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ABSTRACT 

The contents of this final report from the Workshop on Z Physics at LEP 
can be divided into two parts. The first part, comprising Vols. 1 and 2, is a 
relatively concise but fairly complete handbook on the physics of c*e~ 
annihilarion near the Z peak (with normal LEP luminosity and unpolarized 
beams, appropriate for rhe first phase of LEP operation). The second part 
(Vol. 3) is devoted to a review of the eiisring Monte Carlo event generators for 
LEP physics. A special effort has been made to co-ordinate the different parts 
of this report, with the aim of achieving a systematic and balanced review of the 
subject, rather than having simply a coilection of separate contributions. 
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1 Introduction and generalities 
1.1 Monte Carlos as subject matter 
The aim of this contribution is to give an overview of the status of the software available 
for the simulation of electroweak physics at LEP LOO. LEP is (among other things) an 
instrument to perform precision tests of the standard model of electroweak interactions. 
This means that the predictions of the phenomena to be expected should reflect this 
kind of precision. The major part of the first of these volumes is therefore devoted to 
these precision predictions. Our subject of stud}' here is not so much the theoretical 
predictions themselves but rather their implementation into working software which 
allows the experimentalists to compare theory and data to the desired accuracy: nowa
days, it has become generally agreed that the most practical way to do so is by Monte 
Carlo. This volume, therefore, is dedicated to the Monte Carlo software that is nowa
days available. The layout of this contribution is as follows. In the first section we 
discuss several generalities relevant to an understanding of which demands to make on 
Monte Carlo software. Included in there is a short discussion on the general theory of 
Monte Carlo simulation. The second section contains a number of technicalities, most of 
which arc related to the problem of treating the emission of multiple soft photons. The 
third section contains a description of the most relevant existing software for simulating 
various e+e~ scattering processes. In section 4 these will be compared with each other 
and analytical predictions. It should be noted that in this part we shall only concern 
ourselves with software for the electroweak sector of the standard model: a parallel and 
complementary discussion is contained in the review of the software for simulation of the 
strong interaction physics (QCD generators). Before wc start comparing the two types 
of software, the following remark is in order. In contrast to most of the subjects treated 
elsewhere in these reports, the field of Monte Carlo event generators for precision tests 
of the standard model is in a stage of rapid development. Even at this moment the most 
important software is still continuously being updated, and support for some important 
programs has been stopped (or they have been superseded by new, different versions). 
Therefore, the conclusions that our study group has reached may be expected to be 
valid for only a limited period. The more technical aspects of our discussion should 
however be more stable against time. 

1.2 Electroweak versus QCD 
As stated above, the two study groups on Monte Carlo software have each concentrated 
on two different parts of the standard model, namely interactions dominated by elec
troweak effects, and those dominated by strong interaction effects. The reader may get 
a feeling for the parallels and differences between these two kinds of physics predictions 
by considering table 1. 

The electroweak phenomena are 'new', and the QCD phenomena 'old', in the sense 
that at LEP the Z peak is a dramatic feature, while in the QCD sector, which only 
concerns itself with the behaviour of quarks after they have been produced one notices 
only a slight change in the flavour composition of the jets (more (f-typc quarks are 
expected than at lower energies): for the rest, only the event rate and the available 
energy is a bit different from what one sees at, say, P E T R A / P E P or TRISTAN. As a 
consequence, the available QCD software is essentially just a smooth extension of what 
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Elec t roweak ( E W ) strong ( Q C D ) 
'new' phenomena 'old' phenomena 

'new' software 'old' software 
rapid evolution moderate evolution 
theory 'solved' theory 'unsolved' 
high accuracy low accuracy 

agreement expected no agreement expected 

Table 1: A comparison of electroweak and QCD Monte Carlos. 

has been used at lower energies, while for the EW processes really new software has 
had to be developed. Understandably, then, the EW software is still in a fluid state, 
with new versions appearing regularly and support for some programs changing rapidly. 
Another fundamental difference is that (notwithstanding its possible shortcomings as a 
truly fundamental theory, in particular in connection with the naturalness and hierarchy 
problem) the EW sector of the standard model is a theory in which perturbation theory 
is expected to hold to very high precision, and theorists can be required to come up with 
unambiguous, high-precision answers. In contrast, QCD is in the end limited by the fact 
that no good understanding exists of confinement and fragmentation, and that therefore 
any prediction is only to be considered unambiguous modulo these model-dependent 
effects. From the user's point of view this distinction implies that EW software can be 
required to give relatively unambiguous answers with high implied accuracy, while QCD 
software is still descriptive rather than predictive in this sense. The typical boundary 
between these two areas of precision is, as we shall see, an uncertainly level of about 
1%: given the same input parameters, good EW Monte Carlos should agree in their 
predictions to much better than this level, while nobody expects QCD Monte Carlos to 
agree: some artificial agreement can of course be forced on them, but that would make 
it necessary for different programs to make different assumptions on, say, A q c D , so that 
in that case the underlying physics would be 'different'. 

Having established that EW Monte Carlos must be more accurate than QCD Monte 
Carlos we have to establish a value for the 'typical 1 accuracy to be required from good 
EW software. This accuracy is determined by both experiment and theory: obviously, 
predictions should be at least as accurate as the measuerements, but on the other hand 
any Monte Carlo prediction cannot be expected to be more accurate than is implied by 
the limitations of perturbation theory and so on. Let us first consider the experimental 
limitations. Probably the most accurate number resulting from the LEP experiments 
will be the Z mass, M?t- From refs.[l,2] it is seen that an error of 50 McV on a 7, mass of 
about 92 GeV can reasonably be expected, with maybe 20 MeV being the limit: in any 
case, the relative accuracy on the Z mass will be equal to or better than about 0.05%. 
Another number of interest will be the value of sin 2 9W, as determined from the forward-
backward asymmetry Afjj: without polarized beams, this can be expected to be known 
to an error of about 0.0012 on a value of 0.23, i.e. 0.5% [1]. For quantities like these the 
generally agreed-upon 'typical' accuracy is about 0.3%. From this we can immediately 
infer a largest desirable value for the uncertainty in Monte Carlo predictions: if we 
reasonably assume that in the results of experimental analysis the experimental and 
theoretical errors add more or less in quadrature, a value of 0.1% on the theoretical error 
would make its influence one order of magnitude smaller than that of the experimental 



error - a comfortable situation. Can this accuracy in fact be obtained? From several 
contributions to the first volume [3,4] wc sec that some optimism is allowed: the Z 
line shape has been computed by various groups to an agreement of better than 0.1% 
already, and the results of the study group on the forward-backward asymmetry AFB 

are beginning to also reach this level. It therefore seems that, at least as far as the line 
shape and AFu are concerned, a precision level of 0.1% is not too much to ask. Two 
remarks arr in order here. In the first place, a natural limit on the relevant accuracy 
is provided by how well we shall know M7j, Since this parameter is fundamental in 
virtually all treatments of radiative corrections, we may conclude that a precision of 
better than 0.05% is more or less useless since in that case the theoretical uncertainty 
will be dominated by the experimental error on M%. In the second place, there are some 
inherent uncertainties in the theoretical prediction even inside the minimal version of the 
standard model, since we do not know (yet) the values of Mt, the top quark mass, Mu, 
the Iliggs mass, and the value of the strong coupling parameter. These uncertainties 
should in our view not really be considered as fundamentally unknown errors in the 
theoretical result: in fact wc have made all our comparisons by agreeing to put in the 
same values for the top and Higgs mass, and also for a , ( M | ) . 

Another thing that should be realized is that the 0.1% precision level is not the goal 
for each and every LEP process: indeed, only a few processes can usefully be measured 
to that level in order to give information on the elcctroweak sector of nature. In fact 
a rough distinction can be made of three more or less separate classes of processes, 
according to the precision level required for the theoretical predictions - this is indicated 
in table 2. 

Pre. level fined s ta te accuracy (%) 
nigh 

hadrons 
heavy quarks 

e + e~ 
T+T-

Iliggs + ff 

0.1-0.3 

Medium 2,3 7 
e+e-ff 

e+e~-r-hadrons 
1-3 

Low New families 
Nonminimal Iliggscs 
New gauge bosons 

Supersymmetry 
Compositness 

etcetera... 

