the trilinear vector boson coupling is uniquely deter
mined by the requirement of renormalizability. The annihilation amplitude, 
Figure 1, can differ from one gauge model to another only by the coupling strengths 
and the number and masses of the exchanged neutral bosons. The exchange annihila
tion and interference contributions to the total cross-section can be written, 
respectively, in the form: 

do 
Si- (s, 6) = M is) F, (s,6) 

ex i dcos6 
do 

52- (s, 9) = M (s) F 2 (s,6) (7) 
dcosö 
do. 

(s, e ) = M. n t(s) F 3 (s , e ) 
dcosö 

where the angular functions9^ F^(s,8) are model independent; the model dependence, 
including boson propagators is contained in the amplitudes M(s), which can in 
principle be extracted from experiment by weighting the data with appropriate 
angular projection operators1^ G£(s,6): 

• 1 
dcose G ^ s . e ) F-(s ,e) = s . . . (8) 

-i 
The angular dependence of the F^ and G£ is plotted in Figure 7 for different 
values of r = s/4 My2- As an exercise to test the sensitivity of a prototype ex
periment, a gend nken experiment11^ was done at 10 values of r assuming the true 
model to be Weinberg-Salam with sin 28 w = 3/8 and 250 running hours, or 100 events, 
per r-value. The resultant error bars are shown in Figure 8, along with theore
tical values of the amplitudes M for a variety of models and two values of sin26 . 

w 
Most of these models are by now experimentally disfavoured, but Fig. 8 serves to 
illustrate a few points. 
(a) Unless there is a Z° with mass above or just below the WW threshold (e.f. 
model c with sin20 = 3/8) the energy dependence of the amplitudes is very insensi
tive to the Z propagators. (On the other hand it is sensitive to substantial de
viations from the gauge theory three-vector vertex). It would therefore seem more 
profitable to accumulate data at the maximum cross-section energy which is about 
200 GeV in the centre-of-mass for a W mass of 85 GeV. 
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(i.; A right-handed ev'W coupling (Kyi « Mw) doubles the exchange cross-section 
and is therefore clearly discernable. Different models for the annihilation 
channel vill be harder to disentangle, and the annihilation exchange interference 
amplitude appears to provide the best probe of the Z° couplings. 

The curves in Figure 8 were plotted assuming a branching ratio of 20% 
for the trigger channel. The properties of the W are of course model-dependent; 
we shall recall its properties in the Weinberg-Salam model. The W mass is given 
by: 

h , 
— - 84 GeV, for sin 29 w = 0.2 (8) 
S i n e 

w -te) 
The partial decay width for W -»• ev e is 

G M 3 

r(W" e~vj= • • * 230 MeV, for sin29 , = 0.2 (9) 
•26n 

giving a total width of 

r w = 4N T(W -v ev) - 900 MeV x N, for sin 29 w =0.2 (10) 

when N is both the number of lepton doublets and the number of coloured quark 
doublets. We now know that if this model is correct we must have at least N = 3, 
giving 

r w - 2.7 GeV (11) 

The leptonic branching ratio is 

B(PV) = B ( j i v ) = B(TV) = = , for N = 3 (12) 

(provided m t << m^; in this model 1/12 is therefore the upper limit for the lep
tonic branching ratio. 

If the trigger for W-pair production is either one ev or one pv decay, 
with one hadronic decay required for mass reconstruction, the effective branching 
ratio is 1/8 - or 1/4 if the experiment can trigger on both muons and electrons. 
A much higher counting rate will be obtained if 4-jet events can be used as a 
trigger. Our present ideas 1 2) about perturbative QCD, as well as the jets observed 
at DESY at a c.m. energy of about 10 GeV, suggest that a purely hadronic trigger 
should indeed be feasible. 

2. The Quadrilinear Boson Coupling 

The quadrilinear boson coupling (Figure 9) can in principle be probed 
by the processes (Figure 10) 

e +e~ -i- W + W " Y (13) 
and 
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Figure 8 : Predicted energy dependence11-' of the amplitudes M(s) defined in eq. (7) 
for several models: (a) photon and v exchange only; (b) Weinberg-Salam; 
(c) SU(2) L x SU(2) R x U,; (d) SU(2) x U(l) with an (e R, v R) weak doublet; 
solid lines: sin26 = 3/8; broken lines: sin26„ = 1/4. 
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e +e -»• W+We+e - (14) 

which have been studied by Renard14^ . The contribution of the diagram of 
Figure 10(a) to the cross-section for the process (13) is shown in Figure 11. 
It peaks at a value 

a ; 2 x 1 0 3 7 cm 2 (15) max 

at c.m. energy 

/s = 4 % - M Z
2/4M W , ^(4 - -¿o—) * 310 GeV (16) 

in the Weinberg-Salam model with sin29y =0.2. 

For /s £ 200 GeV, the cross-section is only a few x 10~ 3 8 cm2 and pro
bably not observable, but such a study might become feasible if the energy is 
pushed slightly higher. Other contributions to the process (13) are shown in 
Figure 11. The (for present purposes uninterestingI) trilinear vertex contribu
tions from diagrams like Figure 12(a) could be eliminated if the beams were longi
tudinally polarized, and the electron bremsstrahlung contribution of Figure 12(b) 
can be suppressed by excluding small angle photons. 

The two-photon process of Eq. (14) and Figure 10(b) does not appear 
promising. The cross-section for yy W +W~ is less than 1 0 - 3 5 cm 2, giving a 
cross-section for (14) less than 1 0 - 3 8 without electron tagging. 

3. What is the Higgs Particle? 

The second characteristic of a spontaneously broken gauge theory is the 
Higgs particle, and I will briefly recall its properties in the "minimal" Weinberg-
Salam model with just one physical Higgs boson. One starts with a gauge theory of 
massless fermions and vector bosons: the vector bosons are massless in order to 
preserve local gauge invariance, i.e. group transformations which differ from one 
space-time point to another; the fermions are massless because the gauge group 
is chiral: left and right helicity components transform differently and must 
therefore be decoupled. This theory is renormalizable and wrong: it does not 
describe the real world. To cure this one adds scalar particles with gauge in
variant couplings to fermions, vector bosons and each other. The minimal scalar 
content which can account for the observed mass spectrum is a complex scalar 
doublet: 

(17) 

Its self-couplings specify the "Higgs potential": 

v(°>) = - y 2 | ( t . 2 | + Al**! (18) 



- 647 -

Figure 9 : Quadrilinear vector boson vertex in lowest order. 

Figure 11 : Contribution of the diagram of Figure 10(a) to the cross-section 
for e +e~ -*• W +W~Y-

Figure 12 : Trilinear vector coupling contributions to the process e e~ -*• W + W ~ Y . 
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m m a v , 
V(Q»-*V'(Q>') : — 

3<j>' 
= 0 (20) 

i ' = 0 

Now, we started with a complex doublet field which contains four real 
fields. After symmetry breaking the W +, W~ and Z will acquire a mass, and there
fore a longitudinal component of polarization. These additional degrees of free
dom are provided by three of the scalar fields: 

• +, T = $ +, x s C*° - *°)//2 (21) 

which disappear from the theory as physical particles. I. remains one scalar 
degree of freedom which must necessarily appear as a physical particle. We write 

I T = H + v (22) 

where H is the physical Higgs field and v is the vacuum expectation value of the 
field o> which can always be chosen real: 

o 
• . - — - * . . (23) m m ^2 m m 

The Higgs potential (18) depends only on | i ¡ > | 2 ; the direction in SU(2) space cho
sen by <t>m£n is what explicitely breaks the symmetry. Since we know that electric 
charge remains conserved in nature, o> . must be of the form (23). ° T m m 

To see how the fermions and vector mesons of the theory acquire masses, 
we look at their primary couplings to the scalar doublet <(>, or more particularly 
its neutral component. For fermions there are Yukawa couplings of the form: 

Ly • «*° + h- c-> < 2 4> 
which, after the redefinition (22) becomes 

Ly = g f iff(H + v) £ g f HffH + m fff (25) 

A fermion mass term has appeared, related to the Yukawa coupling of the physical 
scalar H by 

= m,/v = g^. (26) 

which, for v 2 > 0, has an absolute minimum at non-zero field strength: 

Wain"" 2 ' 2* H T" ̂  °* ( 1 9 ) 

In order to apply conventional perturbation theory we must redefine the Higgs 
field so that the vacuum (minimum potential) corresponds to zero field strength: 



- 649 -

Vector boson -masses arise from the gauge couplings 

| ( 3 p
 + ig (o/2 ) -S y + i B y) d> ¡ 2 (27) 

where Vv> and are the triplet and singlet respectively, of SU(2)^ x U(l). For 
example there is a quartic coupling term in (27): 

2 2 
4r W + W _ U 0 | 2 = 4-w+w"(H2 + 2vH + v 2) 

(28) 

giving the relation between mass and coupling constant; 

«WH = 2 N W 2 / V = 8 2 v / 2 - ( 2 9 ) 

Since we know the Fermi constant from experiment 
p.2 10~ 5 

GF//2 = = — (30) 
SM^ J2 M 2 

we have a determination of the vacuum expectation value v 

v 2 = 4M w
2/g 2 = (/2G F) _ 1 (31) 

which in turn specifies the coupling to any matter or gauge particle: 

SfH = T = 3' 8 * 1 0 ' 3 Mf/M p
 ( 3 2 ( a ) ) 

for any fermion f, and 

SVH = 2 M V ^ = 3 ' 8 X 1 0 ~ 3 * 2 ^ / M p
 ( 3 2 ( b ) ) 

for any (complex) vector particle V (for real vector fields the coupling is half 
of (32(b)). 

Equations (32) represent the physics of the Higgs particle15^. Their 
immediate implications are 

a) the Higgs particle will be most copiously produced in association with heavy 
particles, and 

b) the Higgs particle will decay preferentially into the heaviest kinematically 
available particle). 

If light enough, the Higgs particle can be produced in the decays of 
heavy aprticles; examples are Z-decay 

Z H + 1+SC (33(a) 
and the decay of heavy onia 

V(QQ) -> H + y (33(b) 
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as discussed in Lhe review by J. Ellis, later in tnu. paper. IE it is not light 
enough to appear as a decay product, one will have L11 look, tur Higgs bremsstrah
lung1 5 ) in heavy particle production as shown in Figure 13. 

For Higgs masses pertinent to LEP (i.e. which forbid production via 
decays as in (33)), the cross-section15^ for heavy fermion pair production with 
Higgs bremsstrahlung (Figure 13.b)) appears t o be t o o small t o be useful 
(.% 10 3 8 cm 2), and the most promising production mode for a Higgs of mass greater 
than AO GeV or so is via Bremsstrahlung from a virtual 2°, Figure 13.a) . Cross-
sections1 7 ) fot different masses and energies are shown in Figure 14, calculated 
in the Weinberg-Salam model with sin*-̂  = .ZU - .27. An advantage o f this mecha
nism is that it provides a very clear signal via the leptonic decays Z° -+ e +e~ or 
p"*"u ; fhe Higgs particle can be detected by looking for a peak in the recoil mass . 
However as the leptonic branching ratio is expected to be rather small 

B(uu) = B(ee) = 3% 
if there are no more than three lepton and quark doublets with mass less than 
^2/2' ^ L m a y ' 3 e necessary to try to select the Z via its two-jet jadronic decay 
in order to gain in rate if Mu_ ï 30 GeV. The Higgs decays will be messy; they 
will probably contain a relatively high percentage of leptons from heavy quark 
and/or lepton cascade decays and may have a two-jet structure, depending on the 
relative mass of the Higgs meson and its primary decay product. 

4. What is the Mass of the Higgs Particle? 

Making the substitution (22) in the Higgs potential (18) we get 

V(*) -> V(H + v) =-^-(11 + v ) 2 + ~ (H + v)1* 

= M2(H 2 + il 3 + ~z »'•) (34) 

where we have usad the relation (19). The potential (34) determines the Higgs 
self Couplings as well as its mass 

Mj,-" = 2u 2 = 2\v2 (35) 

in terms of an arbitrary parameter of the model: u 2 or X. In fact, the self 
coupling constant \ is not completely arbitrary, since radiative corrections in
duce effective self couplings (Figure 15) which are calculable, and it has been 
shown 1 8) that the stability of the vacuum, i.e. the requirement that | cf> | = v 2/2 
be an absolute minimum: 

V(v2/2) - V(0) < 0 (36) 

imposes a lower bound on the mass of the physical Higgs particle 

MJJ * 9 GeV (37) 
in the Weinberg-Salam model with sin26 = 0.2. The bound (37) is not iron-clad. 



Figure 13 : Higgs production via Bremsstrahlung from a heavy vector meson (a) 
or a fermion (b). 
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Figure 14 : The cross-section17) for e +e" ->• Z + H relative to the QED cross-
section or e +e~ u +u~ as a function of the Higgs mass and for several 
values of the c.m. energy. The error bars include the range of values 
0.22 < sin29 < 0.29. - w -
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It could be violated if: 

(a) the physical vacuum is not an absolute minimum of the potential. In this 
case vacuum tunneling could occur, and the age of the universe hounds the tunne
ling amplitude; if the potential difference (36) is positive, it cannot be too 
large 1 9). This gives2") 

MJJ > 300 MeV. (38) 

(b) there is a fermion with mass comparable to the W and Z masses; the fermion 
loop of Figure 15.b) contributes with opposite sign to the vector boson loop of 
Figuro 15.a) and could cancel the effect (recall: coupling « physical mass). 

(c) the Higgs sector is more complicated. If one adds more Higgs doublets to 
the Weinberg-Salam model, the bound (37) applies only to the heaviest physical 
state. 