10-30 

Table 2: Precision classes of possible LEP processes. 

In the 'high precision' class we find all the processes which will be used to determine 
standard-model parameters: here the precision should really be the maximum attain
able. We have also put Iliggs production in this class, since (if the Iliggs is found at 
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LEP) it will provide tests of the standard mode] for which high-precision computations 
arc required (and exist [5]). The 'medium precision' class contains those processes for 
which the theoretical predictions are also more or less reliable, but that are not of intrin
sic interest as tests of the standard model. The corresponding final states will probably 
be mainly of interest as backgrounds to either standard model tests or searches for 
new physics. It is understood that we may be satisfied with a precision of one or a 
few percent in the prediction for these cross sections. Finally, the 'low precision' class 
contains all the speculative signatures for new physics. At this moment, in which none 
of the welter of proposed scenarios appears more probable than the others, it is not 
practical to try to obtain a precision of better than a few tens of per cents in the cross 
section prediction for any particular scenario. Obviously, as soon as one particular new 
physics signal would appear, we would have to improve this precision - on the other 
hand, the more refined radiative correction computations whithin the standard model 
would become obsolete simultaneously. 

A look at table 2 tells us that all the high-precision processes (with which \vc shall 
concern ourselves in this contribution) are of the s-channel Z exchange type, except 
Bhabha scattering, in which we have also the more complicated (but in principle well-
uderstood) i-channel photon exchange. This means that all these processes'look more or 
less like muon pair production' in the sense that by giving the muons different masses or 
couplings we would obtain light or heavy quark production, neutrino pair production, 
etcetera. In fact, most authors of Monte Carlo software indeed usually start out by 
writing programs for muon pairs, keeping in the back of their minds that the program 
should allow for a possibility of introducing quark-type couplings and so on. It is seen 
that it is a useful strategy to concetrate on /i +ji~ production, not because it is the only 
relevant process but because if it turns out that no reliable prediction (to 0.1%) can be 
obtained for muon pairs, then we will know that the situation for the other processes is 
worse. The above does not imply, of course, that the modifications and additions that 
make a / i + / i~ program into a T+T~ program are trivial: in particular a careful treatment 
of mass effects and spin effects in the decays are a major part of Monte Carlos for r 
production and decay. The muon pair process is just the minimal process for which 
high accuracy can be required. 

A final remark is in order here. If a Monte Carlo program is to give results that are 
accurate to 0.1%, the typical size of the necessary event sample will be of the order of 
one million. It follows that to be good to this level of accuracy a Monte Carlo program 
has to be reasonably fast as well as accurate. Moreover, with event samples of this kind 
the quality of the random number source that is used is also going to be relevant - fast 
as a program may be, if it uses a faulty random number source its results are never 
going to be accurate enough. 

References 
[1] A. Blondcl, in 'Polarization at LEP', G. Alexander et al., eds.. CERN 88-06 

(1988). 

[2] G. Altarelli, ibidem. 

[3] Contribution from the study group on the Z line shape, these volumes. 
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[•I] Contribution from the stud}' group on the forward-backward asymmetry, these 
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[5] .). Fleischer and F. Jcgcrlehncr, Nuci.Phys. B21G( 1983)409. 

1.3 Analytic and Monte Carlo formulations 
In the above, we have been using the word 'Monte Carlo ' and 'software' as if these terms 
can be interchanged. Of course this is not really true. Historically, theorists working in 
radiative corrections have aimed at obtaining analytic (and, if possible, elegantly simple) 
formulae for observables. It is only with the advent of modern, highly complicated 
detectors that the need for flexible predictions that allow arbitrarily complicated cuts 
has become compelling, and nowadays Monte Carlo simulation is seen as the only reliable 
way to obtain such predictions, just as it is the only reliable way to understand detector 
responses and acceptances. This does not mean, however, that analytic calculations 
have become obsolete! In table 3. we compare some features of Monte Carlo and 
semianalytical calculations. In the following, with semianalylical we mean an analytic 
computation in which at most, say, one integration has to be performed numerically -
this is usually done with other than Monte Carlo algorithms, so that the final result is 
practically free of statistical error. 

s emiana ly t i c a l M o n t e C a r l o 
inclusive exclusive 

few cuts allowed many cuts allowed 
not good for experiment good for experiment 

no statistical error statistical error 
fast not so fast 

cross section arbitrary cross sections positive 

Table 3: Some features of semianalytical and Monte Carlo calculations. 

Let us consider the various features indicated in table 3. In both types of compu
tation one has to perform integrals over all or most of the phase space variables, such 
as energies and scattering angles. An analytical result can usually only be obtained by 
integrating the variables over their whole allowed range: for instance, when brcmsstrah-
lung is involved it is usually only feasible to integrate over all photon emission angles, 
not over a restricted range. As a result, the number computed in a semianalytical 
calculation is ususally very inclusive.: in the example of fi+fi~, reliable semianalytical 
calculations only exist for the total cross section, the total forward-backward asymme
try, and the distribution of at most one of the muon scattering angles (already this 
last expression is too involved to be of any use except as a computer program). In the 
expressions for all these quantities none but the very simplest cuts can be implemented: 
for instance, a lower limit on the invariant mass of the /x +/i~ pair in the formula for 
the total cross section. To get a feeling for the difficulties in including more realistic 
experimental cuts, consider the phase space for the / J + / I ~ 7 final state. Due to the in
frared behaviour of the cross section, it is advisable to have the photon energy Z?7 as 
a phase space variable. Because of the strong collincar peaks (occurring whenever the 
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brcmsstrahlung photon is parallel to a charged particle) one also must take the photon 
solid angle f i 7 around the beam as a variable. Then, if one is interested in obtaining the 
muon angular distribution, or wants to impose a restriction on the angular range of the 
rnuon, one can take the /z + solid angle around the beam, Q + , as another variable. This 
exhausts the possibilities of choice: all other phase space variables are now completely 
defined. In particular, the solid angle of the /i~, around the beam, fi_. is no longer a 
simple variable, but we have the following expression for the /z~ scattering angle #_: 

E^ cos 8~ + E+ cos 9+ 
C 0 S * - = 2E~E,-E+ ' 

where 
E = 2ff(ff - E,) ^ 

IE — E^{1 — cos 0 7 cos# + — sin 01 s i n # + cos(<^>7 — <f>+)) 

h is seen that it will be practically impossible to impose a cut on cos9~. and therefore 
we can restrict the angular acceptance of at most one of the muons. It is of course 
for reasons like this that one has to use Monte Carlo techniques. In contrast to the 
semianalytical approach, a Monte Carlo event generator typically yields events, that is, 
completely specified configurations of particle momenta. In that sense, Monte Carlo 
programs are completely exclusive, and it is quite trivial to impose any cut on the event 
sample, no matter how complicated. It is not unfair to say that Monte Carlo programs 
arc excellent for comparison of theory and experiment, while semianalytical programs 
are usually no good for that purpose (unless one has an experimental situation with a 
close to total acceptance). 

On the other hand, semianalytical calculations have a number of advantages over 
Monte Carlo as well. In the first place, as we have already said, they are usually free 
of numerical uncertainties arising from the integration. Therefore two such calculations 
may be compared to a precision level that would not be feasible for Monte Carlo cal
culations, in which there is always a statistical error present which scales roughly with 
J Y - 1 / 2 , where N is the number of Monte Carlo events. In semianalytical calculations, it 
is possible to study tiny efTccts due to, say, changes in parameters such as Mt or Mu\ in 
a Monte Carlo these effects are usually drowned in the statistics unless one takes spe
cial care, for instance with control variate techniques. Simultaneously, semianalytical 
programs are usually very much faster than Monte Carlo in obtaining a number like the 
cross section and the asymmetries. This implies that semianalytical formulae arc what 
you need if you want to piay around with the parameters, and they will probably also 
play a rôle in the fitting of the standard model parameters to the Z line shape etcetera. 
However, the major usefulness of having reliable semianalytical calculations available is 
that ihey can be used to check the Monte Carlo programs. As is seen in the contribution 
to this report from the Line Shape study group, there is nowadays excellent agreement 
between différent groups. This is possible because their semianalytical predictions can 
be checked with each other easily. Authors of Monte Carlo programs usually have much 
more trouble in comparing directly different programs, which tend to have widely differ
ent algorithms and generation strategies. The existence of an independent,more reliable 
number for the total cross section (for example), even if it is not experimentally realistic, 
has been of tremendous help to this study group in assessing the merits and accuracy 
of the various Monte Carlo programs. 

There is one final distinction between semianalytical and Monte Carlo calculations, 
which is of a rather more technical nature. In a semianalytical calculation one is only 



interested in the final number for, say, the total cross section - it is unimportant how 
this number is obtained, and any calculations] trick is allowed to get to the final answer. 
In particular, individual contributions to the cross section may be infinite or negative, 
hi a Monte Carlo event generator, on the other hand, all cross sections are interpreted as 
probabilities. Tins not only means that quantum mechanical interference effects (such 
as the famous initial-final state radiation interference) have to be put in by some trick, 
but more importantly it implies that all cross sections must be positive. As we shall sec 
this poses a fundamental limit on the applicability of finite-order perturbation theory 
in Monte Carlo programs. 

1.4 Monte Carlo techniques 

1.4.1 T h e genera l r ec ipe 

In tliis section we briefly review the most important results and techniques that underlie 
Monte Carlo event generators. Much more information on these techniques is of course 
available: for detailed discussions we refer to [1,2]. In general, Monte Carlo programs 
have as an aim the computation of a cross section: 

a = J J{<t>)d<£ , (1) 

where <j> stands for the set of phase space variables, and the integral runs over the 
allowed phase space. Typically, the phase space is multidimensional, but the principles 
of Monte Carlo hold for any dimension. For the moment we shall assume that we can 
reexpress the integration element d<p in terms of variables that span the unit hypercubc, 
i.e. all integration variables running from 0 to 1. In that case we know the volume of 
phase space, denoted by S: 

S= i d<p . (2) 

This is not a trivial requirement, especially for a many-particle final state, in which 
case the phase space is high-dimensional, and may have an extremely irregular shape 
due to the presence of cuts - these arc the features that in fact make it necessary to 
use Monte Carlo techniques. The integrand f((p) is the multidifïerential cross section 
do-/dé, made up out of the matrix element squared and averaged over spins and colours, 
and the various flux and phase space factors. The Monte Carlo recipe for computing a 
is based on the following. Consider a set of random points <j>i, distributed independently 
and uniformly over the phase space. Then the function values f(<f>i) are also random 
numbers (although generally not uniform), anil so arc the two numbers 

" = f E/(*••) • W 

'v - £T{Ç/(«=-^(E/(«) ! } , 
where the sums run over i = 1, • • •, TV. Since R and W are random numbers, they have 
expectation values l , and one can easily prove that these expectation values are just the 
integral o f / and its variance, respecii\ely: 

'Strictly speaking this is not true for all random numbers: but in actual Monte Carlo programs it 
invariably holds. 
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Exp{rt} = a , (4) 

Exp{lF} = var(/) = | / ( ^ - ( / / ( ^ ) # ) 2 . 

Under very general conditions the central limit theorem holds: as N becomes large, the 
number R is a random number distributed according to a Gaussian with mean value 
o~ and width Jv&r(f)/N. This leads immediately to the Monte Carlo recipe to obtain 
cr: you start with choosing the phase space variables (f> and calculate the phase space 
volume 5. To obtain a value for a you pick a number N of random points <£,- in phase 
space, and compute the values /(<?,), then R and W. Then the Monte Carlo estimate 
for a is given by 72, with a confidence level implied by the central limit theorem: that 
is, the real value of a is within 2JW/N from R with 95% confidence, and so on. The 
above holds independently of the dimension and shape of the phase space, and any kind 
of cut can be trivially imposed by putting f((j>i) = 0 if 4>i happens to fall outside the 
cuts. Moreover, the Monte Carlo estimate decreases like 1/v Ar for large N. Note that 
for this recipe to work one has to know 5, and there must be algorithms to generate 
random values for <f>{ uniformly and independently over the phase space. 

A nice feature of the Monte Carlo algorithm oulined above is of course that it 
generates events: the random points <j>{ correspond to completely specified final states, 
in the ideal case an exact analogy to what nature gives us in the actual scattering 
process. Here an important point is in order: the events given by the Monte Carlo 
algorithm (so far) arc distributed uniformly over the phase space, while the real events 
are not. The Monte Carlo events therefore have to have a weight assigned to them, in 
this case just the value of / for the event. This weight has to be taken into account 
into any analysis of the events. It is possible to modify a sample of weighted events 
into one of unweighted events, as follows: for each event, compare its weight / with 
the number /max x r , where r is a random number between 0 and 1. and /niax ' s a 

number which is at least as large as the largest value that / can take. If / happens to 
be larger than /max x r , accept the event, else throw it away. This rejection procedure 
yields an event sample that is smaller than the weighted sample, but all events are 
truly unweighted, and should be distributed no longer uniformly but according to the 
cross section / . Clearly, unweighted event samples are much nicer to use in analysis 
than weighted ones, but there is a price. Any Monte Carlo program is always slower 
in producing unweighted events, since it has to throw some of them away. Also it can 
easily be proven that in the computation of a cross section under cuts (implemented 
by putting / , or the event weight, to 0) unweighted events will give a larger number 
for the Monte Carlo error \V than weigthed events. A last difficulty is that it is not 
always clear what should be the value of / m a x : it is n ° t always possible to find such 
an upper bound. Especially if the distribution of the weights / has a low and long tail 
towards high values, the rejection procedure can become quite inefficient, with only a 
few percent (or worse) of all weighted events accepted. 

1.4.2 Var iance r e d u c t i o n 

The above recipe works in practice for all Monte Carlo problems. However, the Monte 
Carlo error may be quite large, especially if / fluctuates a lot (it does, in radiative 
correction calculations). Of course the error can be made smaller by increasing A r, 
but since the error goes only with \fwN this improvement is usually too small to be 
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useful. A better way is to decrease the variance var(/) somehow. The most important 
method is that of importance sampling: it consists of generating the variables <£,- not 
uniformly but in such a way that there arc more points where / is larger. This is done 
by introducing an approximate cross section g, which must have the property that vvc 
can compute the integral over g analytically: 

S' = J g{<p)d<j> . (5) 

We can now rewrite the formula for a: 

a = I^MW 
J 9{<f>) 

= / f ( W , (6) 

where dtp' = g((j))d<j), and w(<j>) = f{<j>)lg(4>). In fact this is just a transformation into 
diiïcrcnt integration variables. For example, if the cross section goes as l / i then log(i) 
is a better variable than x itself. We can now use the same formulae (4) with w and 
5"' instead of / and S. If we have chosen g carefully enough so that g displays about 
the same peaking behaviour as / , then w will fluctuate much less than / itself, and the 
Monte Carlo error will be smaller. Getting a good form for g is in fact the major point in 
the writing of Monte Carlo programs. All Monte Carlo programs in use use importance 
sampling for many variables (it should be noted that in some cases the importance 
sampling is done purely numerically, with no analytic knowledge of the approximant g). 

A second strategy to improve Monte Carlo estimates is the use of control variâtes. 
This is best explained by an example. Suppose we want to compute the Z line shape 
(with some cuts). In particular, we want to know its dependence on, say, Mt. Since this 
dependence is small, we would have to generate several extremely large event samples, 
each for a different Mt, in order to make the Monte Carlo error smaller than the effect 
duc to Mt. A much better way to do this is to use just one event sample, and compute 
the cross section corresponding to it, with its inherent error. Then, to recompute the 
event weights for the same events, using a different value for Mt. This way, the Monte 
Carlo error and the dependence on Mt become decoupled, and we can compare different 
Mt choices with great precision. Of course this method works only for minor changes 
in the parameters. 

There are of course other methods of variance reduction. For instance, the famous 
Metropolis algorithm [3] is popular in Monte Carlo calculations of field theories on the 
lattice. There are also antithetic variate techniques [4] in which one tries to cancel a peak 
in one part of the cross section with a dip in another part. However, all these algorithms 
pay the price of having to use Monte Carlo points in phase space that are correlated 
with each other. Therefore they give events that are not statistically independent, and 
cannot be directly compared with real events. No known Monte Carlo event generator 
in particle phenomenology uses these algorithms. 