It would be more useful to LEP studies if we could bound the Higgs mass 
from above rather than from below. However, the only upper bound at present is 
a philosophical one. From Eq. (35) we see that if we let the Higgs mass become 
arbitrarily large, the coupling constant 

X = >L//2v (39) 

also becomes large, inducing arbitrarily large couplings of the Higgs meson to 
itself and to longitudinally polarized vector mesons. While the theory remains 
technically renormalizable, it becomes practically uncalculable. If we simply 
demand that the perturbation expansion converge, 

A2/4ir2 « 1 (40) 

we obtain a bound 

My « /SÜ v= 1.2 TeV. (41) 

A more meaningful question is: at what energy must we see either the 
Higgs particle or the effects of a large self coupling? As stressed by Veltman, 
if MJJ i 300 GeV, renormalization effects due to Higgs exchange may become obser
vable (- 10%) at a centre of mass energy /s = 300 GeV. In an alternative approach, 
other authors21) have considered the scattering of longitudinally polarized W's. 
The J = 0 partial wave amplitude for w ^ W L c l a s t ^ - c scattering in the tree approxi
mation is shown in Figure 16 for My = 300 GeV and 1.2 TeV. For the lower mass, 
the amplitude remains well below the unitarity bound t° < 1 except at s = M^ 2 when 
the finite decay width will regularize it. However for M^ ; 1.2 TeV, partial wave 
elastic unitarity is violated in the tree approximation. This means that the tree 
approximation fails and one encounters a strong interaction problem in the H, 
W*, Z^ sector and one may anticipate bound states and Regge trajectories as in 
low energy hadronic physics. Whether any of these objects will fall in an energy 
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range accessible at LEP is under study 2 2). A more modest question is whether final 
state W+W - interactions due to Higgs exchange might be important (say è 10%), pro
viding a probe of Higgs masses above threshold. Unfortunately, the J = 0 channel, 
where this can indeed be the case, is not accessible in e+e - — W+W - because of 
helicity conservation for the quasi-mass less electrons (related to the effective 
decoupling of the Higgs from the electron in the minimal model). A study of the 
full radiative corrections to e+e - W+W - which might disclose some sensitivity 

1 3 ) 

to high mass Higgs exchange is under way-''. 
5 . Complex Higgs Sectors 

A priori there is a compleLe arbitrariness in the specialization of 
the Higgs sector. However, experiment already tells us that the relation of the 
Weinberg angle (which specifies the admixture of the V-A weak isospin and the 
vector electromagnetic currents in the weakly coupled neutral current) to the 
vector boson masses (which specify the magnitude of the effective fermi couplings) 
agrees with the prediction of the minimal model 

M 2 cos26 
= i (42) 

to within about five per cent. In a general model with Higgs mesons if weak 
isospin (I^, l3¿) &nd vacuum expectation values vj, one has 

M 2 cos29 2 I I,2 v. 2 

Z 3i 1 

"w 2 1(1(1 + 1) -I 3
2)v i

2 
(43) 

The right hand side of (43) is unity for I = \; the next lowest multiplet2'') which 
gives unity is 1 = 3, I^ = 12. Since the member with v. 0 is necessarily neutral, 
the latter case would involve a typical Higgs boson with charge joj = 5 . The 
next lowest multiplet after I = 3 is 1 = 25/2, I = +15/2, which would require a 
physical particle with |Q| = 20! While such objects, if not too heavy, would 
imply spectacular physics at LEP, I shall dismiss them as implausible and consider 
only Higgs multiplets with I = \. Then the only open question is the number of 
such multiplets. 

If there are more than one lliggs doublet, their couplings are not 
uniquely specified. Instead of Eqs. (28) and (29) one gets 

V -Í ï v i 2 ' I SMB . i = K Í l ^ H w ( 4 4 > 1 

which means that the coupling of each Higgs meson to the W is smaller than in the 
minimal model. For fermions, one gets instead of (25) and (26) 



Mf = r 8f*i Vi 8fH. = «f*. ( 4 5 ) 

Since the signs of the and the are arbitrary, there are no inequalities 
bounding the Yukawa couplings which are a priori arbitrarily large. In addition, 
as mentioned above, in a model with more than one Uiggs doublet, the lower bound 
on the Higgs mass applies only to the heaviest state. Therefore, in a more 
general model one can have arbitrarily light Higgs mesons with arbitrarily strong 
couplings to fermions. 

However, the Yukawa coupling constant is really a coupling matrix: 

gff - g ^ f V (MS) 

where a and ß are flavour indices, giving rise to a mass matrix 

M" 6 = Zv. g;? (47) 

which must be diagionalized to define the strong interaction eigenstates. The 
transformation which diagonalizes the matrix (47) will not in general diagonalize 
the separate coupling matrices g ^ and one expects flavour changing, hadronic 
charge conserving, transitions. It was precisely to prevent such transitions that 
charm was conceived, and to remain consistant with the observed suppression of 
AS £ 0, AQ = 0, one must impose 

My 2 i G~l - (300 GeV) 2 (48) 

which is edging into the realm of a strongly interacting Higgs sector. This prob
lem can be evaded by imposing an extra symmetry which inhibits flavour mixing in 
the Higgs sector; one such example is the axion 2 5^. 

Generally, if there are N weak doublets of Higgs particles in the 
Weinberg-Salam model, there will be N - 1 physical states with Q = +1 and with 
Q = -1 (one of each having become longitudinal components of W-), and 2N - 1 neu
tral states (one having been similarly eaten by the 2°). Predictions of their 
specific properties are highly model dependent, but one would expect their 
couplings to violate e, u, T, ... universality. Charged Higgs production could 
occur in e +e annihilation via the usual one-photon exchange process (Figure 17.a)) 
and would be characterized by a change in R of one quarter unit and a p-wave 
threshold behaviour. 

If the coupling to electrons were anomolously larger for some neutral 
Higgs boson it might be visible as a direct channel resonance (Figure 17.b)). 
If longitudinally polarized beams are feasible, a sensitive probe for such objects 
would be scattering in the "wrong" helicity channel, 

eR eR ° r eL eL "* a n v C h i n 8 (49) 
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Figure 18 : Non-conventional t-channel exchange process. 
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which excludes conventional channels except for photon-photon scattering processes 
and elastic electron scattering. A signal for the process (49) with no final 
state electrons and with relative cross-section » 0(m e

2/s) would imply either a 
non-conventional Higgs sector or a non-conventional t-channel exchange process as 
depicted in Figure 18. The latter processes are in themselves interesting to 
look for, and they are asymptotically (s » m x

2 ) favoured relative to s-channel 
exchange processes: 

o f/o. —»• 3 s • x coupling ratio (50) 
s » m* , . m £ 

exchanged e x 

In the conventional theory, the only allowed final states in t-channel exchange 
processes are (L^, Lj) = (e +, e~) or (v

e, v
e ) • moral is then that, whatever 

the true theory, scattering in the "wrong" polarization channel would be a sensi
tive probe of new phenomena if the two-photon scattering background can be elimina
ted. 

6. New Things 

What new phenomena might we hope for beyond the verification of strong 
and electro-weak gauge theories? We have at present virtually no understanding 
of the fermion mass spectrum. If new lepton and quark states were discovered, 
there might emerge some discernable pattern of masses and mixing angles which 
would give us a clue to this problem. It is also widely speculated that a 
larger, "grand unified", gauge group underlies the presently "observed" 
s u ^ ) colour S s u ( 2 ) ^ ß' u(l) gauge group. It might be hoped that higher energies 
will begin to probe these additional couplings. 

The most pessimistic picture for LEP is that the minimal "grand unified" 
model 2 6) is the correct one. This model has met with some phenomenological 
success in that it predicts27) 

sin26 = 0.20 ± 0.01 w 
m - 500 MeV (51) s 

- (5 - 6) GeV 

when the mass predictions refer to "constituent" s and b quarks and if there are 
only six quark flavours. The "unification mass", i.e. the energy at which new 
interactions become comparable to the usual electro-weak ones, is of the order of 
1 0 1 5 GeV. This picture then predicts that absolutely nothing will happen between 
present energies and 10 1 5 GeV except for the discoveries of the t-quark, the inter
mediate bosons, W-H, Z, of the Weinberg-Salam model, and possibly one or more Higgs 
bosons. The only open questions, experimentally, are how many Higgs bosons 
are there, and what are their masses. (In addition one might observe proton 
decay with sufficient effort but this is not an experiment for LEP!) 



Figure 19 : Pair production and annihilation of (real or virtual) 

(a) electrically charged colour SU(3) monopoles, and 

(b) magnetic monopoles for /s ~ 2 m^. 
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However, nature may not choose to he so boring, and one can imagine 
more colourful possibilities. For example, the grand unified model proposed by 
Pati and Salam 2 8) is (SUC4)}1* with a multitude of observable phenomena: liberated 
quarks and gluons, more W's and Z's (but with masses > 300 GeV from low energy 
phenomenology and probably29) 5 1 TeV if arguments from astrophysics are taken 
into account). The "unification mass" in this model is of the order of 10" GeV, 
much better than 1 0 1 5 for experimentalists (but still with a tiny effective Fermi 
coupling constant at LEP). One amusing possibility of this model313) is the poten
tial existence of SU(3) , monopoles with mass 

colour r 

m 
m M

 Ê - 100 GeV 
M a 

s 
if the gluon mass is m^ - 10 GeV as has been conjectured. The monopole would 
couple to gluons with coupling rtrength 0(l/ag) so one could expect a splash of 
gluons (hadrons) near threshold for e +e~ ->• 2 monopoles via the electric charge 
coupling of the monopoles (Figure 19.a)) (whether such objects really exist in 
the theory depends on the details of the Higgs mechanism which gives the gluons 
their masses). 

An even more spectacular phenomenon could be the production of "conven
tional" electromagnetic monopoles since they couple to photons with strength 
0(l/e) and would give a very large jump in R via, for example, the two-photon 
production process of Figure 19.b) followed by anniliilation (near threshold) into 
a multi-photon final state. (However, there are cosmological arguments31) which 
tend to rub out electromagnetic monopoles of accessible masses.) 

Another exotic possibility is that super-symmetric theories are related 
to the real world, in which case one expects exotic partners32) of all known par
ticles. The most relevant such objects for LEP would be the scalar partners of 
leptons33) which could be pair-produced and would subsequently decay into other 
new objects 

e +e- s e + 5 e 

U. e + + new fermions 
—>• e~ + new fermions 

Such events would appear as heavy leptons in their signatures, but would be dis
tinguishable via their kinematics. 

It should be clear that whatever surprises may or may not await us, 
even the most "boring" physics beyond the Z('s) - isolation of the multiboson 
couplings and probes of the Higgs sector - is of prime importance. 
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Testing Strong Interaction Theories 

John Ellis 

CERN, Geneva 

1. Alternative Theories of the Strong Interactions 

You sometimes get the impression these days that there is only one 
theory of the strong interactions, namely Quantum Chromodynamics (QCD)1). There 
is merit to this view, but conclusive evidence of its truth and applicability to 
Che real world is not yet available, so we are forced to entertain possible alter
native theories, at least for a while. To generate these possibilities, let us 
go through the process of conceptual logic which leads one to QCD, and ask what 
alternatives exist at each stage of the logical development. 

Most theorists believe that the strong interactions are described by 
field theory. The reasons for this are, first that the other fundamental interac
tions are well described by field theories, and secondly that field theory is a 
tight framework with well-defined calculated rules enabling one to make hard and 
fast predictions2), the essence of a scientific theory. The applicability of 
field theory to the strong interactions can of course be doubted. While QED is 
one of the most successful of physical theories, no conclusive evidence yet 
exists of the field-theoretical nature of the weak interactions, and our only 
knowledge of gravity is purely classical, with no evidence for quantum field 
theoretic aspects such as the graviton or a higher order quantum correction. 
Alternatives to field theory usually resemble the naïve parton model which had 
strong interactions cut off arbitrarily at small distances3). Quite often 
strings") (or bags5) which can be elongated to look like strings at high momentum 
transfers) are postulated, which join together quarks or partons. 

Field theories contain gluons. Clearly we need some force to hold 
quarks together in hadrons. In order to be calculable, a field theory must be 
renormalizable, and the only known way to give quarks renormalizable interactions 
is to couple them to bosonic gluons (see Figure l.a)). Furthermore, renormaliza-
bility stipulates that these bosons have either spin 0 or spin 1 - two viable al
ternatives, with QCD belonging to the second class. 

Coupling constraints are scale-dependent. Suppose one considers a 
theory with a single coupling constant g. Higher order corrections (as in 
Figure l.b)) will renormalize this coupling, and they will vary with the scale 
at which it is measured - say the momentum transfer Q 2: 

g •* g + A3g3X,nQ2 + A 5g 5 Zn 2Q 2 + ( 1 ) 
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These corrections can be absorbed into the definition of a Q--dependent effective 
coupling constant g(Q 2) 6). Since we will be interested at LEP in momenta which 
are large on a typical hadronic scale, we then ask how g(Q2) varies as Q 2 ->• ». 
Other possibilities exist, but let us assume that some limit g* exists6). Then 
we have three alternatives. Perhaps g* = 0: such a theory is called asymptoti
cally free, and QCD is the only example among renormalizable field theories1). 
Perhaps g* j¡ 0: such theories are known as fixed point theories, and examples 
are known which combine vector and scalar gluons. Perhaps g* = ™: no field 
theory is known to have this property, because no-one knows how to do reliable 
calculations in theories with large coupling constants. 

These various alternatives are shown in Figure 2, with the various 
statements underlined above formulated as questions in a sort of logical flow 
chart. Alternative theories are generated by different answers to these various 
questions. 

2. Crucial Experimental Tests 

We are here concerned with e +e~ annihilation at high energies. In 
order to discuss tests of strong interaction theories in such reactions, it is 
convenient to divide the centre-of-mass energy range available into four parts 
as in Figure 3, and discuss in turn the strong interaction studies possible in 
each region. The four regions in Figure 3 are located relative to a new heavy 
QQ threshold, and are the subthreshold region of new QQ onia, the threshold region 
of quasi-elastic production of new Q-old q raeson-antimeson pairs, a continuum 
region where theories may be applied to the total cross-section and to inclusive 
hadron cross-sections but the phase space is perhaps not sufficient for the expec
ted jet structure to have emerged, and finally the high-energy region where 
jet structure may be clearly seen. We will now sketch briefly the predictions of 
different categories of strong interaction theories for these regions, which are 
all summarized in Figure 2. 

2.1 Onia 

The best-known predictions for these bound states are the charmonium 
predictions of QCD 7). One eventually expects quasi-Coulombic spectroscopy, the 
widths of these states should get narrower at higher masses (the Zweig rule im
proves), there are many specific predictions for decay and transition rates, and 
the final states should contain gluon jets 6). By contrast, naïve quark-parton or 
string models, while perhaps expecting a steadily improving Zweig rule, would not 
expect gluon jets in onium final states, which generally might contain just a 
pair of normal light qq jets"). Field theories with fixed point couplings pre
sumably would not lead to the usual charmonium picture. With the coupling con
stant finite or infinite at large mass, there would be no justification for 
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(a) (b) 

Figure 1 : a) Quarks coupled via bosonic gluons with a coupling which is 
b) renormalÍ2ed by higher order graphs 

j u 

Figure 3 : The different regions of e +e~ centre-of-mass energy Q in which one 
make different tests of strong interaction theories, as shown in 
Figure 2 

Figure 4 : The fundamental process e e~ -»• qqg giving a three-jet final state 



Figure 2 : Different theories of the strong interactions, and crucial experimen
tal tests to distinguish them 
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applying perturbation theory, so no motivation for quasi-Coulombic spectroscopy or 
a steadily improving Zweig rule, let alone the dominance of a small number of 
gluon jets in the final state. Heavy QQ would be as complicated as the p or w. 

2.2 Threshold Region 

Many properties of heavy Qq mesons are calculable in QCD. One expects 
them to be produced in e e collisions wi th Z = 2E /Q = I 9 ) , that th eir weak r meson 
decay rates should be reliably calculable in terms of free quark diagrams, with 
Q qqq a n d q£v final states dominating with a calculable semileptonic branching 
ratio 1 0). If the quark Q is heavy enough, the nonleptonic final states should 
be populated with 6 light quark jets and probably be essentially like phase space 
close to threshold11), producing jumps in the average values of integrated quan
tities like spherocity or thrust 1 2). The lepton spectra in semileptonic heavy 
quark decays are also calculable from the free quark diagram with calculable 
strong radiative corrections10). In many ways, the production and decays of new 
heavy quarks would resemble that of new heavy leptons. This intuitive picture, 
based on the smallness of the strong interaction coupling at large mass, would 
presumably be even more valid in a naïve parton or related model where the coupling 
is cut off at large Q 2 9 ) By contrast, no such intuition would apply to theories 
with a non-zero fixed point, where the total decay rates, semileptonic branching 
ratios, leptonic spectra and final state jet structures would all be incalculable 
because of large strong radiative corrections. Heavy meson production and decay 
would be as complicated as the dynamics of K mesons. 

2.3 Continuum 

QCD expects1) that the hadron to muon total cross-section ratio 
« (Q2) 

R -> 3 I e 2 (1 + — + ...) , q TT 
Q 2 _ „ quarks ( 2 ) 

where a s (Q 2) = 

q 
12TT 

(33 - 2f) J>nQ2 

where f is the number of quark flavours. The inclusive hadron cross-sections are 
expected to exhibit logarithmic scaling violations very similar to those in deep 
inelastic structure functions1); 

*1 

j dZ Z n " 1 | | (e +e - hadron (Z) + X) 

Í 
1 

dZ x n " 2 F 2 (x, Q 2) 

\ 

- (Jin Q 2 r Yn (3) 

(x £ Q 2/2q-p t a r g e t) 
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for flavour non-singlet combinations, where 

4 
Y n ~ 33 - 2f L «(n + 1) j = 2 Jj (4) 

For comparison, the naïve parton model3) predicts also that 

R 3 Z e 2 (5) 
Q 2 -* » q ^ 

but with corrections generally suppressed by powers of Q 2. Also the model is ex
plicitly constructed to give exact scaling in inclusive hadron distributions, as 
well as in the Bjorken limit of deep inelastic scattering. Finally, theories with 
non-zero fixed point couplings generally predict that R constant as Q 2 •*• m , but 
see no reason why that constant should be 3 ? e 2. They predict violations 

quarks q q 
of scaling in inclusive hadron distributions and deep inelastic structure functions 
by powers of Q 2 

•1 
f dZ Z n " 1 | | (e+e~ hadron (Z) + X) 

Ai - C Q 2 r d n (6) i: dx x n " 2 F 2 (x, Q 2) 

The anomalous dimensions dn are not in general calculable. If however the fixed 
point coupling were small so that low order perturbation theory were still appli
cable, one would find 

2 n 1 

Í1 ; •—rr + 4. Z „ — for vector gluons 
n ( y 1) j = 2 j ( ? ) 

1 -, — r N for scalar gluons 
n(n + 1 ) ° 2.4 Jet Structure 

QCD predicts the dominance of 2-jet final states in e +e~ annihilation13»14) 
However, the p t transverse to the jet axes should not be limited: 

°- W Q 2 * - J l n Q 2 

In sufficiently extreme cases, the large p t will be manifested in the form of 
three-jet events13) (see Figure 4), with a cross-section 

1 d 2o 
- { 3 , ) { a - z ) a - z - ) j <9> o^ t . dZ dZ- V j . ^ / v ^ ~ i total q q \ / x q q 

In general there is a sort of jet perturbation theory with 

2 
g ( n i e t ) J-?)*1' (10) 
atotal W 
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Naïve partem or string models would also expect the dominance of 2-jet final 
states3'^), but corrections analogous to (8), (9) and (10) should rather be sup
pressed by powers of Q 2 as in large p t hadron-hadron collisions. By contrast, 
theories with a non-trivial fixed point would see no reason why 2-jet final states 
should dominate, instead 

N - ^ = 0(1) (11) 

and, assuming one would in fact have "jets", the multiple jet cross-sections would 
presumably all be 0(1) 1 5). 

3. Present Knowledge 

After the previous section's brief summary of the predictions of dif
ferent strong interaction theories, we will now look at the present evidence 
bearing on these predictions, to see whether any theory emerges as the most likely 
to be correct. 

3.1 Onia 

It seems that heavy QQ spectroscopy does indeed become simpler than that 
of the bound states of light quarks. The J/i); - iji' - P - x a n d T - T' - T 1' sys
tems begin to look qualitatively Coulombic, the Zweig rule is better for the J/ty 
than it was for the a), and non-relativistic quark models for radiative transitions 
seem to work well qualitatively in the charmonium system. It is known 1 6) that T 
hadronic final states have higher spherocity and lower thrust than the adjacent 
e +e~ continuum, and that events are consistent with the planar production of three 
gluons and their subsequent evolution into hadrons with finite p t. On the other 
hand, there are still problems with the quantitative analysis of charmonium spec
troscopy and decay rates, and there is as yet no conclusive evidence of the "smoking 
gluon", in the form of gluon jets'4) in T decays. Thus oniology qualitatively 
favours QCD over other strong interaction theories, but the evidence is still 
rather circumstantial. 

3.2 Threshold Region 

As far as D-meson production is concerned, there is some evidence from 
neutrino collisions that the c quark •*• D meson fragmentation function is flatter 
than that for u or d quarks •> T T 1 7 ) , but no such evidence from e +e~ collisions. As 
for D-meson decays, there is evidence16) that the decay rate is within a factor 2 
of the expectation of a suitably sophisticated free quark calculation19), and 
strong evidence that non-leptonic decays are not strongly enhanced relative to 
semi-leptonic decays, as expected10) in QCD or naïve parton calculations. Not 
much evidence here. 
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3.3 Continuum 

It is found in e +e~ annihilation that the total cross-section is consis
tent with 10 to 20% with the predictions (2) and (5), both above and below the 
charm threshold - a weak point against theories which do not predict R = 3Ze 2. 
There is no evidence from e +e~ annihilation concerning the predictions (3) and 
(6), but there is very strong (conclusive?) related evidence from neutrino col
lisions. First the ABCLOS collaboration verified205 the prediction (3) for the 
moments of xF^, confirming both that the ratios of anomalous dimensions were as 
predicted by lowest order perturbation theory for vector gluons as in QCD, and 
that the Q 2 dependence of the moments was logarithmic (3) rather than like a 
power (6). These data included rather low Q 2 = 0(1 - 5) GeV2, which led to the 
reproach that quasi-elastic events were important, and that target mass effects 
as manifested in the choice of naïve (3) or sophisticated Nachtmann moments were 
also significant, so that the agreement of ABCLOS data with QCD should be regarded 
as fortuitous. However, their results have recently been confirmed21) in a higher 
range of Q 2 (5 to 75 GeV2) by the CDHS collaboration, in a kinematic region with 
little sensitivity to elastic events or target mass effects. The two sets of 
results on ratios of anomalous dimensions are shown in the Table below. QCD 
seems to be the only available strong interaction theory consistent with the 
ABCLOS 2 0) and CDHS 2 1) data. In e +e~ annihila tion we are concerned with predictions 
for inclusive final state hadron production. Related data in neutrino production 
are now being analyzed by the ABCLOS collaboration, and there are some preliminary 
indications22) of agreement with the QCD predictions (3) for the moments of inclu
sive hadron cross-sections. 

Table 

CDHS Experiment ABCLOS Theory 

/ x n - 1 F (x, Q2)dx 
*o d 

Nachtmann 
Moments 

Nachtmann 
Moments 

Vector 
Gluons 

Scalar 
Gluons 

1.58 ± 0.12 1.34 ± 0.12 1.50 ± 0.08 1.46 1.12 

V Y 6 
V Y 6 

1.34 ± 0.07 

1.76 ± 0.15 

1.18 + 0.09 

1.38 ± 0.15 

1.29 ± 0.06 1.29 

1 .62 

1.06 

1.21 
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3.4 Jet Structure 

The dominance of 2-jet structures in e +e annihilation at Q s 6 GeV is 
well-established23). The agreement with the naïve parton3) (or QCD) predictions 
is striking, and qualitative evidence against fixed-point theories which see no 
reason for 2-jet final states to dominate15). On the other hand, there is as yet 
no evidence at all for any of the QCD predictions of jet broadening (8), let alone 
for the rare 3-jet events13)(9). If these exist, they can presumably only be seen 
at higher centre-of-mass energies. 

4. QCD Tests in e+e" Collisions 

The discussion of the previous section revealed some striking (section 
3.3) and some qualitative (sections 3.1, 3.2 and 3.4) evidence in favour of QCD 
and against either naïve parton or fixed-point theories. We are therefore strongly 
tempted to conclude prematurely that QCD is correct and the alternative strong 
interaction theories wrong. However, this conclusion obviously needs much confir
mation, and we will now see how this may be done in e +e - collisions at high energy. 
Because the focus is now on QCD, most of the discussion will centre on the detailed 
predictions of this theory. Because we do not yet know how many (if any!) of 
these predictions will be confirmed at PETRA or PEP, we will include in our cata
logue some topics which may already be checked by the time LEP comes into opera
tion. 

4.1 Heavy QQ Mesons (Onia) 

In QCD the effective coupling constant at some momentum scale Q goes 
to zero1) at large momenta as 

(Q2)=_£mz i ? j L _ ( 1 2 ) 

4 7 1 (33 - 2f) Jln(Q2/A2) 
Q -*• <= 

where f is the number of quark flavours with masses < Q. The intuition behind 
the charmonium picture of QCD 7) is that for heavy quark-antiquark systems the 
relevant scale is often Q 2

 a 0(M 2), so that many of their properties are calculable 
in a weak coupling regime where the theory may resemble QED, as manifested in the 
positronium system. In this picture, the quarks look point-like because of their 
high masses, and orbit each other with a Bohr momentum 

k B = 0(a s)M Q (13) 

and are non-relativistic when a s << 1. Radiative and other transitions between 
onium states are calculated by the methods of atomic and nuclear physics. Decays 
into conventional hadrons not containing heavy quarks are envisaged as involving 
the annihilation of the heavy qq pair at a point with a probability a|ij;(0)|2 
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r( l 3S, + y •+ e+e~) ~ ir(e^a)2 

for ortho-onium decay and 

T C I 1 s hadrons) q a 2 i -S- (15) 
m1 So ~ TT) 

for para-onium decay. 

Do this simple picture and predictions like (14) and (15) apply to 
present-day onium systems such as charmonium itself or the T system? For cc 
states one would seek to use a g(Q 2) = Q 2 - 3(= M 2) to 10(- Mj/^). In this range 
cxg is probably 0(0.5) or more 2 0» 2 1). But the measured value of the ratio (14) 
would correspond to a g s 0.19, indicating a failure of the charmonium formula (14) 
by an order of magnitude. There are also indications of similar problems with 
the prediction (15). Of course, if ag=0(0.5) for the cc system, then the vali
dity of the non-relativistic approximation is questionable. Even within this 
framework, it is known that the radiative corrections to the predic>—on (15) are 
very large2") and it is generally believed that they would be even larger in the 
ortho-onium formula (14). The situation will presumably be improved with the T 
system where one would imagine a g - 0.2 to 0.3, but this is, not yet known. It 
may well be that more quantitative tests of the onium picture of QCD will have to 
await higher mass qq bound states. Perhaps PETRA, CESR and PEP will find and 
study some, but this is as yet unknown. If not, it is quite possible that several 
fundamental questions about onium dynamics will not be answered before LEP. 

- Can one really factorize onium decay rates into |wave function|2 x |matrix 
element|2? 

- Is asymptotic freedom applicable to the matrix element factor? Does the 
Zweig rule in fact improve as m^ -*- °° as suggested by (14) and (15)? Can one mea
sure the decrease of the strong coupling constant in this way? 

- Does the hadronic wave function eventually become Coulombic as njj •+• °°? The 
qq potential is a complicated mixture of neo-Coulombic at short distances and 
confining at large distances. If the wave function eventually becomes mainly 
Coulombic, the absolute decay rates also become predictable, e.g. 

(the wave function at the origin squared) into final states of gluons and quarks 
calculable in low order QCD perturbation theory. Leptonic decays are also governed 
by |i|)(0)|2, which in the non-relativistic approximation can be factored out of 
decay rates as in Figure 5, to give predictions for ratios of decay rates such as 

r(l 3
s hadrons) (TT 2 - 9) a 3 

1 _ l » _ s _ ( 1 A ) 
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i d 2 r 
r dx dx 

3g l 2 

(1 - x , ) 2 (1 - x , ) 2 (1 - X , ) 2 

i + 1— + 1 
X 2 X 2 X 2 X 2 x^x 2 

¿ 3 3 1 1 2 

(18) 

Where and how would one test predictions like (18)? A start has been 
made 1 6) in the T system, measuring global quantities like the average sphericity, 
spherocity, thrust, acoplanarity, etc. The results agree with a Monte Carlo based 
on the three-gluon decay distribution (18) and subsequent hadronization, but no 
meaningful three-jet structures or unambiguous evidence for the QCD prediction (18) 
has yet emerged. It seems that a higher mass onium state is needed - which may or 
may not be located in the PETRA-CESR-PEP energy range, and may or may not enable 
the detailed jet predictions (18) to be checked. How would one analyse for such 
3-jet final states? A possible strategy 1 2' 2 9) is 

1. For each event find the axis which maximizes the thrust: 

^ | P
h - n | 

T H [ 1 j (19) 
£ | E h | 
h r 

where the sum is over all hadrons h, and n is an arbitrary unit vector. The 
axis maximizing T (19) is called the thrust axis. In a three-jet picture it is 
parallel to the most energetic jet, and should have an angular distribution26) 

d ° - (1 + 0.39 cos29) (20) d(cos8) 

according to QCD. 

2. Check that events lie approximately in a plane, e.g. by checking that they 
have small acoplanarity 

T(l 3S i -y y-y eV) = ¿ m q (e qa) 2 (3a,.)2 (16) 

and the spectrum of ortho-onia becomes 
/ m 

m(N3S ) = 2m - ( V , ) 2 — ( 1 7 ) 
1 1 3 S AN 2 

Realistic calculations suggest2"^ that these results would only be relevant for 
quarks beyond the reach of PETRA and PEP: m q * (30 to 50) GeV? 

The charmonium picture of course also makes many well-known predictions 
for the final states in onium decays, particularly for jet structures"'12). The 
leading order prediction for 3S^ decay is for it to produce three gluons7^ giving 
three final state hadronic jets with energy distributions (x,- s 2E-/m. ) 
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A H 4 min — - (21) 

where the minimization is respect to the choice of plane perpendicular to which 
|g^utl is measured. (T decay events do indeed seem to have <A> less than a phase 
space Monte Carlo would suggest.) 