1.4.3 Multichannel approaches and a-priori weights 

In the above we have introduced an approximate cross section g that is supposed to have 
the same peaking behaviour as the actual cross section / but is analytically integrable. 
These two requirements are not always compatible: typically, a cross section has peaks 
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that cannot be expressed in a simple set or variables. Consider the example of radiative 
Bhabha scattering, e+e~ —• e 4 e ~ 7 . There arc peaks when the bremsstrahlung photon 
is parallel to the incoming electrons, so the angle between the photon and the beam is 
a useful variable. But there are also peaks when the photon is parallel to the outgoing 
electrons, so we also want to use that angle as a variable. In order to control the 
Coulomb singularity, we also want to use the electron scattering angles as variables 
- and we cannot use all these variables simultaneously! A way out is the use of a 
superposition of different approximants, each with its own variables, and each mimicking 
different peaking behaviour. In ref.[5] these are called channels. Consider the case of 
two channels with approximants gi and g7, and appropriate sets of variables 0 1 and Q2. 
The cross section formula can then be written as 

° = / J*? uMfi + stWW 
= J w(<t>(<f>l))d<f>1 + J w(<f>(<f,7))d<t,2 , 

dp = gi(<f>)d<j> . (7) 

The cross section is now split up into two contributions, and to generate events we first 
pick one of the two channels, with relative probabilities given by the approximate cross 
sections 5^2 in the two channels: 

5 , = j9i{<i>)d4> . (8) 

Then, one generates the event according to the chosen approximant <?,. and the event 
weight is given by w. An example of this approach is found in most generators for 
e+e~ —> /x+fi~, where initial-state photon brcmsstrahlung and final-state photon brems
strahlung are usually put in two different channels, each with different peaks in the 
photon angular distribution. The interference between initial- and final-state radiation 
is only put in at the computation of w. 

An interesting feature here is the following: we can scale the approximants #, each 
by a different factor a,-, without changing the (asymptotic) result, provided we also 
change the 5,- and the weight w: 

gi((j)) -» aigi{<f>) , 

Si —• a,Si , 

*>{<!>) - / ( * ) / (« i* i (* ) + ai*i(rf)) • (9) 

The constants a,- are called a-priori weights. They can be used to ' tune r a Monte Carlo 
program: by increasing a t with respect to a 2 such a Monte Carlo generates more events 
in channel 1 and less in channel 2, decreases the weight of events from channel 1 and 
increases the weight of events that happen to come from channel 2. Especially if cuts 
are imposed (like a minimum angle between the photon and the beam) that tend to 
eliminate a particular channel, a-priori weights can be very useful [5]. Note that if we 
put a 2 to zero so that all events come from channel 1, then the peaks in / that were 
modelled in channel 2 are no longer present in the approximation. Then, if by chance a 
point falls in these peaking regions, the weight w can become very large. Unfortunately, 
to our knowledge there is no simple algorithm to optimize the values of a-priori weights, 
and one has to rely on trial and error. 



1.4.4 R a n d o m n u m b e r sources 

The Monte Carlo algorithm calls for phase space points <£,- distributed at random. Those 
arc routinely obtained by using an algorithm that generates so-called pseudo-random 
numbers, usually uniformly between 0 and 1: these numbers are then subjected to 
various transformations and combinations in order to give values for (j>{. Note that since 
the numbers are obtained from an algorithm (and usually a quite simple one) they 
cannot be truly random. However, their nonrandomness is supposed to become only 
visible for truly enormous event samples. On the other hand, with some bad luck a 
given Monte Carlo application may be sensitive to just the correlations between the 
pseudo-random numbers that the random-number algorithm implies; in that case, a 
random number source based on a different algorithm must be used. It is good practice 
to change the random number source every now and then to check that the results do 
not vary significantly: most random number sources include the choice of a different 
'seed' as an option. 

Nowadays there is a quite good understanding of the properties of the most common 
random number algorithms [1,2]. At CE UN, the most widely used algorithm has been 
RNDM [2], of which the good and bad points are well understood. In particular, the 
algorithm has a period length of about 2 2 9 which is a rather small number, considering 
the kind of number-crunching going on in modern physics and detector simulations. 

A more promising algorithm has recently been published as RANMAR[6]. Its period 
length can be as large as 2 1 4 4 , and there is the possibility of generating distinct se
quences by changing the initialization. For more information about this algorithm, 
which appears to be quickly becoming a standard, we refer to [7]. 

Apart from pseudo-random numbers there are also algorithms for so-called quasi-
random numbers. The number sequences from these algorithms are not supposed to 
really look random, but have better distribution properties. In particular the statisti
cal fluctuations (and hence the Monte Carlo error) coming from these algorithms are 
supposed to be smaller than for truly random or pseudo-random numbers. An example 
of this kind is the generator RNF100[8] used in the Monte Carlo program BHLUHl[9] and 
related programs. It should be noted that the use of non-(pseudo-)random numbers 
may not be without its own dangers: in some algorithms, fluctuations in the random 
numbers may have important effects [10]. However, in practice the fluctuations from 
RNF100 do not seem to be appreciably smaller than from, say, RNDM for normal-sized 
event samples: at this time there seems to be no compelling reason for preferring one 
or the other algorithm. In any case, if a particular Monte Carlo algorithm appears to 
be really sensitive to the quality of the random number source, it would seem that it is 
the algorithm that has to be improved rather than the random number source. 
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2 Technical aspects of Monte Carlo and semianalyt-
ical software 

In this section we shall discuss a number of more technical points that arc relevant 
to a good understanding of the physics, as well as the Monte Carlo machinery, that 
go into the various programs under review. In the construction of a Monte Carlo for 
electrowcak precision physics (that means, a program treating radiative corrections) 
there are two main items to consider. The first of these is the implementation of what 
is called the purely we.ak corrections: these are described by all Feynman diagrams in 
which no additional (virtual) photon occurs. In contrast, the so-called QED corrections 
are obtained by the insertion of an extra virtual photon line in the original Feynman 
diagrams, or by bremsstrahlung diagrams. 

It should be clear that the splitup between purely weak and QED corrections is 
only defined at the one-loop level. In higher order, diagrams will appear that cannot 
be accomodated in a straightforward factorization of the corrections into a QED and 
a weak part - for instance, the Feynman graph for e + e " —• /J.+/i~, where two IT's 
arc exchanged in a box diagram, and one of the \\r,s emits a bremsstrahlung photon. 
However, the effects of this kind of higher-order diagram are typically small (provided 
one uses an appropriate gauge, and so on) and they are neglected in actual applications. 
To date, no complete two-loop calculation of e+e~ —> fi+ii~ exists. 

Of the two classes of corrections, the QED part is the least trivial from the Monte 
Carlo point of view, and accordingly it will take up most of the discussion in this section. 

2.1 Implementa t ion of weak effects 
During the last few years, much theoretical effort has been spent in obtaining reliable 
predictions for the weak effects that the standard model predicts for the process e + e~ —* 
/ / , and e + e~ —• e + e ~ . It should be stressed that if a solid understanding of the 
weak effects is to be obtained, it is not enough to just have one complete calculation 
of all the Feynman diagrams. Obviously, it is important that several calculations are 
performed independently of each other, with agreeing results. In this light, the existence 
of calculations in radically different gauges and using slightly different renormalization 
schemes [1] is very important. The excellent agreement obtained is a proof that to 
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one loop accuracy the weak corrections are really under control, apart from presently 
unknowable parameters such as ftfiop and ^ / n i g t , s ; and of course possible deviations 
from the minimal standard model scenario. 

Another important point is that it is necessary that a good qualitative understanding 
of the corrections be built up. It is in this last respect that there has been a great deal of 
progress recently, not in the least place stimulated by the work for the present volumes. 
It has been established that, provided we write it in an appropriate way, the Born 
approximation yields a very good approximation to the actual weak effects in fcrmion 
pair production (presumably this holds also for Bhabha scattering, but not so much 
work has been performed on that process so far). With 'appropriate ' in this context 
we mean that one chooses the parameters of the interactions in such a way that the 
bulk of the radiative corrections is actually contained in the numerical value of these 
parameters themselves. The recipe for muon/ tau/quark pair production has turned out 
to be roughly the following: 

1. One uses for the Z width the actual, physical decay width. This means that one 
computes, once and for all, the full set of corrections to the Z width, including 
the effects of field renormalization. Moreover, one includes the bulk of the energy 
dependence of the Z self-energy corrections by using a so-called energy-dependent 
width: instead of describing the Z propagator by the simple Breit-Wigner formula 

(,- j i / j)» + j i / j r | (io) 

one should use 
( , _ Mlf + , 'rj/ji/j , (ii) 

where s is the invariant mass in the Z propagator. 

2. The ratio between vector and axial-vector couplings of the Z to fermions (which, 
for instance, is 1 — 4sin 2#„, for electrons) should be parametrized using not the 
on-shell definition sin 2 9W — 1 — Myy/M^, but rather the 'barred' value sin 2 9W as 
described in [2]. This takes into account most of the effects of higher-order mixing 
between the Z and the photon. Alternatively, one can use the so-called 'starred' 
value sin 2 9^ introduced by Lynn and Kennedy, which is practically (although not 
formally) equivalent to the 'barred' value. 

3. The overall strength of the Z coupling to the fermions should be expressed using 
Gpermi and the p parameter. This accounts for the bulk of the corrections implied 
by the definition of the weak parameters in terms of low-energy physics such as 
the muon lifetime. 

4. The coupling of the photon to the fermions should be expressed using the run
ning value a(s) of the electromagnetic coupling instead of the Thomson value 
a(0) ~ 7^ . This represents most of the large logarithmic corrections in the pho
ton channel: we have a ( i l / | ) ~ -^. 

Using paramctrizations of the type described above, one can in fact write down Born-like 
formulae for the weakly corrected amplitude whose value agrees very accurately with 
the result of the exact calculation, at least for the total cross section (the line shape). 
Of course, the procedure given here is only one of the possibilities. There exist other 
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representations: on the one extreme end is the very model-independent paramctrization 
given in [3], on the other hand the use of weak formfactors described in [•}]. In [1] yet 
another parametrization is given of the total cross section using the physical Z branching 
ratios into fermion pairs. It is not the purpose of this section to comment on the relative 
merits of these approaches: they are only mentioned here to make clear that during the 
last few years it has become possible to obtain quite good results for at least the Z line 
shape without actually computing all the Fcynman diagrams. 

From the point of view of Monte Carlo programs, the above means that there are 
basically two options if one wants to include the weak corrections. These lead to two 
types of program, which are fundamentally different: 

• stand-alone programs: these are programs that follow the straightforward way: 
all weak corrections are computed directly, based on the standard model La-
grangian. The parameters these programs require as input are therefore those of 
the standard model: A/^. a(0), a,{Mj), C p e r r n j , A/topi ^Hiegs> '"> a n c ^ possibly 
other things like the number of neutrino families. Note that in this approach, 1^, 
sin 2 9W (on-shell, starred, barred, or otherwise) and p are not input parameters, 
but have to be computed in some initialization stage (like, in fact, A/\y). The ad
vantage of stand-alone Monte Carlo programs is that they indeed give the exact 
standard-model answer (to one loop, typically), for any choice of, say. M\,0p and 
A/jr;K K S. There are two disadvantages. The first is that the exact computation 
is usually quite lengthy, which reduces the speed of the program somewhat. By 
initializing the values of the corrections in tables and interpolating in them in gen-
crating events this problem can usually be mitigated somewhat. A more serious 
disadvantage is that the stand-alone Monte Carlos yield the standard-model pre
diction, nothing l e s s - but also nothing more. This implies that any deviation from 
the minimal standard model (except possibly the most trivial one, that of having 
more than three ferrnion families) cannot be modelled by these programs, and 
exciting possibilities like an admixture of additional Z's or anomalous couplings 
are not easily implemented. 

• QED d resse r s : in these programs the weak corrections are not computed but 
modelled using one of the 'approximate Born' parametrizations mentioned above. 
The important point is that this can be done accurately to about 0.2%, at least 
in the Z resonance region [1], and that therefore these programs can claim an 
accuracy which is about as good as that of stand-alone programs - with the added 
advantage of only having to use quite simple expressions. These Monte Carlos then 
apply QED corrections (virtual photons and bremsstrahlung ) to the parametrized 
cross section. Note that by doing so, any QED dresser that has higher-order QED 
efTects built in automatically assumes factorization of the higher-order corrections 
into weak and QED ones: on the other hand, as long as the complete 2-loop 
corrections are not known, any stand-alone Monte Carlo will have to do the same. 
The input parameters are now those of the approximate Born expression: in the 
case decribed above, these would be A/^, Tz, s i n 2 ^ , p, •••. These programs 
are not to be considered as stand-alone because if one wants to study the precise 
predictions of the standard model, the values of the input parameters have to 
be supplied by some other program like the initialization phase of a stand-alone 
Monte Carlo or a semianalytical program like ZSHAPE . The advantage of using a 



QED dresser (apart from the fact that it is typically shorter, easier to understand 
and somewhat faster than a stand-alone program) is that the input parameters 
can be varied independently of each other. For instance, whereas in the standard 
model T^ is fixed by Mj,, in a QED dresser both can be varied independently 
arid the observed Z line shape can be fitted using both Mi and T^, while a strict 
adherence to the standard model would force one to make a more constrained fit, 
using only Mj,-

We end this section by a more general remark. The complete weak corrections to a 
process like e+e~ —+ / / are typically complicated formulae, involving many dilogarithms 
and so on. However, their ultimate effect is usually a small number, depending smoothly 
on the scattering angle (once the large logarithmic effects have been absorbed into the 
definition of an approximate Born formula or so). This brings us to an important 
consideration: for the relatively simple processes that arc relevant at LEP100, the 
phase space for the Born process plus weak corrections is only one-dimensional: in the 
absence of transverse beam polarization, the only variable is the scattering angle of the 
back-to-back fermion pair, cosô. Therefore, however complicated the weak corrections 
themselves may be, they can always be accomodated in the form of a correction function 
^weak( , s' c o s ^ ) which can in principle be tabulated. If (as stated above) this function 
^wc.ak ' s a s m o ° t h function of s and cos#, it follows that generating events for the weakly 
corrected cross section is trivial once an event generator for the Born cross section is 
availabale. Therefore, all the complications of the weak sector do not lead to any 
complications in the design of Monte Carlo algorithms. The real complications come 
in when one wants to include QED corrections, especially hard photon bremsstrahlung. 
In that case the phase space becomes higher-dimensional: for e + e ~ —* / / + / i~7 it has 
5 dimensions, (4 if one discards again the overall azimuthal orientation of the events, 
which is allowed if no transverse beam polarization is present) in which case tabulation 
of the weak correction is no longer feasible since it would lead to an inhibitivcly large 
amount of work in the initialization phase. Again, if one assumes factorization of the 
higher-order corrections into QED and weak ones, this problem is circumvented. But 
in any case the occurrence of hard bremsstrahlung is what makes the design of Monte 
Carlo algorithms a nontrivial task, to which the rest of this section is devoted. 
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2.2 Implementa t ion of QED effects 
Having in the previous section discussed the implementation of the weak effects in Monte 
Carlo event generators, we now have to turn to the QED effects. As stated above, these 
are nontrivial from the point of view of designing effective Monte Carlo algorithms to 
generate the multidimensional cross section, but on the other hand the underlying QED 
is considered to be very well understood, with not many conceptual ambiguities and 
uncertainties. 