3. Align events in the event plane such that the angle 9 = 0 corresponds to the 
thrust axis. The forward-backward ambiguity is resolved by demanding that the 
hemisphere |ö| < has less £'^t ', while the right-left ambiguity is resolved by 
requiring that the hemisphere ]9 - -jj < -j has more ^ ? L 

4. When this procedure is adopted, events with low thrust (T S 0.8?) should look 
like propellors in the 9 plane, while events with high thrust (T > 0.9 say) re
semble two-jet events (see Figure 6). Unfortunately, simple kinematics will 
strongly favour this type of configuration when one studies relatively low-mass 
onia with small hadronic multiplicities in the decays. To check the non-
triviality of the QCD prediction (18) one can proceed by 

5. Making a Jet Boost. Hadrons with |0[ < should have finite (p_̂ ) in this 
picture - they make the most energetic jet. Boost the particles with IT > |9| > -| 
by an amount ç : 

s h ç = 1 , c h ç = 2 - T (22) 
2 VI - T 2 /l - T 

Xn this frame, the remaining particles should ideally be in their centre-of-mass, 
and show up as two thin back-to-back jets, with a characteristic angular distri-
bution 2 5) 

* l P t
h | 

Vi ^ c » 

dN 

(6T2 - 12T + 4) + T 2 cos2è 2l 
cos^e 

(23) 
8(1 - T ) 2 + (2 - T) 2 

d(cos6) 2 
(1 - - cos 29) 2 

(2 - T ) 2 

= 1 - 0 . 1 cos29 for T - 0.8 to 0.9 

where 8 is the angle relative to the boost axis in the boosted reference frame 
(see Figure 7). We will see later that the distribution (23) is very different 
from that expected for three jet events in the e +e~ continuum. 
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Figure 5 : 'he charmonium model for ortho-onium decay into 3 gluons 

Figure 6 : Final state jet structure predictions12^ for T decays 
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Other QCD tests in onium decays are of course possible8) but we will not 
discuss them in detail here. The 1S ( ), 3 F 0 and 3P^ states are expected to decay 
into two gluonic jets with angular distributions which should enable the spin 0 and 
spin 2 alternatives to be distinguished already in the T system 1 2). The 3P^ decay 
is interesting in that the two real gluon decay mode is forbidden. The dominant 
decay is expected to be via g + (g* -*• qq) where the real gluon is soft with energy 
the quark binding energy, so that the final state should contain two energetic 
qq jets and a possible low energy third jet as in Figure 8. Verification of this 
QCD prediction would be a decidedly non-trivial check on the non-relativistic bin
ding dynamics. Seeing the third small jet may well require a quark mass beyond 
tlie reach of PETRA and PEP. 

So far, in keeping with the avowed purpose of this talk, we have con
centrated on strong interaction tests with onia. However, it is worth emphasizing 
that several interesting studies of the weak interactions may be possible with 
heavy onium systems. 

Charged Semi-weak Interactions? If there is a charged Higgs boson H* then it can 
be produced in decays q -*• q' + such as t b + H +, b c + H~, and these will 
go so fast as to dominate conventional charged current weak decays: 

r(q - q' + H±) * - E - 3 - (angle factors) ( p h^ t^ a C e) 
32TT 

(24) 

which could easily be 0(1) KeV for b c + H~ if m^- á 2 GeV. In fact the decay 
rate (24) is so big it could even2) be a competitive decay mode of a heavy tt 
onium state. 

3S (tt) -y (bH+)t -y (bb) (H+H ) (25) 

could occur with a decay rate 0(1) KeV, not negligible by comparison with 
r( 3S x(tt) -y y * -y e+e") - 5 KeV ! 

Neutral Semi-weak Interactions? If the neutral Higgs boson H is sufficiently light, 
it can be produced by radiative decays of onia 2 7); 

F( 3S 1 -> H f ? ) _ / G Fm q
2 \ 

T( 3S i p +u") \ /2 na / 
1 . 

(26) 

Putting in numbers we find 



- .677 -

[ 3 x 10 - 3 for T 
T ( 3 S -*• H + Y ) 

i - i 3 x 10~ 2 for tt: m = 15 GeV (27) 
r ( 3 s - VV) I 

1 f 1 for tt: int = 80 GeV 
Thus the prospects look dim for Higgs hunting in T decays - particularly since 
there is a (moderately reliable) lower bound 2 0) 

3a 2 (2 + sec^e ) 
m 2 i — = 7.1 GeV for sin28 = 0.20 (28) 

H 16 72 G„ sin"e r w 

It seems from equation (27) that the prospects are an order of magnitude better for a 
toponium system near the top of the PETRA-PEP energy range, but the sort of onium 
accessible to LEP is clearly a much more attractive hunting ground, from the point 
of view of the range of m^ kinematically accessible, as well as the rate. 

Charged Weak Interactions? If one naively calculates the decay rate for a heavy 
quark such as t: 

T(t -»• qqq) = — G¿M5 * 0(8) x (angle factors) x (phase space) 
1 9 2 7 t 3 F t 

( 2 9 ) 

where the numerical factor is a guess at the number of different fundamental fer
mion channels open for decays. The formula ( 2 9 ) yields r > 0(1) KeV for 
m > 20 GeV, suggesting11) another interesting non-strong decay mode for a heavy 
onium: 

^ ( t t ) + t(qqq) ¡nqq)(qqq) (30) 

A 6-jet final state? Again large quark masses (LEP energies) are at a premium. 

Neutral Weak Interactions? Direct observation of the axial neutral current in 
the process e+e- Z°* -*• 3 P J is expected to be difficult because of the vanishingly 
small wave function at the origin expected for P-wave onium states. On the other 
hand, the neutral vector current decays of ortho-onia become large for sufficiently 
massive quarks: in the Weinberg-Salam model 1 1) 

r ( 3
S i -v Z°* -> e+e-) / G 2 V (1+(1-Asin2ew)2)(l-A ]eq |sin 2e w) 2 

r ( 3 s . Y * . e+e-) [ 128 ,2 a2) e
2 ( m 2 - m 2 ) 2 ^ 
q 3q Z 

bl 
1 . . which would be > 1 for a bound state of charge quarks with |m - m | < 15 GeV. 3 3 S Z 

1 
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In fact, if the difference m - m_ is comparable with the Z° width (- 2 to 
s i 

3 GeV?) one can imagine very exotic interference and mixing effects which could 
look very different in different decay channels of the Z° and ortho-onium state 2 9). 
Another amusing and important manifestation of the weak neutral current would be 
in the decay 3S ->• vv 30» 2); 

r ( 3 s , -+ Z° -»- vv) / G 2 \ 3 s _ 1 / r i l 
= N £ L Í (l-4|e |sin20 ) 2 (32) 

r( 3S j * y * e+e~) \64TT 2a 2 j e 2 \ m 2 -m 2 j q V 

This decay mode would still be relatively rare for PETRA-PEP onia, but would be 
very accessible for LEP onia. Probably the best way to look for the vv mode and 
count the total number of neutrinos would be via the decay chain 

e +e~ 2 3S J l 3S i + (HIT) (33) 
vv 

where the hadronic final state would just contain 2TT and the specified missing 
mass of m . A do-able experiment? 

13S 
1 

4.2 Heavy Qq Mesons 

As mentioned earlier,weakness of the strong interactions at large Q 2 

motivates the idea that the weak decays of heavy mesons may proceed as if their 
constituent heavy quark decays almost freely, so that their decays would in some 
respects resemble those of heavy leptons, though with e:<xra attendant hadronic 
junk. As the mass of a heavy quark is increased, the decay rate for Q -*• qqq 
(see Figure 9.a)) increases a m^, whereas other mechanisms increase more slowly. 
For example, the annihilation mechanism Q + q •+ q + q (see Figure 9.b)) should 
only increase a m^ for heavy quarks. Indeed, calculations suggest that probably 
already for charm and almost certainly31) for b quark mesons, the Q •+ qqq mecha
nism should dominate. In QCD the rate for this decay is enhanced by a gluonic 
correction (see Figure 9.c)) factor which decreases to 1 as becomes > m^ 3 1^ 

( Ffree) L a

s K ) j 

2.1 2 4 

3 3 ' 2 f (34) 

where f is the number of quarks with masses < m^. The fact that Q 2 - m 2 is the 
relevant scale in (34) has been demonstrated by explicit calculations10). Also, 
it is an experimental fact that the semileptonic branching ratio for charmed par
ticles is much larger than that expected on the basis of the nonleptonic decay 
rate enhancement factors found for strange particles, and is closer to the naïve 
ratio 
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Figure 8 : Dominant decay mode of a P, onium state 

Figure 9 : Decay modes for heavy mesons: (a) quasi-free decay Q •*• qqq, 
(b) annihilation Q + q -+ q + q, (c) gluonic corrections to Q -*• qqq 

Figure 10 : Final state from e +e QQ •*• (qqq) (qqq) 
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T(Q -»• qev) L 1 

r(Q •+ qqq) = = 3 ( 3 5 ) 

- i i n / colours 

expected on the basis of the decreasing non-leptonic enhancement (34). The 0(a s) 
corrections to the ratio (35) have been partly calculated1 °). For heavy quarks 
one would expect that semileptonic branching ratios would generally fall in the 
range of (10 to 20)%. One would expect the relatively simple decay mode to be 
reflected in the hadronic final states, which should exhibit 3 jets (q + q + q) 
for sufficiently heavy quarks. The spectra of the energies of these jets can be 
calculated from the classic y e\>v decay spectrum. Strong radiative corrections 
to quark and also leptonic spectra in Q qev can also be calculated. One can 
define a Michel parameter p and in principle calculate 

p = 0.75 + 0(as(m2)) (36) 

The production of heavy mesons in e +e - annihilation is also expected9) 
to be relatively simple. It is expected that the heavy mesons will tend to have 
relatively large fractions 

Z = 3sf5£S . ! (37) 
Ee± 

of the beam energies, because of the relatively low probability of gluon brems
strahlung by high mass quarks. Figure 10 shows the result of a "back-of-the-
calculator" estimate32) indicating that mesons made from 10 GeV quarks may carry 
Z - 0.9 at E e + = 30 GeV, and Z - 0.8 at E e ± = 100 GeV. Combining our pictures 
for heavy meson production and decay, we are led to quite distinctive expectations 
for the hadronic final states in e +e~ -> heavy QQ. Close to threshold we expect 1 1' 1 

e +e~ -+ QQ -+ (qqq)(qqq) -* 6 jets = blob 

as in Figure 11, with the final states looking rather like phase space, with high 
sphericity, spherocity and acoplanarity, and low thrust. This should enable the 
extraction of a relatively refined QQ sample just above threshold. Figure 12 
shows some preliminary PLUTO data on the distributions of eigenvalues of the 
sphericity tensor for continuum events at Ê .). - 4.7 GeV, compared with those 
generated by a phase space Monte Carlo intended to simulate the production and 
decay of bb systems just above threshold2). The proposed experimental cuts 
should enable the bb sample to be purified by a factor of 3 or 4. The same tech
nique should work even better for heavier mesons, just because the jet-like con
tinuum events will be that much jettier at high energies. Above threshold, the 
sphericity, thrust and acoplanarity of heavy quark events are all expected to 
fall as (m 2/E 2+) until they are comparable to ordinary light quark jets. Figure 13 
shows an estimate of the likely change in <(1-T)>near and above the bb threshold 
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in e +e annihilation. Similar structures may be expected near heavier quark 
thresholds. Indeed, the best way of scanning for a very heavy quark threshold 
may be 1 1) to look for a threshold in high sphericity events, which should persist 
some way above threshold as shown in Figure 13, enabling a relatively coarse
grained scan to be made. 

•4.3 Scaling Violations in the Final State 

It was emphasized in section 3.3 that while the best evidence to date 
for the validity of QCD may come from studies of scaling violations in deep ine
lastic lepton-hadron scattering, there is as yet no evidence for the predictions 
(3) in e +e - annihilation. There, data 3 3) are more or less consistent with scaling 
at the present time. There are several reasons why measurements of hadronic 
scaling violations in e +e - annihilation have been more difficult than in deep 
inelastic scattering. One is that the Q 2 lever arm has generally been smaller 
(Q 2 - 10 to 50 GeV2 typically33), whereas the ABCLOS analysis 2 0 5 used Q 2 - 1 to 
100 GeV 2), another is the presence of new quark thresholds in e e annihilation, 
which are not so bothersome in deep inelastic scattering. LEP will provide 
copious hadronic data at Q 2 _ 101* GeV2, which enable the first of these problems 
to be avoided, but perhaps not the second. It may well be that even in this 
range of Q 2 the best probes of scaling violations may come from deep ino.lastic 
scattering with ep colliding ring machines31*). However, there is one interesting 
aspect of scaling violations which is difficult to probe in that way, which con
cerns gluons. The ABCLOS data2") depend on the existence of the q -*• q + g brems
strahlung diagram and on the crossed diagram g + q + q of Figure 14.a). The 
CDHS data 3 5) provide some evidence for the existence of the g -»- g + g vertex 
of Figure 14.b), but one would like something more conclusive. This may be pro
vided by scaling violations in gluon jets, which should be much more rapid in 
Q 2 than those in quark jets, because of the larger colour charge of the gluon. 
Onia with different masses should provide gluon jets at Q 2 - M 2, and comparing 
the T and toponium hadronic decay spectra may enable this prediction to be tes
ted 3 6). Will toponium be found at PETRA/PEP, or will it have to wait for LEP? 

4.4 Jets, Broadening of p t, Multi-jets,... 

As mentioned already in section 2.4, QCD predicts that most e +e - annihi
lation events should have a 2-jet structure, and one may define 

f E £i**£l = 1- !líÜÜ "f (38) 
total 

where fis a function of how the jet is specified. To avoid infra-red problems, 
the natural specification is to use fixed cutoffs in energy fraction and angle: 
demand that a fraction < e of the total centre-of-mass energy fall outside two 
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(a) (b) 

Figure 14 : (a) Diagrams largely responsible for the scaling violations in the 
ABCLOS data 2 0), (b) diagram to which CDHS data 3 5) are also sensitive. 

oppositely directed cones of opening angle 6. For e +e annihilation when 5 and e 
are chosen small one finds 1 4) 

f = 4 Un2e + 3} -| Znô + ... (39) 

This formula has a limited range of applicability in e and 6, and more 
complete calculations of f exist 3 7). Formula (39) applies to quark jets. 

The corresponding formula for gluon jets is 3 8) 
a ( Q 2 ) 2 

f = 1 - — U2Hn2e - (11 - 4f)> *nô + ... (40) 

Comparison with (39) shows that gluon jets should look wider than quark jets, in 
a region where perturbation theory is applicable. However, it seems likely that 
the jets observed in e +e _ collisions to date are probably predominantly non-
perturbative, and it is not clear that the formulae (38), (39) and (40) are at 
all applicable. PLUTO T data 1 6) are even consistent with gluon jets having the 
same <pt> as quark jets. 

A refinement of the lowest order perturbation predictions (38), (39) 
and (40) can be made 3 9) by summing all the leading 0(ag in 6 ) n terms in the per
turbation expansion. This enables one to calculate the angular opening 5(Q2) out
side which a finite fraction f of events deposit a fraction > e of the total 
energy. As one might anticipate from equations (38), (39) and (41), 6 is power-
behaved with Q 2: 

6(Q2) - ( Q 2 r d ( f ' e ) (41) 
and the table below lists d(f,e) for both quark and gluon jets. Again one sees 
that perturbative gluon jets are much wider than perturbative quark jets, though 
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the relevance of this result to present-day data is still unclear. 