The main feature of the QED corrections is of course the appearance of infrared 
divergencies in both the virtual and real photon cross sections which only disappear if 
we combine the two. For Monte Carlo applications this has an unattractive consequence 
which we shall now discuss. In the further sections of this chapter it will be described 
what is done to avoid it. We start, in sec.2.2.1, with a discussion of the infrared 
phenomenon in the context of fixed-order perturbation theory, and the problems this 
leads to in the construction of Monte Carlo programs. In sec.2.2.2 we shall outline the 
general structure of the so-called exponentiation procedure. In sec.2.2.3 some additional 
remarks on this procedure are made, specialized to the method of Yennic, Frautschi, 
and Suura. Section 2.2.4 is devoted to the alternative approach, that of QED structure 
functions, whose derivation is given in some detail. A slightly modified use of these 
structure functions for use in the DYMU2 Monte Carlo is presented in sec.2.2.5. Finally, 
the somewhat older method of ad-hoc exponentiation is discussed in section 2.2.6. 

2.2.1 Fixed-order generators and the fc0 problem 

Let us, for definitiveness, consider a particular (possibly weakly corrected) quantity, 
say, the total cross section for e + e~ —» /x+/z~ at a given value of s: this we denote by 
(T0(s). For the present discussion it will be sufficient to consider the case where only 
initial-state radiation corrections are applied: the full set of corrections leads to the 
same conclusions. In order to compute the 0(a) corrections to this cross section, we 
first of all have to include all the Fcynrnan diagrams where one virtual photon is emitted 
and reabsorbed: consequently, this leads to the same (two-body) final state as the Born 
level prediction. The effect of including the virtual photon corrections is the virtually 
corrected cross section a . 

(12) 
where rn c is the electron mass [1]. Note that here we have introduced a small mass A for 
the photon, in order to regularize the formally infinite result for the virtual correction: 
as A —» 0 we have a —+ —oo. 

It has long been recognized that the infrared divergence in the virtual corrections 
is just an artefact of perturbation theory, and the handling of it has been studied 
extensively [1,3]. The divergence comes from those virtual photons that have zero mass 
and zero energy - but such photons are indistinguishable from real photons with zero 
energy. It therefore stands to reason that we only get a sensible result by adding to 
a the analogous contribution from real photon emission. Since again the divergence 
in the real photon emission part is coming from photons with zero energy, we compute 
the so-called soft bremssirahlung cross section a• , which is described by Feynman 
diagrams with photon emission (but no reabsorption), and corresponds to a three-body 
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final slate. Since zero-energy photons arc not observable, we can immediately integrate 
this cross section over all photon angles and energies up to some small maximum value 
AE. The result reads 

a = a0 x Z- 0 . 
7T v V V r n i J I \ A 

(13) 
which goes to +oc as A —•> 0. Note that for both virtual and soft real photons, the 
correction factorizes the lowest order cross section. For real photons this factorization 
property is strictly valid only in the limit AE —+ 0. This can be easily seen from the 
fact that after one initial-state radiation photon with energy £ 7 has been emitted the 
effective ccntrc-of-mass energy is no longer given by s but rather by s' = 5(1 — E^f Eb), 
where Eh is the beam energy. For a nonzero value of AE, the terms with the most 
large logarithms in the correction will still factorize the lowest-order cross section, but 
the nonlcading terms will no longer factorize. Consequently, for a given value of AE 
one should expect the above formula to be wrong by about ^ log (^7) AE/Eb times an 
unknown factor which is expected to be of order dcr,i{s)/ds. For a cross section that 
is only slowly Varying with s (as is the case at PETRA/PEP/TRISTAN energies) the 
deviation from factorization is expected to be small: on the other hand, at LEP in the Z° 
resonance region, the cross section varies strongly with s and a much bigger 'resonance' 
effect is expected. The resonance effect has been the subject of much discussion, of 
which we only want to mention rcfs.[5,6]. For the present discussion it should only be 
mentioned that, strictly speaking, the resonance efTcct is due to the kinematical influence 
of hard brcmsstrahlung photons, and as such should be considered a hard bremsstrah-
lung effect. It is therefore adviseable to have AE as low as possible, and to treat all 
photons with energies E1 > AE as hard photons. Since the hard photon cross section 
docs not factorize the lowest-order one an expression for it can not be written down in 
a simple form like the above ones for cr^ and cr"5 . The single-brernsstrahlung matrix 
clement itself (squared, summed and averaged over spins and/or colours) is well-known 
and not very complicated [6]; integrating it over the photon and fermion angles one 
obtains for the photon spectrum, with k = E^jE^-

g q " B ( » ) .a(. ( s \ , \ ! + ( ! - * ) * , ,, , . , . 

-ëJT = 2 " (1-8 ta) -1 j a "•(' > • (") 
where k runs from its minimum value k0 = AE/Eb up to some allowed maximum km<ix-
the kinematically allowed maximum value of fcmix is about 1. The resulting total hard 
brcmsstrahlung cross section <r"" depends of course on the form of <r0(s) as indicated 
above, but the leading term, coming from the \jk pari of the photon spectrum, is again 
universal and factorizes <r0. The result can always be written as 

where Rh stands for the remainder part, which depends on the particular process. For a 
lowest-order cross section that goes like 1/s we have Rh = 2 log((l — k0)/(l

 — &max)) — 

il^max ~ &o)", the more complicated behaviour in the neighbourhood of the Z resonance 
can for instance be found in [6]. 

We now turn to the phenomenon of the infrared cancellation and its consequences 
for Monte Carlo applications. In order to apply 0(a) perturbation theory to the QED 
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corrections we have made a distinction between final states with no real photon and with 
one real photon. This kind of splitup of the available final states lends itself trivially 
to Monte Carlo applications: one would just compute the corresponding total cross 
sections 

°"no bremsstrahlung = °"° + a > ( 1 C ) 

""bremsstrahlung = a + a > ( 1 7 ) 

and generate Monte Carlo events with either zero photons and using two-body kine
matics, or with an additional photon and using three-body kinematics, with relative 
probability given by these cross sections. However, we have seen that these two cross 
sections are negatively or positively infinite, respectively. 

The solution to this problem, as stated above, is to combine the three cross sections 
in a different way: we define the so-called soji and hard cross sections as 

rr$ - n ^ ^ V , SB 
a = cr0 + a + a 

A\ _ ÏÏB 
(T = (T 

a0(l+/3e\og{k0) + 5j) 

kr 
= £T 0/3 e log if) H • < i 8 > 

w here 

(19) 

(20) 

Now the infrared divergences cancel in o-*5 and we are left with physically meaningful 
cross sections: it should be noted that also the terms with log 2 f ^ J have cancelled in 

a , as predicted by the renormalization group [7]. The Monte Carlo recipe now goes 
over into the following: using a and <r as relative probabilities, generate either an 
event without a photon and with two-body kinematics, or an event with a photon with 
E^ > AE and three-body kinematics. 

The solution of the infrared problem in the way sketched above has its price, which 
we shall now discuss. The photon mass A, introduced ad-hoc in order to regularize 
the infrared divergences, has indeed cancelled in a , but in its place we now have a 
dependence on &oi ^ i e cutoff between the soft and hard bremsstrahlung parts of phase 
space (in fact, if we let kQ —> 0 we recover the negative inifinity of the original result). 
This cutoff is not a physical quantitiy, but a purely arbitrary number, introduced for 
the purpose of describing separately the infrared behaviour for soft bremsstrahlung and 
the non factorizing cross section for hard bremsstrahlung photons. The results of any 
calculation should therefore not depend on the choice made for k0, within reasonable 
limits. It is these limits that we now have to discuss. They are given by the following 
physical requirements: 

upper l imit: this is imposed by phenomenological considerations. It has been argued 
above that the factorization of soft bremsstrahlung is not valid for finite photon 



energies, and will lead to a result that differs from the exact one by terms of 
order 0[AE/Eb), in particular around the Z resonance. In principle, the effect 
of this on the ioial cross section can be taken into account by adding appropriate 
correction terms to t r 5 . The most important of these terms have been computed 
and can for instance be found in [5] and [6]. It should be stressed, however, that for 
nonnegligiblc AE the kinematics of the final state are no longer of the two-body 
type, so that for instance the two produced fermions may be no longer back-to-
back. There appears to be no unambiguous method to introduce correction terms 
for this kind of effect into expressions for for instance dajdVL, that are essentially 
of the two-body, back-to-back type. This is also reflected in the fact that the 
Monte Carlo recipe as we have sketched it above will only give real bremsstrah-
lung photons with energies larger than AE. All events which (in principle) contain 
photons with lower energy have to be 'lumped' together with the virtual-photon 
events. Again, this entails some ambiguous approximations in the kinematics. 
A good example of the problems occurring in this kind of approximation is the 
disucssion of the so-called 7£-procedure by Jadach and Ward [2]. It appears that 
AE has to be chosen as small as possible. That this is not a purely theoretical 
problem can also be inferred from the fact that it should be possible to change 
the variable k0 in some interval without any visible result in any distribution 
generated by the Monte Carlo program. This means that k0 should at least be 
smaller than the finest resolution of the experiment for which the program should 
be run. Typically, one could see a 'softish' photon by either direct observation, or 
its effects on the kinematics of the rest of the event. At LEP100, a photon will 
possibly be seen directly if its energy is a few hundred MeV, or around 1% of the 
beam energy. Alternatively, a good angular resulotion of for instance outgoing 
muons will reveal the presence of bremsstrahlung by the fact that the two muons 
are not strictly back-to-back. For / Z + / J ~ 7 events, there is a simple relation between 
the energy of a photon and the maxima/acollinearity it can generate for the fi+(i~: 