\ f 
0.5 0.7 0.9 

0.1 
0.28 / 

/ 0.15 

0.19 / 

/ 0.09 

0.08 / 

/ 0.03 

quark, jets 

gluon jets 

Table 

If a new onium system is found with mass close to the upper end of the 
PETRA-PEP energy range, there should be little problem with extracting therefrom 
evidence for gluon jets. How about the prediction13^ (9) for three-jet qqg final 
states in e +e _ annihilation? The situation again largely depends on the location 
of the next heavy quark threshold. If one does not intervene, we expect 1 2) a 
perturbative tail in the thrust distribution — ^ coming from qqg processes 

"total 
to be visible above the "nonperturbative" 2-jet background for T < 0.9 at 
Q i 18 GeV. Analysis of such events should follow the same lines as suggested 
for onium 3-iet events in section 4 . 1 1 2 ' 2 5 ) . Verify that low thrust events 
have low acoplanarity A (a cut in A may be necessary to remove e +e~ •* heavy qq 
events). Make a jet boost (22) to the centre-of-mass of the two less energetic 
jets, and study the angular distribution in the boosted reference frame, which 
should sharply distinguish between vector and scalar gluons: 

+ 3(2-T)T2cos2è 
... r . , 4T 3 + (2-T)3 

dN (vector gluons) _ ; 1 + 2 cosz6 
d(cosi) 1 - cos2è 

. ^ T(3T-4) 2i 1 + — i'.osz8 
4-3T2 

__dN_(scalar gluons) = = 1 + 0.2 cos2è 
d(cos6) 1 - cos2è 

(42) 

where the approximations apply to events with T ; 0.8 or 0.9 ). Comparing the 
predictions (23) and (43) shown in Figure 7 we see that the QCD predictions on 
and off resonance may be sharply distinguished, and the spin of the gluon deter
mined in this way. 
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What of 4-jet events in e e — annihilation? These should have small 
cross-sections (10) and be difficult to see at PETRA, and PEP 4 0), even in the 
absence of a new quark threshold. The large LEP event rates on the Z° peak with 
Q 2 ~ lO4 may enable such events to be picked out, but their intrinsic interest 
is unclear. The one good thing about the smallness of the four—jet cross-section 
is that it should mean there will be negligible background to the search for 4-jet 
events due to e +e~ W + W - at centre-of-mass energies 0(200 GeV). 

5. Conclusions 

Although QCD is presumably the correct theory of the strong interactions, 
it must be confessed that this remains to be proved beyond the shadow of a doubt. 
Many tests of QCD can be made in e +e~ annihilations at higher energies than those 
available up to now. How many of these will be performed with the PETRA-CESR-PEP 
generation of machines remains to be seen. It largely depends on the location 
of the next heavy quark thresholds and the masses of the associated onia. QCD 
tests on onia are much cleaner for higher masses, where one would hope to see 

- evidence for asymptotic freedom in decay matrix elements, 
the wave-functions becoming Coulombic, 
possible decays into Higgs particles (H*, H°), 
the decay into vv to count neutrino types. 

Similarly, the higher the mass of a heavy quark Q, the more applicable 
QCD perturbation theory should be to the production, decay rates and final-state 
spectra for Qq mesons. 

Finally, one needs continuum data at high energies to see the scaling 
violations, jet broadening, etc., predicted by QCD. How high these energies should 
be depends on the locations of heavy quark thresholds. Perhaps PETRA and PEP will 
have high enough energies, perhaps not. 

If we are not totally satisfied already, LEP will clearly be able to 
confirm to us the validity of QCD and rule out other strong interaction theories. 
In any case, LEP will be a great machine for strong interaction studies. The 
initial states are provided with great purity and at very high Q 2. The prospect 
of 0(107) hadronic events at Q 2 - 10 4 GeV2 sounds very enticing. 
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1. Introduction 

This note surveys detection methods and techniques of relevance for the 
LEP physics programme. The basic principles of the detector physics are sketched, 
as recent improvement in our understanding points towards improvements and also 
limitations in performance. Development and present status of large detector 
systems is presented and permits some conservative extrapolations. State-of-the-
art techniques and technologies are presented and their potential use in the LEP 
physics programme assessed. Table 1 is a simplified guide through the detection 
requirements of some of the more frequently discussed LEP physics questions. 

2. Momentum Measurement 

Magnetic spectrometers for momentum analysis of charged particles will 
remain the "workhorses" of detector systems. Axial magnetic field geometries 
(Solenoid, Helmholtz coils, Open Axial Fields, etc.) will remain the favoured 
choice, but other topologies - such as dipoles and toroids - will again be con
sidered for more specialized experiments. Progress in the technology and the 
evolution of geometries of magnets have recently been summarized1) and in this 
section therefore only developments on tracking devices will be discussed. 

Achievable spatial resolution with different tracking techniques is 
summarized in Table 2 (Ref. 2). Among those listed, drift-chamber principles 
have been applied to several, ingenious detectar geometries. Imaginative develop
ments3) indicate that streamer chambers may offer yet the highest spatial resolu
tion: conceivably, further advances on the initiation and the read-out of 
streamers could make this device a viable choice for specialized experiments 
requiring ultimate spatial measurement. 

The limits on spatial resolution in drift-chamber geometries are rather 
well understood1*). They are affected both by the correlation between the track 
and its associated ionization and by the techniques of its measurement. 

The various energy loss mechanisms determine the track-ionization cor
relation. The dominating effect is emission of c-rays, which may have a range up 
to and beyond 100 urn (see Fig. 1). Their energy spectrum is shown in Fig. 2. In 
addition to 6-emission a substantial fraction of the energy loss proceeds via 
atomic excitation. The measured ionization is produced either through photo- or 
Auger-electron emission. Relative strengths of these processes and the range of 
the resulting electrons are given in Fig. 3. This again indicates the extension 
of the ionization information to distances up to a 100 urn around the trajectory. 
Little can be gained to narrow this distribution by increasing the operating press 
if measurements on track segments of a given length arc considered. Scaling the 
pressure as P' = otP, one estimates from the range-energy relation and the spectral 



Table 1 
Detector Requirements for "Typical LEP Physics" 

Detector 

Physics 
°x 

spat. res. 
AX 

granularity 

TO 

energy res. 

all 
°E 

energy res. 

particle 
identifi
cation 

photon/ 
hadron 

discrimina
tion 

0 
T 

long term 
stability 

1 

Jets 
angular dist. X X X X 
flavour XX XXX X XX X, XX, XXX XX XX 
spherocity XX XX XX XX XX 
invar, mass XX XX XXX X XX 

Missing momentum 
(W, L, H, ...) XX XX XXX XX XXX XXX 

Others 
Quarks XX XXX XX XX, XXX XXX 

x ... good; xx ... excellent; xxx ... (beyond) state-of-the-art. 
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Table 2 

Tracking Techniques: Spatial Resolution 

Type Typical 
Resolution 
(Vim) 

Scaling 
law 

1 Limiting 
Resolution 
(um) 

Multiple 
Scatter. 
(MeV/c) 

[ 
Comments 

Emulsion 1 á 0.5 2.5 Not real time 
Spark chamber 150 P' = aP 

X 1 = X/a 

< 100 .1 Willis 

Proportional 
chamber 

- 500 ii 

<¡> . = 4>/a wire 
L' = L/a 2 

> 100 .3 Sandweiss 

Streamer 
chamber 

Drift chamber 

50 

;> 150 

P' = aP 
E' = aE 
tr' = tr/a 

- 10 

• 
2 20 

.05 

.5 

Sandweiss et al. 
Laser firing? 
Holographic R/O 

Scintillator * 300 - 300 (?) 1 
V 

Focusing C - 100 - 100 1 
Transition 
Radiation 

- 200 - 200 2 

(P = pressure, i¡> = diameter, E = electric weld, t r = rise time, L = wire length, 
X = wire separation) 
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Figure 1 : Number of S-electrons produced in Argon at STP, with range 
R > R Q (Reference A) 
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Figure 2 : Number oi ô-electrons with energy' L" > E 0, produced by 1 GeV/c protons 
in 1 cm of Argon at STP conditions (Reference A) 
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Instrumental sensitivity to the full ionization distribution, which is achieved 
e.g. in "center-of-gravity" read-out methods, could result in an optimum resolu
tion of Oy = o//N. For typical operating conditions one may have: N = 100, 
Oj = 0.426 and = 0.16, demonstrating a potentially significant improvement. 
The influence of magnetic fields on the diffusion coefficient can be estimated6^ 

71 . v e ^ and has also been measured''. Writing D = — j - , where v g denotes the velocity 
of electrons and X their mean free path, one may express the magnetic field effect 
as D(B) = D(B = 0) ^ + ^ 2 x 2 » with t n c usual symbols oi = eB/mc, the cyclotron 
frequency and T = X/ve, the mean time between collisions. In the strong field 
limit, ( 0 2 T 2 >> 1 the diffusion dispersion becomes 

0 V 3 v D to2X ' 

which can therefore be reduced in gases with small electron-velocity and long 
mean free path. Figure 5 represents some measurements on transverse diffusion 
for several gas mixtures7^. 

The conclusions on spatial resolution limitation may be summarized as 
•follows: 

i) the dispersion of the ionization around the trajectory extends up to 
- 100 um in typical detector geometries; 

distribution of the 6-rays, Fig. 1, that the number of electrons with range r > r Q 

increases as a n, n = 0.3 to 0.4. Only, of course, the range of excitation elec
trons is narrowed as a - 1 . The net effect of this intrinsic width of the ioniza
tion distribution on the achievable localization accuracy depends critically on 
chosen "read-out" methods, and will be discussed later. Part of the process of 
"reading-out" the ionization track consists in drifting the charge segment to a 
reference anode, resulting in a further diffusion spreading of the form 
0£ = /2D¿t, where the index i of the diffusion coefficient D¿ refers to the direc
tion of diffusion relative to the drift direction (in general, longitudinal and 
transverse diffusion coefficients are different). In a "classical" drift chamber 
g e o m e t r y t h e longitudinal diffusion along the drift path will limit the posi
tion resolution for drift distances larger than - 1 cm. For a single electron 
drifting during a time t, the r.m.s. displacement a is 

P is the pressure, u is the mobility and E the electric field. For a given value 
of the reduced field E/P, o is proportional to P -^, which is confirmed by measure-
ments5) (Fig. 4). Conventionally, the drift time is determined by the arrival 
of the first electron of the ionization swarm consisting of N ionization clusters 
and giving rise to an uncertainty6^ of 
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ii) for long drift geometries larger effects are superimposed due to dif
fusion; 

iii) the measurement error depends critically on the read-out technique; 
if information from all ionization clusters is used, the achievable 
intrinsic accuracy could be at the 10 vim level8) . 

Besides better understanding of the operational principles of wire 
chambers, considerable advances in detector geometries and read-out techniques 
were necessary for the new generation of experiments at PETRA, ISR and PEP. 
Table 3 provides a summary of track chamber characteristics of these experiments 
in historical sequence and increasing complexity. Individual cylindrical chambers 
were used by the CCOR collaboration9). Conventional drift time measurement of 
the first electron of the ionization swarm results in a spatial resolution 
approaching - 300 um. The drift chamber operates in a 1.5 T magnetic field 
requiring a compensation by tilting the drift field. Unambiguous space points 
were obtained with a delay-line read-out capacitively coupled along the sense 
wires. A similar solution was adopted by the CELLO collaboration10). The first 
step towards increased density of track points was taken by the MARK II group 1 1). 
The magnetic field volume available for momentum analysis is filled rather uni
formly with drift cells in one common gas volume. Stereo-views are used to obtain 
coordinate information along the beam. A similar technique was adopted by TASSO 1 2). 
The development of a new technique to localise the ionization avalanche along a 
sense wire through the measurement of the electric charge diffused to the two 
ends of the wire 1 3) - "charge division" - and its first employment in an ISR 
experiment1'*) suggested a new class of track detectors. The track chamber readied 
for the AFS-installaticn15) allows up to 42 unambiguous space point determinations 
along a particle trajectory. Its layout has been optimized for high-multiplicify-
"jet"-physics and is expected to operate at particle rates above 10 7 s _ 1 . The 
possibility offered by the Charge-Division Technique to obtain multiple dE/dx-
information has.been maintained with the appropriate choice of relatively low gas 
gain (M £ 2 x 101*) to ensure true proportional operation. The JADE-chamber16) 
uses the same techniques in a more advanced form: it is designed to operate at 
4 atm. pressure to .improve the dE/dx-resolution; specially developed electronics, 
taking advantage of the bunched operation of PETRA, extends the multiple-hit capa
bility also to the charge-division measurement. 

Even more detailed information will be extracted from the "Time-Projec
tion Chamber" (TPC) under preparation for a PEP experiment7). The drift-geometry 
is schematically shown in Figure 6. The track-correlated ionization is projected 
onto the endplates resulting in up to 12 unambiguous two-dimensional coordinate 



Table 3 

Read-out Schemes for Ionization 

Type 
Experi
ment 

4<f>.r 
(mm) Method 

AZ 
(mm) Method 

Radial separation 
of coordinate 
meas. (mm) Comments 

t 

Layered 
Chambers 

CCOR/ISR 
CELLO/PETRA 

> 0.2 t Dof Ist 
electr. 

5 Delay line 
Cathode R/o 

- 150 individual 
chambers 

unambiguous 
space points 

Total Volume 
Drift Cylinder 

MARK II/PEP 
TASSO/PETRA 

* 0.2 
- 0.2 

tt Stereo yiew - 100 
- 100 

layered cells 
in common 
gas volume 

Total Volume 
Drift + dE/dx 

AFS/ISR 
JADE/PETRA 

- 0.2 
- 0.1 (?) 

it 1 
- 20) 

Charge 
Division 

- 10 
- 10 

continuous 
sensitivity ~ 

some dE/dx info 
designed for 
4 atm. 

TPC Geometry TPC/PEP 
pp/SPS (UA 1) 

0.15 Center 
of 

gravity 

- 1 Drift time . 5 
- 80 

for dE/dx 
for tracking 

full identifica
tion capability 
to - 10 GeV/c 
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Figure 5 : Measured transverse diffusion in 2 Tesla field for various A-X 
mixtures (X = CH^ or C0 2) (Reference 7) 
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12 Spacio l Wires per Sector 
XBL 7612-11415 

Figure 6 : Schematic view of the TPC geometry. The track-correlated ionization 
is projected onto the endplates, resulting in a two-dimensional 
unambiguous coordinate readout with the drift time providing the 
third coordinate (Ref. 7) 
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readouts. As shown in Figure 7, trie coordinate along these "spatial" wires is 
obtained by a centre-of-gravity readout of the charge induced on cathode pads, 
which results in a precision of approximately 150 urn. The third coordinate, the 
distance of the track from the endplates, is obtained via drift time by a centre-
of-gravity readout of the ionization cloud: for this a novel electronics readout 
system had to be developed. It allows to continuously measure the charge arriving 
at the drift wires, binned in ~ 50 ns time intervals. In this way a spatial reso
lution of ~ 1 mm is accomplished despite the diffusion of the ionization cloud, 
which may reach values of up to - 1 cm. Operation of the chamber at 10 atm 
combined with the 192 dE/dx measurements should result in a dE/dx-resolution of 
a a 2Z, sufficient for ir/K/p separation in the PEP energy range. A cut through 
the complete TPC detector is shown in Figure 8. It shows that the magnetic volume 
encloses in addition to the track chamber electromagnetic shower counters covering 
essentially 4TT sr. 