U f̂̂  + ̂ f), (21) 
^b Lb 

where £ is the acollinearity of the fi+n~ pair in radians. An experiment with 
an angular resolution of around 0.5 degrees is therefore sensitive to photons with 
an energy of around 1% of the beam energy, even if such a photon cannot be 
observed directly. We conclude that an O(a) Monte Carlo should have a k0 value 
of certainly not more than about 0.01, and preferably an order of magnitude less. 

lower l imi t : this is determined by technical considerations. As we have seen, for 
ko —* 0 the cross section c^ becomes infinitely negative: therefore, there is some 
value & c r i i i c a i for k0 at which the cross section becomes negative. We now arrive 
at one of the fundamental limitiations inherent in the Monte Carlo approach: as 
stressed in the first chapter, all cross sections and differential cross sections must 
be positive, otherwise an interpretation of them in terms of probabilities is not pos
sible. If during the running of a Monte Carlo a negative cross section is encoutered 
in an allowed part of phase space, the whole Monte Carlo result should be consid
ered unreliable. The actually acceptable lower limit on k0 must be determined 
separately for each process. 

21 



It is possible to obtain a rough estimate oî ^ c rjtical ^ n a n d . From equation (18) we 
see that, for initial-state QED corrections, at a typical value of 91 GeV for y/s, 

*critical(91GcV) = 4.1 10" 5 , 

C u c 0 a X l i m a t e ( 9 1 G e V ) = 9 - 3 1 0 " 5 < 
where the approximate value of & c rjij c a] is obtained by discarding in (18) the terms 5j, 
that have no log(&0). It is seen that if we restrict ourselves to initial-state radiation only, 
^critical IS indeed a small number ( 1 0 - 4 corresponds to E^ ~ 5 MeV, which is negligible). 
Including nonleading terms is seen to push the value of ^critical down by (in this case) 
about a factor of 2. For neutrino counting, where indeed only initial-state radiation 
occurs, we can therefore put k0 to a truly small value. In other processes we are not so 
lucky! Let us restrict ourselves for the moment to those terms that go with log(/io). In 
cr for initial-state radiation these are given by /3 C : in a more complete treatment of the 
process e + e~ —* charged fermions we also have to take into account radiation from the 
final state, and the interference between initial- and final-state radiation. This leads to 
a modification of the factor f3e: 

Pe -

(22) 

where Qj and rnj arc the fractional charge and mass of the produced fermion, respec
tively; c = cos(0), where 6 is the fcrmion polar scattering angle. We see that in general 
<r will be again more negative than in the pure initial-state radiation case, and more
over there will be an angular dependence. The numerics of all this is given in tables 4 
and 5, where we have computed the so-called soft correction, a /crQ — 1, in percents, 
for various values of k0 and S. We give results for muon pairs and for Bhabha scat
tering, in the approximation where only the terms with log(fc0) are kept. Obviously, 
whenever the soft correction becomes smaller than -100%, the first-order Monte Carlo 
approach becomes nonsensical. Unfortunately, the region left over is very small: if we 
want to study muon pair production between 10 and 170 degrees, we cannot safely take 
k0 smaller than about 1%; for Bhabha scattering we would already have, for that value 

0(deg) Jbo = 0.1 0.01 0.001 0.0001 
5 -24.8 -49.6 -74.3 -99.1 
10 -27.8 -55.5 -83.3 -111.0 
30 -32.5 -65.1 -97.6 -130.2 
90 -38.2 -76.4 -114.5 -152.7 
150 -43.8 -87.6 -131.4 -175.3 
170 -48.6 -97.2 -145.8 -194.4 
175 -51.6 -103.2 -154.7 -206.3 

Table 4: Approximate soft corrections for e + e +„- H+(i- in%. 
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*(dcg) *o = 0.1 0.01 0.001 0.0001 
5 -3C.2 -72.4 -108.6 -141.8 
10 -39.2 -78.3 -117.5 -156.7 
30 -11.0 -87.9 -131.9 -175.8 
90 -49.6 -99.2 -148.8 -198.4 
150 -55.2 -110.5 -165.7 -220.9 
170 -60.0 -120.0 -180.0 -240.1 
175 -63.0 -126.0 -189.0 -252.0 

Tabic 5: Approximate soft corrections for e + e —> e + e , in %. 

of k0, negative angular distributions for scattering angles larger than 90 degrees! Several 
qualifications arc in order here. In the first place, the inclusion of sublcading terms, that 
do not go with log(Ar0), can be expected to mitigate all this a bit: in the pure initial-state 
radiation case, we have seen that they allow us to decrease ko by about a factor of 2. For 
other processes, a similar (but not much better) effect may be expected: however, one 
should realize that also the sublcading terms have an angular dependence which in fact 
may make the problem worse. In all, the values of ^"critical 'hat one may determine from 
the tables seem to be indeed the values corresponding to the limit of applicability of the 
Monte Carlo aproach. In the second place, once k0 is so small that <r is close to zero, 
small effects may become important that may make the angular cross section negative. 
Examples of these are known: in muon pair production at an energy a few GeV above 
the Z resonance, the vacuum polarization, when truncated to first order only, will cause 
a negative cross section in the backward scattering region, even for k0 ~ 1 (inclusion 
of the vacuum polarization to second order will make the cross section positive again). 
For Bhabha scattering, a tremendous effect has been observed on resonance: due to the 
interference between the s-channe! Z exchange and the t-channel photon exchange, the 
backward scattering behaviour is extremely sensitive to k0: for Jfc0 = 0.01, practically 
the whole angular range is allowed (note that this holds when all subleading terms have 
been included as well), but when k0 is decreased to 0.005, the cross section becomes 
negative already at around 120 degrees [10]. 

The above brings us to what has become known as the k0 problem, or the posilivily 
problem: 

• On the one hand, k0 has definitely to be smal le r than about 1 or 0.5 percent, 
in order to have phenornenological predictions in which the dependence on k0 is 
acceptably small; 

• On the other hand, k0 has definitely to be larger than about 1 or 0.5 percent, 
in order to avoid negative cross sections and a breakdown of the Monte Carlo 
approach. 