Readout techniques similar to the TPC methods are employed for a large 
4TT detector in preparation for the future pp-Collider in the CERN-SPS tunnel 1 7). 
The total track chamber volume of 6 m length and 2 m diameter is subdivided into 
six drift chamber modules, allowing two different drift directions for optimized 
curvature measurement (Figure 9). The evolution to date of these track chamber 
devices is documented further in Table 4. The trend is clear: increased energy 
of the machines results in increased complexity of events; ever-increasing granu
larity and improved spatial information is required. Improved and cheaper elec
tronics allows for more readout channels and makes dE/dx measurements practical. 
Some possible developments are diagrammatically indicated in Table 5. They rep
resent only narrow extrapolations on present state-of-the-art techniques and are 
likely to become useful concepts in the next generation of large tracking devices. 

Further investigation on the principles of wire chamber operation, and 
in particular on gas mixtures optimized for the new class of track detectors, must 
continue. For TPC-like geometries (i.e. long drift distances) it would be advan
tageous to achieve low values of diffusion at relatively low values of E/P. This 
would permit the larger TPC geometries, which are of interest for LEP experimen-
tation and would reduce the high-voltage problems. Geometries with E x B r 0 
may be unavoidable and their influence on drift properties could be further 
studied 1 8). The largest impact, however, is likely to come from electronics 
developments. We are expecting cheap preamplifiers with noise levels of 10 3 or 
less equivalent electrons. Further reduction in the cost and size of ADC's should 
make practical the extensive use of centre-of-gravity readout methods, both for 
drift-time and cathode-plane-type readouts. These ADC's might have a total digi
tization time as low as 20 ns, allowing continuous TPC-like readout and extremely 
fine granularity (- 1 mm 3) with > 10 s channels to become practical features of 
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E N D C A P W I R E A R R A Y 

P a i r o ( S p a t i a l w i r e s 

Figure 7 : Readout arrangement of the T P C endplates> Each of the wedges 
contains twelve "spatial" wires equipped with cathode pads 
to measure track curvature. Also 192 "dE/dx" wires sample the 
ionization loss (Ref. 7) 
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Figure 8 : Cut view through the TPC facility. The magnetic volume is filled with 
the track chamber and a 4TT electromagnetic shower counter (Ref. 7) 
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Tablé 4 

Some Statistics on Present and Future Track Devices 

Detector 
(year of 
ist opérât.) 

Unit cell 
size (approx.) 

AX AY A2(mm3) 
Space 
points AX 

Granulatiry 

AY AZ(mm3) 

Number 
of 
Channels 

Words/ 
Event 
(Track ch.) Evolution 

SFM 
(1973) 

2 1000 1000 NO 2 1000 1000 - 70'000 - 10 2 

CCOR 
(1976) 

0.2 5 150 YES 2 10 150 - 2'000 - 10 3 

MARK II 
(1977) 

0.2 5 100 NO 2 50 100 - 3'000 - 10 3 

JADE 
(1979) 

0.1 20 20 YES 2 20 20 - 4'000 > 10 3 higher density of 
channels 

TPC-PEP 
(-19S0) 

.15 1 5 YES .15 3 5 -ÎO^IO 2 - 101* ~ x 10 more pads 
for - 3 x higher 
momentum res, 



Table 5 

TRENDS 

Principles Electronics Mechanics 

Search for gases with 
smaller diffusion at 
lower E/P 

higher resolution, 
larger TPC's 

investigate 

E x B f 0 
geometries 

Anticipated 
Performance 

Low noise (< 10 3 e r.m.s.)—V low gas gain 

Í 
center of gravity t n ^ parallel plate s true-
electronics tures (no more wiresV) 

.4-
highly integrated elec- multigap structures 
tronics 

-£*>TPC's with i 10 5 pads 

Ap 0.002 
p 2 8 P F T T I F T 5 0 (S) 2% u (Cerenkov) ?? 
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such detectors. 

The development of low-noise preamplifiers will be an essential element 
in the use of parallel plate proportional chambers, which may be operated in 
stable conditions if the gas gain is restricted to levels of - 10 3 Besides 
the obvious advantage of improved reliability of a detector system without deli
cate proportional wires, these low-g-.in chambers offer the novel feature of effi
cient ¿ingle electron detection. This will allow the "imaging" of ionization 
tracks in ultimate detail. Its poteuti T ! for particle identification will be 
discussed later. The resulting performance of these track chambers may be summa
rized as follows: 

n . Ap 0.002 momentum resolution: -Hj- ; L2B (Tm¿) 

dE/dx resolution a s 2%. 

Have we overlooked any other signatures of the charged particle traversing the 
gas volume? The highest-momentum particles, difficult to identify with the 
dE/dx-method, emit a considerable amount of Cererikov light. Concepts are presently 
pursued to detect this light in gaseous detectors and it may perhaps be possible 
to extract from one integrated detector useful information on position, ionization 
and Cerehkov energy loss. 

3. Particle Identification 

In the present generation of PEP, PETRA and ISR detectors, increasing 
emphasis is placed on the possibility of particle identification. Its importance 
for the LEP physics programme has been repeatedly stressed and its detailed eva
luation remains one of the important points for further study. Table 6 summari¿es 
presently accessible techniques. 

The range of conventional threshold Cerenkov counters has recently been 
increased through the development of a new radiator material, "aerogel", with 
refractive indices n «• 1.01 to n : 1.052°). It is therefore useful in a range, 
where pions and kaons have their cross-over point in ionization and for which 
only time-of-flight techniques (TOF) have been available. The TOF technique may 
be expected to see further applications with the development of new fast photon-
detectors (such as channel plates) or other specialized devices with superior 
time resolution. Recently21) work has been reported on a new type of spark 
chamber with an intrinsic time resolution of 0 < 100 ps. 

m — 

Gaseous Cerenkov counters continue to be used in storage ring applica
tions. As can be judged from Figure 10, the very large radial distances required 
exclude however this technique for general storage ring application. 



Table 6 

Particle Identification 
Available Techniques 

Technique y Range Comments 

Aerogel Y t « 6 with y « 6 can resolve TT/K. 
ambiguity at cross-over of 
ionization 

Time-of-flight o < 100 ps have been obtained 
with special spark chambers 

V 
Gas Threshold Cerenkov 

Multiple Ionization 
measurement in 
homogeneous medium 

Yt * 1 0 

2 S y i, 50 

- Not suitable for Storage Ring (SR) 
applications where 2ir coverage is 
required 
Requires o(dE/dx) - 2-3%; achieved 
so far in "easy" geometry only 

j 
Imaging Cerenkovs depends on 

radiator 
\/ 

C-photons detected with UV-sensitized 
proportional chamber structures (PIC) 

Transition Radiation y ä 1000 Useful as compact threshold detector 
for specialized applications 
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Particle identification through multiple dE/dx measurements has become 
feasible in recent years and to-date is recognized as the most practical method. 
It also meets a major criterion for storage ring detectors - compactness -
because the dE/dx instrumentation can be integrated with the track detector. The 
Y range, over which identification can be accomplished, covers a major part of 
the LEP physics requirements. 

Several advances on this technique have been reported in recent years. 
Very useful for the optimization of such detectors has been refined modeling of 
the energy loss process22^. The reliability of these calculations was improved 
through more careful treatment of the atomic collision process, replacing the 
customary average value for the ionization potential value <I> with a more correct 
summing Ç f̂  1^ over all atomic subshells. The agreement between these calcula
tions and measured spectra can be evaluated from Figure 11. The same model, 
besides reproducing in detail the energy-loss distributions, can also account 
well for the observed "relativistic rise" (Figure 12). Figure 13 indicates the 
most probable energy loss of various particles in a 1 cm sample of Argon at 10 atm. 
and exhibits the two major difficulties of this technique: a measurement resolu
tion of a ; 2 % is required for useful identification and saturation of the rela
tivistic rise limits the y range. 

The relation between sample thickness, number of measurements and 
achievable resolution is given in Fig. l 4 2 3 ) . Related curves are plotted in 
Fig. 15 to exhibit the relation between resolution and sampling frequency for a 
given detector length 2^ . An upper limit to the improvement due to increasing 
sampling frequency may be estimated from the number of primary collisions in the 
detector. Monte Carlo calculations indicate25^ that such counting of primary col
lisions may give a rather important improvement (up to a factor two) when compared 
to the more conventional integrated sampling over typically 1 cm track length. 

The new chamber geometries, which were mentioned in Section 2 and which 
have single electron detection capability, conceptually allow for such detailed 
ionization sampling. The possible use for these applications should be investi
gated. This cluster counting technique and its effect on dE/dx-resolution was 

9 6) 

experimentally demonstrated recently'' ' where improvement factors of approximately 
1.5 were found when compared to integral dE/dx sampling. To indicate the expected 
performance of such devices we give in Figure 16 the particle separation in units 
of standard deviation separation. In one case a filling of Argon/CH^ at 4 atm. 
with 1 cm thick samples was assumed. ). As an indication that performance improvements 
are possible, curves are also shown for a Xe-CH^ filling. The pressure (1 atm) has been 
chosen to allow K/p separation up to - 100GeV/c and a performance based on "clus
ter" counting was assumed. 
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J L 

Figure 11 : Absolute calculation and measurement of the ionization loss for 
several particle momenta. Note that the calculations reproduce 
correctly the mean, the width and the Landau tail ("over flow") 
(Ref. 22) 
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o 
E 

o »-» 

Figure 12 : Comparison of a Monte Carlo calculation of the relativistic rise of 
the energy loss with some measurements. Ref. a) is Ramana Murthy, 
Nucl. Instr. Methods 63_ (1968) 77. Ref. b) is Harris et al., Nucl. 
Instr. Methods 107 (1973), 413. Ref. c) is Jeanne et al., Nucl. 
Instr. Methods 111 (1973) 287 
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Most Probable Energy Loss ( E m p ) for e,/i.,7r, K,p in Icm 
of Argon at 10 Atm. 

H r - H H H r-
0.1 0.2 0.5 1.0 2.0 5.0 10.0 

P (GeV/c) 

Figure 13 : Most probable energy loss for various particles in 
1 cm of Argon at 10 attn. (Ref. 7) 
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(uu) trouai jopajap |o;oi 

Figure 14 : Relation between detector thickness and number of dE/dx measurements 
for a given resolution and total detector length (Ref. 23) 



- 714 -

Figure 15 : Calculated particle separation (TI -K separation at 3.5 CeV/c) as a 
function of gas pressure and number of dE/dx measurements for a 
fixed detector length of L = 128.8 cm (Ref. 24). A conceptual 
upper limit, based on counting of collisions, is also shown 
(see text) 
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Separation |jn stand, dev. j 

Separation £in stand, dev.; Collision counting j 

Figure 16 : Expected particle separation (in units of standard deviations) in a 
detector of 170 cm depth, at 4 atm. and 140 samplings per track (Ref. 
Also shown (dashed lines) is the performance of the same detector, 
filled with Xe/CH^ at 1 atm. and assuming cluster counting (see text) 

27), 
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The relative merits of different gases for dE/dx-identification2^' indi
cate that for the LEP energy range the heavy gases remain the preferred choice in 
a delicate balance between resolution and identification range. We should also 
be reminded that the saturation of the relativistic rise due to the density ef
fect is intimately associated with extended homogeneous media. It has been poin
ted out theoretically28^ and verified experimentally29) that this effect is re
duced or absent in media where inhomogeneities (zones of energy loss) are separa
ted by distances larger than the "formation" zone, the relaxation length charac
terizing the polarization effects and responsible for the density effect. While 
surely extensive development work, must continue to evaluate the full potential of 
the dE/dx identification method, we anxiously await the first results from the 
dE/dx detectors under preparation at PEP, PETRA and ISR: so far the 2-3% resolu
tion has only been achieved in "easy" geometries, with collimated tracks in well-
defined test set-ups. Absolute ionization measurements in storage ring detectors 
will be plagued by a number of systematic effects, depending on track inclination, 
gas gain and instrumental effects. 

v 
Ring focusing Cerenkov counters have recently been considered, following 

a suggestion by T. Ypsilantis to use UV-sensitive MWPC's as the photon detector 3 0). 
The proposed detector geometry is given in Fig. 17, and the status and trends of 
development are tabulated in Table 7. The concept is attractive as it combines 
a geometry suitable for storage rings and high efficiency for the UV-Cerenkov 
photons requiring short radiators only. The resolution in the Lorentz factor y 
is such that the complete y range required for LEP physics could be covered with 
three radiators only. One of the difficulties of this technique for use in the 
LEP physics programme would appear to be the identification of all the particles 
belonging to a densely collimated jet: in the pattern recognition one will have 
to disentangle several (up to - 15) Cerenkov-ring images, mostly superimposed. 
Experimentally, the detection of C-photons in UV-sensitive chambers has been 
accomplished for a threshold-C-geometry and approximately half the expected number 
of photoionization electrons were measured^^One of the present points of activity 
concerns the readout problem. Here again, the combination of chambers with demon
strated single electron-detection efficiency19)and reduced electronics cost 
appear most promising. Research on new gases with lower photoionization thre
shold also continues. This might circumvent the requirement of special UV-
transparent glasses, such as LiF, CaF^ or sapphire, a major practical obstacle. 

To complete the discussion on identification techniques for LEP physics, 
we mention the possibility of Transition Radiation Detectors 3 2). The theory of 
these detectors has been verified experimentally in detail 3 3) and can be used for 



Table 7 
. . . . y 

Photoionization Imaging Cerenkov Counters 
Concept Comment 

advantage disadvantage Status Trend 

R/0 with UV sensitive Present concept needs UV 50% of calculated photo- Search for gases 
gas and Prop. Ch. transmitting windows electr. yield observed with lower ioniz. 
System (Chapman et al. U-MI-78123) threshold 

Cryogenic radiators for (Ypsilantis) 
High detection Y 5 10 Various R/0 schemes under 
efficiency preparation (Ypsilantis; R/0 problem may 

Pattern recognition may Charpak, et al.) become more manage
R/0 without pattern be difficult for LEP-jets able with new gene
recognition gives ration of electronics 
threshold C with (Isabelle: 0.5xl06 

interesting performance detection channels) 

Try different radiator-
detector geometries 
(e.g. integration) 



- 718 -

Figure 17 : Schematic representation of a sequence of ring imaging 
Cerenkov counters, using UV-sensitive MWPC-like readout 
elements (See also Ref. 30) 
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the optimization of the detectors34'. These detectors are sensitive above thre
sholds Y t^ i 500 - 1000 and they might therefore be of value for special detection 
requirements. As an example, we estimate that a counter of total thickness 
d 5 20 cm, optimized for electron detection, would yield a hadron-rejection of 
30 to AO and detect electrons with momenta p ï 5 GeV/c with an efficiency of 
à 90%. This should be useful in a dedicated spectrometer set-up for 2y-physics, 
where electron tagging is important. It might also be used to identify electrons 
inside very collimated jets in sensitive searches of new thresholds. 

A- Total Absorption Calorimetry 

Absorptive spectroscopy has been increasingly used in recent years. Its 
consideration has been favoured by the increasing energy of the new accelerators 
and storage rings, where an energy resolution can be achieved which competes 
favourably with magnetic analysis. At LEP energies the momentum along a given 
axis and the energy of an event will be measured with a few percent accuracy and 
essentially independent of the final state. There, magnetic momentum analysis 
may only compete, if the total energy is shared in a multiparticle final state. 

Electromagnetic Shower Detectors (ESP) 

The physics of such detectors has been known for many years 3 5^ and the 
required instrumental techniques are sufficiently straightforward to have permitted 
their use for a number of years. Recently, efforts were concentrated on develo
ping readout methods suited to the requirements of storage ring detector geome
tries. Table 8 documents this activity 3 5). 

New performance requirements will have to be imposed on ESD's to be 
used in the LEP physics programme, where it will be the most common and also most 
difficult task to estimate the fractional jet energy carried by photons. Due 
to the narrow collimation of LEP jets, this measurement has to be accomplished in 
the presence of partially developed hadronic cascades in the ESD. The influence 
of this hadronic shower background is summarized for various assumptions in Table 
9 3 7 ) . The evaluation is based on a 20 rad. lengths deep ESD, of which the first 
five and the subsequent 15 R.L. are read out individually. Therefore, should the 
intrinsic photon resolution be required, sufficiently fine transverse subdivision 
of the ESD is one of the necessary requirements. 



Table 8 

Techniques for Electromagnetic Shower Detectors36) 

Lead Glass Nal Lead Glass 
+ MWPC 

MWPC 
Sandwich 

Liqu. Argon 
Sandwich 

Scintillator 
Sandwich 

Flashtube 
Sandwich 

oE/E - K//E 5%//E 2%/Ve 5%//E 22%/t/E * 18%/t/E * 18%A/E * 14%/t/E * 

Energy range > 0.25 > 0.1 > 0.2 > 0.2 > 0.3 > 0.2 > 0.2 
(saturation 
limit!) 

AX (a) 3 cm 3 cm 0.3 cm 0.1 cm 0.4 cm < 1 cm 
centroid 

0.5 

Aa (typically) 50 mrad 10 mrad 60 mrad 10 mrad 

At 100 ns 100 ns 300 ns < 1 ps < 1 ps < 100 ns 1 us 

Multihit Separ. 20 cm 20 cm 5 cm 2 cm 5 cm 20 cm 1 cm 

<p> (g/cm3) 2.4 3.7 2.4 1.5 6 6 1.5 

Typ. Dimen
sion (- 15 X 0) 60 cm 60 cm 70 cm 80 - 100 cm 60 - 100 cm 50 cm 120 cm 

it-influence few Gauss few Gauss few Gauss OK OK low OK 
Hadron Discr. 1% 1% 0.1% 0.1% 0.1% 1% _0._1%_ 
Calibration 1 - 2 % 1% 1 - 2 % i 27. < 1% 1 - 2 % No problem ' 
Price (4TT cover. 
" 25 m 2) 

4.5 MSF - 25 MSF 4.5 MSF 
+ - 2 MSF 7 4 - 5 MSF 4 MSF ? cheap 

* t ... sampling step in X Q 
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Table 9 
Calorimetric Measurement of Photons in a Jet 

Photon Component 
Method True 

Energy 
GeV 

Estimated 
Energy 
GeV 

Energy 
ResoTution(c) 
GeV 

EDS measurement only; optimized 
estimates based on longitudinal 
development 

20 19.1 9.0 

EDS + momentum analysis of charged 
particles (assumed without error) 20 20 3.5 

EDS + momentum measurement, trans
verse segmentation 5 x 5 cm2 20 20 0.4 

Hadronic Shower Detectors 

A LEP physics programme requiring a 4TT Hadronic Shower Detector (HSD) 
has been discussed previously38^ and some of its instrumental implications are 
summarized in Table 10. Further studies of such physics problems are required to 
assess the following questions: 

- which instrumental performance of the HSD's is required? 
- what sensitivity in the study of the various reactions can be achieved, 

given the limitation of the instrumental (e.g. tails in resolution) or 
physics "background" (flavour cascades, where a substantial fraction of the 
energy is expected to be carried away by neutrinos)? 

In addition to the investigation of the above physics topics the value 
of a total energy measurement can surely be argued: it will be the only way to 
differentiate between events where neutral energy was carried by hadrons or by 
neutrinos. Figure 18 is shown to indicate that the interesting fraction of K°'s 
and neutrons is expected to increase with p and should not be ignored1*0-*. 

Our understanding of the physics of hadron calorimeters has considerably 
progressed in recent years1*1). Here we give a tabular summary of the inherent 
physics limitations of the energy resolution of such devices, followed by a dis
cussion of instrumental effects (Tables 11 - 14). 

Fluctuations in Nuclear Binding Energy losses dominate the energy reso
lution. These fluctuations can however be effectively compensated by correlated 
Fission Energy deposit, if Uranium 238 is used as the absorber1*2^, with a resul
ting energy resolution of a(E)/E = 0.3/«/E(GeV). It is summarized graphically in 
Figure 19. Table 12 also shows that there are a number of small intrinsic effects 



Table 10 

Physics Programme with a 4TI Hadron Calorimeter 

Physics Measurement Comment 

Jet studies 
W 2 jets E, p,invariant mass Reasonable spatial resolu

tion; control of tails of 
resolution function 

Spherocity P Very good spatial resolu
tion; increases sensitivi
ty to rare events with 
large spherocity 

Reactions producing 
neutrinos 

p missing Very good energy and momen
tum resolution required; 
background from flavor cas
cades has to be evaluated, 

Quark searches E "Super energy" Method39^ 



Table 11 

Contribution to Energy Resolution (Absorber) 

Effect Energy Comments 
visible invisible 

Decay in front of Absorber X For LEP jets and a decay length of 1.50 m, the average 
loss is - 1% (C.W. Fabjan and H. Grote, ECFA/LEP 7, 
1978) 

Back leakage x Determines depth of device; optimization for LEP jets 
indicates: 7 I.L. of Uranium (~ 44 cm); will give 
- 3% leakage for 20 GeV Ko. Non gaussian contribution. 

Front leakage 
(Albedo) 

x - 3 - 4% for 10 GeV partielP, - 27. for 20 GeV particle 
(less for K°); non gaussian; energy in form of low 
momentum p, n, y. May be background for tracking de
vice! 

u, v Production X See Table 

Nuclear Effects : 
Excitation X X Produces n, p, y in MeV range; non gaussian. 

Binding Energy X See Table 

Consequence: different response for it0 and h; good 
yardstick of Nuclear effects is R = e/h = signal for 
e/signal for h at same energy. Fluctuations in nuclear 
effects limit the energy resolution. 

Fission compensation X See Table 
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Table 12 

Some Contributions to "Invisible" Energy 

Estimated Energy of Escaping Muons and Neutrinos 

E 
o 

40 GeV 300 GeV 1000 GeV 

E + E v u 
E 

0 

1.3% 0.4% 0.3% 

Binding Energy Losses 

Particle/ 
! Binding energy in % 

i 

i 
energy 
(GeV) 

Material ¡ Visible Incident Reference energy 
(GeV) energy energy 

T T / 1 
*-/3 
T T / 7 

Organic scint. 
Organic scint. 
Fe/Scint. 

16% 
13% 

10% 
8% 

^\ See Ref. 41 
j for details 
/ and references 

L 

( A.L. : 40 cm 20% 15% 

^\ See Ref. 41 
j for details 
/ and references 

L 

( 
T T/10 Fe/L Ar 

A.L. = 31 cm 24% ± 4% 17% ± 3% ) 
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Electromagnetic Shower Sampling Calorimeters 

/dE \ k 

Energy Resolution : cr(E)/E= 0.05 / MeV J 
dx ' /E(GeV) particle 

dE/dx... ionization loss per sampling cell 
verified for iron,lead,uranium 

Position Resolution: t7(x) » 2.77 mm measured with 5 mm strips 

Hadron Rejection: factor *v» 100, based on two longitudinal divisions. 

References: W. Willis, V. Radeka NIM 120, 221 (1974) 
C. Cerri et al., NIM 141, 207 (1977) 
pp Note 05. 

Hadronic Shower Sampling Calorimeters 

Energy resolution: 
verified 1-10 GeV/c 

1 
a(E)/E = 0.55 . (non U-absorber) 

/E(GeV) particle 

1 
a(E)/E = 0.25 . — Z ^ Z Z Z Z Z CU238 absorber) 

/E(GeV) particle 

(Sampling step finely enough chosen not to influence resolution) 

Shower dimensions: longitudinal "\» 4 absorption lengths 
transverse ^ <̂  1.5 absorption lengths for > 80% 

containment of showers 
(measured in U/LA cal. at 10 GeV/c) 

References: C.W. Fabjan et al., NIM 141, 61 (1977). 

, 0.67 Collision length (cm) , . Position Resolution : a = - - (cm) 
* /É (GeV) 

(extrapolated from WA 18 data) 

Table 13 

Summary on Calorimetry 



Table 14 

Contribution to Energy Resolution (Read out) 

Effect Magnitude Comments 

Sampling E.M.S. see Table -, • , <- , . Energy loss (active) . .. , 
Approx. valid for l * •=, : -, r-H-i «I 

r e Energy loss (passive) 

Saturation effects 

H.S.: approximately two 
times the value of 
E.M.S. in same detector 

For hadron showers: sampling fluctuation does not 
limit resolution. 

Present in Organic P^inc. and Liquid Argon, but found 
not to influence resolution. 

Noise, calibration 
effects, etc. -

Strongly dependent on Read out method. For example 
in Pb-glass array o (Calib) S 3Z 
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Figure 18 : Momentum spectra of ir±, K± and p (Reference 401 
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Figure 19 : Measured energy resolution for sampling HSD's (Reference 42) 
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Figure 20 : Schematic layout of the AFS Calorimeter under construction for the 
CERN ISR. The total volume is subdivided into 800 "Towers" viewed by 
four photomultipliers each, and thus allowing two longitudinal read
outs and shower localization 
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which reduce the total visible energy in such calorimeters by a few percent. 
Fluctuations in this invisible energy will be one of the limitations to a Total 
Energy Measurement. - Table 13 provides a summary of energy and position resolution. 

The development of readout techniques carried out for ESD's clearly also 
benefits HSD-instrumentation. These are summarized in Table 14. Considerable 
experience is being accumulated with liquid Argon Counters at all the major labora
tories Soon it will be possible to compare the merits of this charge-collecting 
technique with the more recent Wavelength Shifter Readout of Scintillator Calori
meters. A large 8 sr Uranium-Scintillator Calorimeter is under construction for 
the AFS at the ISR (Fig. 20). 

5. Conclusions 

The extensive development of large detector systems for storage ring 
physics during recent years justifies confidence that a substantial part of the 
physics programme planned for LEP can be carried out with presently available 
methods and techniques. Much recent refined understanding of the physics of de
tectors combined with spectacular advances in electronics techniques will surely 
bring us closer to the "ultimate" detector in the next years. Many of the most 
interesting research topics on detectors would benefit from an interdisciplinary 
approach and could therefore be profitably pursued at University laboratories. 

It was a pleasure to have been associated with this Summer Study. Its 
stimulating atmosphere owes much to its Organizer, M. Jacob. 
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1. Introduction 
This note summarizes the work on the design of a detector suited 

to investigate the jet structure of events produced in e +e collision at 
LEP energies. 

It outlines the physics aims of the study, then reports on the 
generation of events with jet structure and the tracking of such events 
through a first approximation of detector. Performance of the detector, 
possible improvements and obvious shortcomings are discussed at the end. 

2. Physics Aims 

Jet physics is likely to represent an interestinp topic at LEP 
energies. Predictions based on phenomenological ext apolations of present 
data and on QCD allow an oversimplified division of the field of interest 
into two extreme situations. 

a) Study of jet kinematics in both cases where the jets originate from 
resonances, by for instance a three-gluon process, and when they originate 
from the continuum. Experimentally, kinematical quantities (sphericity etc.) 
related to the structure of the jet must be constructed from measured values 
of momentum and energy (with errors). In order to test the sensitivity of 
these quantities to different mechanisms of jet production and design 
feasible experiments one needs simulated exclusive particle distributions 
in the jets and a realistic guess of the errors in the detector. 

b) Study of the particle composition of jets to reveal the underlying 
quark flavour structure and to distinguish genuine jets from extended 
cascade decays. Again one needs to produce a simulation of the particle 
composition of the jet and estimate the identification efficiency and errors. 

3. Jet Models 
The need for simulating exclusive events with a jet structure 

comes, on the one hand, from the stringent requirements that a tight bunch 
of particles, charged and neutral, put on a detection system. The evaluation 
of detector performance and its optimization for a given type of physics 
are crucially dependent on the structure of the event and can be studied 
only by realistic simulation and extensive tracking. 

On the other hand, the choice of efficient estimators constructed 
from measured quantities depends on accuracy of measurements as well as on 
the structure and variety of events to be studied. The sensitivity of the 
estimators proposed (sphericity, spherocity, thrust, acoplanarity, triplicity 
etc.) has to be tried in comparing different jets in a realistic detector. 
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We have chosen a CM energy of 70 + 70 GeV for all the jet 
simulation reported here [1]. 

3.1 Jet Production 

i) Two-Jet Case (qq) 
The process is assumed to take place via one photon: 

e + + e ->• Y ->• q + q, each quark giving a jet. The angular distribution for 
unpolarized beams is dN = (1 + cos 28) d(cosO) where 6 is the polar angle 
with respect to the beam direction. 

ii) Three-Jet Case - Gluon Bremsstrahlung (.qqg) 

In the production of two jets a gluon is radiated from one of the 
quark" and makes its own jet. The 5-fold differential crcôs section of [2] 
has been refori. jlated for massive particles and used in the simulation. 

iii) Three-Jet Case - Resonance Decay by Three Gluons Cggg) 

This topology is thought to give three jets with a cleaner mutual 
separation than qqg. Hence it has not been considered for this study. 

3.2 Jet Fragmenta-ion 

i) longitudinal Phase-Space 

Our first generation of two-jet events was made by assuming a 
phase-space distribution with limited p^ with respect to the jet axis. 
Energy-momentum conservation is correctly enforced. However, the nature of 
the hadrons produced and their multiplicity are not predicted. Therefore 
all particles are assumed to be pions and the average total multiplicity is 
fed into the calculation: <n > = 25. 

TT 
The model is adequate for a variety of studies, primarily when 

jet kinematics or the properties of pions (photons) alone are concerned. 
See figs 1 and 2. 

ii) Quark Jet Fragmentation 
A more elaborate fragmentation of quark jets was generated accordin 

to Fields and Feynman [1,3], It predicts completely the nature of the 
particles produced, by using as input the relative frequency of quark 
flavours and the known branching ratios for vector and pseudoscalar meson dec 
Limitations of the model as it stands are non conservation of momentum per 
jet but only per event and non conservation of quantum number either per jet 
or per event. Baryons are ignored. Only u, d and s quarks are present. 
See table I and figs 3 to 7. 
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Figure 1 : Display of a two-jet event. Magnetic field is along the beam axis at 
a strength of 1.5 T. Solid lines are charged pions, dotted lines 
neutral pions. The two projections shown are: a) in the plane of the 
beams and the jets and b) perpendicular to the beams 
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Figure 2 : Display of a two-jet event. Magnetic field is along the beam axis at 
a strength of 1.5 T. Solid lines are charged pions, dotted lines 
neutral pions. The two projections shown are: a) in the plane of the 
beams and the jets and b) perpendicular to the beams 
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Primaries 
Stable 

Primaries 
Stable 

Secondaries 

T T 0 1.27 1.27 5.23 
TT 1.26 1. 26 4.97 
K" 0.59 0.59 0.71 
+ 

TT 1.26 1.26 4.98 

n 0.70 
ÍC° 0.60 0.60 0.72 
K + 0.69 0.69 0.67 

K° 0.61 0.61 0.66 

n' 0.62 

P° 1.18 

p 1.08 
K 0.61 
+ 
P 1.12 

u 1.04 
* 

K 0 0.58 

0.55 
* 

K 0 0.54 
0.29 

Y 1.36 
Total 14.60 6.28 19.30 

TABLE I 

CqqJ two-jet simulation 

Frequency of particles 
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Figure 3 : Average total multiplicity for: a) (qq) two-jet events and b) (qqg) 
three-jet events (multiplicity of the gluon jet alone shown by a 
dashed line)[l] 
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Figure 4 : Momentum distribution of all particles for (qq) two-jet events, with 
IT0 stable [l] 



- 741 -

10 2 0 3 0 4 0 5 0 6 0 

MOMENTUM GeV/c 

7 0 

Figure 5 : Momentum distribution of leading particles for (qq) two-jet events, 
with ir° stable, where leading is defined as the highest momentum par
ticle in each jet 
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Figure 6 : Cumulative distribution of angular separation of any two charged par
ticles in the same jet for (qq) two-jet events (] 1 ] 
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iii) Gluon Jet Fragmentation 

A gluon goes into a (qq) pair and each quark is treated then as 
in the fragmentation of a quark jet [1] (figs 3 and 7). 

4. Detector Design to First Order 
"We took as goals for a first attempt of a detector design to do 

the best conceivable job on: 

a) Charged particle detection in a magnetic field for momentum measurement 
and particle identification by dE/dx in a gas. 

b) Detection of electromagnetic showers from all y in the jet and from 
c for normalisation, inclusive and exclusive studies. 

In carrying on the design we tried to keep open the possibility 
of complementing our basic goals by: 
c) A hadron calorimeter to detect a fraction of the neutral energy escaping 
from the EM shower detector. 

d) A muon identifier both for normalization and for inclusive muons. 

e) A time-of-flight system. 

f) A tagging system to discriminate between one and two photon processes. 

We will skip all arguments in favour of a solenoid as magnetic 
field configuration, but we stress the choice of installing the electromagnet 
shower detector inside the coil in order not to spoil the performance. 

All considerations of detector design which follow are based upon 
tracking two-jet events. 

4.1 Charged Particle Detector 

A starting point for our early choice of charged particle detector 
came from jet separation studies during the 1977 ECFA Hamburg Study Week [41. 
There it had become clear that a granularity of the detector of the order 
of 1 cm2 in the plane perpendicular to the beams was necessary. 

A second very stringent requirement came from our choice of using 
dE/dx measurements in a gas as the only way of achieving particle 
identifications in an almost 4TT geometry. Since track length and momentum 
resolutions are needed simultaneously [5,6,7] we were lead to propose a 
relatively high magnetic field over a volume large at first sight but still 
insufficient, so that a pressurized detector should be envisaged. 

The charged particle detector we propose is a large cylindrical 
gas volume (ID = 20 cm; OD = 360 cm; L = 600 cm) pressurized at 4 atm with 
sense wires parallel to the beams. It works as a drift chamber combining 
drift and pulse height measurements in order to give position (by time and 
charge division) and dE/dx (by summing pulse heights) . 
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In discussing the granularity of such a detector we have to separate 
between its performance for position and for energy loss measurements, as they 
are understood today. 

i) Position Measurements 

Let us consider a track in a plane perpendicular to the beam axis 
travelling (almost) radially away from the intersect (fig. 8 ) . 

The track will be measured as many times as there are measuring 
wires crossing the plane. An increase of the number of measuring points N, 
hence the number of measuring channels, improves the momentum measurement 
as <v The minimum azimuthal separation of two tracks on the same wire is 
determined by the recovery time of the system after an avalanche has reached 
a wire (50 ns corresponding to 0.25 cm) as well as by the multihit 
capability of the electronics. 

The measurement of the coordinate along the wire is done by charge 
division, where a large charge collection time is needed. No double hit 
resolution seems possible here, the first track drifting to the wire being 
recorded only. 

Granularity in the radial direction means number of wires. In 
the azimuthal direction, means threshold of electronics and multihit capability. 
There is no granularity in the beam direction. 

ii) Energy Loss Measurements 

As pointed out in the previous paragraph, pulse height measurements 
require a long charge collection time and it seems hard to perform measurements 
on tracks drifting to the same wire when separated in time by < 200 ns (̂  1 cm). 
Moreover, immediately above this value of separation, precision may be 
insufficient for the second track. 

Granularity in the radial direction means number of wires. Fine 
granularity in the azimuthal direction means number of wires; coarse 
granularity means fast ADC's and/or analog switches. There is no granularity 
in the direction of the beams. 

We conclude that the granularity of the detector is determined to 
a large extent by the constraints of the energy loss measurements. 

iii) Unobscured Track Length 

The influence of granularity on detector performance can be seen 
quantitatively as the variation of the number of detector cells occupied by 
more than one track, hence obscured for the purpose of momentum and energy 
loss measurements. The unobscured track length is then the total path of a 
particle through useful cells. The unobscured track length has been investigated 
for different cell sizes. Plots are shown in fig. 9 as a function of momentum. 
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Figure 8 : Definition of a detection cell 
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Figure 9 : Average unobscured track length vs. particle momentum, for different 
(azimuthal) cell width [8] 
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Figure 10 : Unobscured track length vs. particle momentum for different magnetic 
field strength [8] 
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iv) Magnetic Field Strength and Detector Radii 
There are two more variables which we have to play with, namely 

magnetic field strength and detector boundaries. 

The magnetic field has an obvious influence on the quality of the 
momentum measurements and a less intuitive one on the number of low energy 
primaries and secondaries curling up near the vacuum pipe and on the separation 
of high energy particles in a jet: in other words on the unobscured track 
length. For fixed cell size, the unobscured track length has been studied 
as a function of momentum and magnetic field strength (fig. 10). With the 
exception of low energy particles, it can be said that the unobscuTed track 
length does not change appreciably by varying the field strength. 

A field of 1.5 tesla is proposed, which combines manageable 
engineering problems and stored energy with acceptable momentum resolution 
[7,8]. 

The influence of varying detector radii is given in fig. 11. 

v) Pattern Recognition and Momentum Resolutions 

The large number of measuring points per track is beneficial to an 
efficient pattern recognition and follows, in this respect, the well 
established trend of most detectors now being constructed or proposed. 

In addition to the large number of points , momentum resolution will 
benefit from measuring precision (high pressure, hence good ionization 
statistics]. We have assumed an error of 200 u on each measurement. 
Fig. 12 shows the expected momentum resolution integrated over all track 
directions. 

vi) Particle Identification by dE/dx 

For efficient identifications of all particles in a jet we must 
have : 
a) A fine sampling of the energy loss measurements over the measured track 
length. A number of samples larger than ^ 100 is adequate [5,6]. 

b) A product of unobscured track length times pressure of the order of 
^ 5 m . atm or larger [5,6]. 

We choose an A + 10% CHi, mixture at 4 atm and investigate the 
efficiency for identifying all particles in a jet. Table II [8] shows how 
many particles belonging to the same jet have an unobscured track length 
below a given value L . . For example, if the minimum track length required 

min 
for identification is 100 cm,88$ of the jets are fully identified, 2%, 9% and 
1Í of the jets have 1,2 and 3 unidentified particles respectively, assuming 
the identification to be momentum independent. 



- 748 -

10 t o o 

p M o m e n t u m G e V / c 

Figure 11 : Unobscured track length vs. particle momentum for different inner 
and outer radii [8] 

< 

% 

10 

7 

Mean va lue 
_o f momentum 
- resolut ion i 

Momentum resolution v s oa r t i c l e momentum 
for d i f fe ren t az imuthal cell widths ( 7 0 + 7 0 GeV) 

A r » l c m , B « I . 5 T , R, * I O c m , R Q - 1 8 0 c m , < • 0 . 2 m m 

5 - ¡ 
3 ¡ 
2 

1 

i 
/ / A N . N. r A < p 

0.7 - ! / / / N. C M 

0 . 5 - lim
it 

/ / / \ . 1.0 c m 

0 . 3 - 3 1 

^ I 
/ / / 0 . 5 c m 

0 . 2 /// 
0.1 - /yy 
oar - j // 0 . 0 5 - ¡ 

s Typical s p r e o d equa l to m e a n value 
0 . 0 3 - ! 
0 0 2 ! i l 1 

10 100 
p Momentum GeV A: 

Figure 12 : Momentum resolution vs. particle momentum for different azimuthal 
cell width [8] 



- 749 -

T A B L E I I 

Probability (in %) that a certain number N of particles in a jet 
have unobscured track lengths smaller than a limit L . (cm) for 

m m 
for a cell size Ar = 1 cm rAoi = 1 cm [8], 

\ j 
L \ 

murs. 
0 1 2 3 4 5 6 7 8 9 10 11 12 

50.0 99 1 
60.0 99 1 
70.0 98 2 
80.0 94 4 2 
90.0 89 5 6 

100.0 88 2 9 1 
110.0 84 6 8 1 1 
120.0 77 7 11 2 2 1 
130 .0 68 13 10 4 3 2 
140.0 62 8 15 7 3 2 3 
1SO.0 51 9 17 11 3 S 2 1 1 
160.0 39 13 17 11 6 5 6 1 2 
170.0 33 11 14 10 15 1 10 4 0 2 
180 .0 29 11 12 9 14 6 8 5 3 2 1 
190.0 23 12 13 10 5 10 9 10 3 3 2 
200 .0 21 11 10 11 10 8 9 7 6 3 4 
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Unobscured track lengths as a function of momentum is shown in 
fig. 10. Averaging over momenta above 1 GeV/c yields an unobscured track 
length of 125 cm. This value has been used to compute particle 
separations [6], Predictions are shown in fig. 13 and can be summarized 
as follows: at a three standard-deviation level 

- eTT separation below 28 GeV/c 
- T t K separation between 1.5 and 38 GeV/c 
- Kp separation below 1.6 GeV/c. 

4.2 Electromagnetic Shower Detector 
We will be concerned mostly with the geometrical constraints coming 

onto the EM shower detector by tight jet structure of the events. 

The properties of available or conceivable EM shower detectors 
have been reviewed in preparation of this Summer Study and are summarized 
elsewhere [9,10]. 

The EM shower detector consists of a cylinder (ID = 380 cm], 
60 cm thick with end caps 6 m apart. The study of the detector has been 
concentrated only to the impact of y's and charged particles onto the inner 
surface of the cylinder and the end caps. The entire field of investigations 
on the longitudinal and lateral shower development in the magnetic field 
and the means of separating close-by showers by more refined methods has 
been left untouched. 

We will report here on the studies on the granularity at the 
inner surface in relation to two problems: 

- separation of two y's at their impact point. 
- separation of e's from TT'S. 

i) 2y Separators 

We have tracked all y's to the inner surface of the EM shower 
detector and computed the (shortest] distance between two impact points. 

Fig. 14 shows a plot of the distance for any two y's originating 
from the same jet and for the two y's decaying from a TT0 in the jet. 

By knowing the average multiplicity of IT0 per jet < n
1 r o / j e t

> ^ 4.2 
it appears that each jet has 'v 2 y's within a distance of 10 cm. If the 
analyses of the jet requires a detailed knowledge of the parent TT°, a finer 
subdivision should be attempted. For instance 4 cm would give 4.41 of 
unresolved TT°'S per jet. 
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function of momentum |6| 
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Figure 14 : Cumulative distribution of the distance of the impact points of two 
photons: a) belonging to the same jet (solid line) and b) originating 
from the same neutral pion (dashed line) 
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ii) u/e Rejection 

The capability of distinguishing relatively low energy e's, from 
it's allows the study of less common decay of the parent particles in the 
jet and the search for prompt electrons. It gives also a handle to 
discriminate genuine jets from complicated cascades. 

At the top electron energy n/e separation provides a tool for a 
proper normalization. 

IT* and y Hitting the same EM Shower Detector Cell 

We have tracked both y's and charged pions to the inner surface 
of the EM Shower Detector. For a fixed cell size a scatter plot of the 
energy of the y vs. the momentum of the pion hitting the same cell allows 
an estimate of the probability of confusing a y -Tr pair with an electron 
(figs IS and 16), once the errors on energy and momentum are known. By 
assuming Og/E = 0.1/7Ë and o /p 2 = 10~ 3 (GeV/c)~ 1 one obtains a Tt/e rejection 

— 2 ^ — 2 

ratio of 10 for a granularity of 4 cm and 4. 10 for a granularity of 
8 cm. 

Confusion of Hadronic and Electromagnetic Showers 
We have not calculated the shower development and we rely on recent 

experimental results based on comparison of shower profiles for IT" and e~ at 
4 GeV/c [11]. For an electron efficiency of 82.8% a rr/e rejection of 1/410 
can be obtained. 

Further Rejecti^^ by dE/dx Measurements 

As seen from fig. 13 -n/e separation by energy loss measurements 
is efficient up to 28 GeV at the 3o level. This gives an additional factor 

— 2 

of 10 in rejection which can be combined with each of the figures given 
above. Proper care should be taken for the correlations given by the 
momentum measurement common to the different methods. 

_ if 
It appears that an overall rejection of 10 per track is not out 

of reach. 
4. 3 Detector Layout 

The considerations of sections 4.1 and 4.2 on charged particle 
and electromagnetic shower measurements fix the main parameters of the jet 
detector. 

Performance of the additional equipment listed at the beginning 
of section 4 has not been worked out in the course of the study, but only 
dimensions have been roughly guessed. 
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Figure 15 : Scatter plot of the energy of a photon Ey vs. the momentum of a 
charged pion p^ belonging to the same event for 100 events. The 
distance of the impact points on the EM shower detector inner 
surface is selected to be smaller than 8 cm 

Figure 16 : Scatter plot of the energy of a photon E vs. the momentum of a 
charged pion p belonging to the same event for 100 events. The 
distance of the impact points on the EM shower detector inner surface 
is selected to be smaller than 4 cm 
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Figure 17 : Layout of the LEP jet detector: a) in a vertical plane containing 
the beams, b) in a vertical plane perpendicular to the beams 
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A layout of the jet detector is shown in fig 17. A 
feeling of its size: 

Magnetic field strength 1.5 T 

Magnetic stored energy T l 150 MJ 

Weight of iron for return yoke and 
forward calorimeters 

% 2000 T 

Weight of EM shower detector \ 130 T 
Number of channels of electronics 
for central detector 

> 6000 

Overall length > 
T i 10.5 m 

Overall width k 
> 
T/ 10 m 

Depth of pit required below beam height > 5.5 m. 
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