In the past, this problem has not been urgent, partly because the beam energies were 
smaller, and hence /3 e , /?f and /3j smaller, but mainly because the airned-for precision 
of the experiments was not so high and an accuracy of about 0.5% was considered 
acceptable in most applications (implying that one could use k0 ~ 1%). At LEP100, 
however, with higher energy and more precise experiments, the problem can no longer 
be avoided. 
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An important observation is in order here: the k0 problem exists independently of 
the actual size of the O(a) correction. Even if the correction to the total cross section 
would be quite small, a few percent, say, we would still have to split the event sample 
up into a soft and a hard part, with the k0 problem residing in the soft part. Of course, 
if the hard brcmsstrahlung cross section is suppressed, as is for instance the case with 
initial-state radiation at the peak of some resonance like the J/ty, the T or the Z, the 
total correction will tend to be large and negative, indicating the need for higher-order 
corrections. But the sole cause of the k0 problem itself is the existence of quantities 
that are measured to high precision, and the fact that one wants to predict them using 
Monte Carlo techniques. In the complementary case of a semianalytical calculation, the 
total cross section (for instance) would just be given as a number, being the sum of cr 
and a . In that case one would not care whether one of these two numbers became 
negative individually, and, having performed the calculation with a finite value for kQ, 
one could take k0 —> 0 in the final result. This is in fact the procedure followed in all 
semianalytical calculations (sec, for instance, [9]). 
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2.2.2 Exponent iat ion - the general structure 

Having seen, in the above, that fixed 0(a) Monte Carlos sufier from the ko problem, one 
might reasonably suppose that things would look better if higher orders are included. 
We shall now discuss in what sense this is true. For the sake of discussion, let us 
simplify the problem by only considering the infrared terms, i.e. those that go with 
log(À:o), and let us suppose that the energies of hard bremsstrahlung photons can be 
integrated from k0 up to 1. Of course, this will not give us an acceptable approximation 
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to do phenomenology, but it allows to make the central points clear. The 0{a) cross 
sections can now be written as 

<rS = a o x (1-f/?log(À-0)) , 

= < r 0 x / 9 1 o g ( — ) , (23) 

where the event sample is split up not in events with or without brcmsstrahlung but 
in events with or without hard bremsstrahlung , as we have seen. The coefficient 0 is 
either j3e or the total /3 defined above, as the case may be. If we go up to second order 
in QED, we now have to consider three separate pieces, with zero, one, or two hard 
brcmsstrahlung photons: 

<r S ' S * = <r 0x (l+/31og(A; 0) + ^ 2 ] o g 2 ( * 0 ) ) , 

^ 1 1 , + S ^ l , = ^ x / N o g ^ O + fllogfo)) , 

< r I I l I I a = ^ x ^ 2 l ° S 2 ( ^ ) ' (2'1) 

where we have indicated which photons arc soft/virtual or hard. Notice that because of 
the indistinguishability of the two photons a Bose-Einstein symmetry factor ^ has to be 

introduced. As before, in the total cross section i r t o l = a^1^2 + 0-Siïï2+S2Hi + g-lhih 

the dependence on k0 drops out. Also, the double-soft cross section e r ^ 2 j s n o w S G c n 

c c 
to be always positive - in fact e r^ i 3 2 —» oc as k0 —> 0. However, now the cross section 

t r Si]l2+5 2 Hi is seen to be potentially negative. In fact, since it contains the same factor 

1 + 8 log(fco) as <7S in the one-loop case, the same value for ^critioa-l w ^ come out as 
before! The same phenomenon holds if we go to even higher order: any cross section 
that contains an odd number of soft/virtual photons will lead to the same k0 problem. 
We have to conclude that 

• By going to higher order in perturbation theory, a semianalytical result may be 
arbitrarily improved (in fact, at LEP100 second or third order will surely be 
enough for all practical purposes). 

• If there is a k$ problem in a Monte Carlo approach in first order, it can not be 
solved by going to any finite higher order. 

Mow to solve this dilemma? The solution has been found [1,2] to go to fully infinite 

order in perturbation theory, at least for the terms with the highest powers of log(fc0). 

We shall now briefly outline this approach. As already suggested by the above results 

for (T^1^7, the cross section with an arbilrary number of soft photons has the following 

leading behaviour: 

^ S a S , - = ^ 0 x ( l + /?log(A:0) + ^ 2 l o g 2 ^ 0 ) 4 - ^ 3 l o g 3 ( M + ---) 

= o-o x cxp(01og(*o)) 

= <rox(fc o y • (25) 

This is called the exponentiation property, with obvious meaning. Note that in the 
final infinite-order result we can take k0 —* 0 without harm: the cross section will just 
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vanish (at least as concerns Uiis leading behaviour), which is nothing but the well-
known theorem that there is no scattering without at least some brcmsslrahlung [3]. 
Thus having saved perturbation theory, we have of course not yet arrived at a workcable 
Monte Carlo strategy: among other things, the above result holds only for the total soft 
cross section, which is a purely inclusive quantity, whereas what a Monte Carlo needs 
is a prescription for totally exclusive events. 

In practice, three ways arc used to incorporate the above exponentiation, originally 
due to Ycnnie, Frautschi and Suura [1], into a working Monte Carlo scheme. 

ad -hoc e x p o n e n t i a t i o n : by taking the derivative of the result for c - S ^ S s - - w ; t h 
respect to k0 one obtains, of course, the spectrum of the total energy loss due to 
brcmssirahlung : 

s~^r' < 2 C > 
which leads to the following prescription: take a first-order Monte Carlo program, 
and modify the photon spectrum by hand, so as to take into account the additional 
factor k0 (plus some nonlcading terms). This is in fact the oldest approach, and 
is for instance used in MMGE92 and HOWLEEG . 

s t r u c t u r e funct ions : In analogy with eq.(M), and in accordance with QCD practice, 
one can introduce structure functions for the photons to write the total cross 
section as a convolution of the lowest-order one at reduced (effective) energy, and 
a part describing photon emission. One gets equations looking like 

a(s) = / dxF(s,x)o~a(xs) , (27) 
Jo 

where F denotes the structure function and xs = s' is the remaining effective 
energy, which can take all values between 0 and s (in principle). The efTcct of 
exponentiation can now be quite simply implemented in the definition of F. More 
information on the use of structure functions will be given below: programs that 
are based on them include HOE and DYHU2 . 

Y F S e x p o n e n t i a t i o n : This is the most 'rigorous' extension of the exponentiation out
lined above, along the lines of [1,2]. It is implemented in the routine YFS2 , which 
is at the heart of KORALZ , and also in BHLUHI . We discuss it in a little more 
detail below. 

In order to see how the inclusive-looking result for the exponentiated cross section 
above can be translated into a Monte Carlo prescription, let us rewrite the spectrum 
for a single soft brcmsstrahlung photon as follows: 

1,(x) = (8 log(e) + 6j)6(x) + ^-6{x - e) , (28) 
x 

where x denotes the dimensionless photon energy, and e the cutoff on soft photon 
radiation (for which we have used k0 so far). Soft and virtual photons are again lumped 
together in the term with <$(z): the above equation is to be indcrstood in the limit e —> 0 
wherever possible. Note that ^ is not positive definite, and cannot be interpreted as a 
probability for emitting bremsstrahlung . The total energy loss due to zero, one, two, 
three • • • soft pilotons is given by the following spectrum function: 
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V[x) = S(x) 

+ / dx^{x])S{xl - x) 
./o 

+ 7Ti I I dxidx3i(f(xi)i>(x2)S(xi + x7 - x) 
L\ Jo Jo 

+ Ti I I I dxi<lx2dxziixi)il)(x7)ip(x3)o(xl + x2 + X3-x) o! Jo Jo Jo 
+ ••• , (29) 

Apart froiri subleading higher order terms, this is the exact result for small x values. It 
is possible to integrate exactly those parts of i/)(x() that go with 5(x,): 

7>(z) = c ( / "°« ( e ) + ' ' )Q(x ) , (30) 

where Q is given by 

Q(x) s <5(z) 
/* 1 

+ B / cfei— 6 ( 1 ! - ! ) 
Je II 

/3 2 y 1 /* 1 
+ — / / ^ 1 ^ 2 2 6 ( x 1 + Z 2 - x ) 

Ĵ ^e A ^ l 3 ^ 
0a f* [* [* 1 

+ 77 / / / dxxdx2dxi f ( i ! + x 2 4- ia - x) 
o! J« Jt Ji XiX^x^ 

+ ••• • (31) 
This can easily be checked by expanding both expressions for T(x) in orders of a. The 
nice thing is now that in the expression for Q(x), all terms are positive: Q(x) can indeed 
be interpreted as a sum of probabilities. For inifinitesimal e one has 

Q(x) = S(x) + f + f log(*/0 + £ ( log 2 (x / e ) - y ) + • • • , (32) 

where one sees nonleading terms starting to occur at the 03 level. The total probability 
of emitting brcmsstrahlung energy up to some value A' is given by 

/;^w=i +..o 6(f) +f(^(i)-f) + (33) 

in consequence, the photon multiplicity distribution is approximately Poissonian (not 
exactly, due to the terms like 7r2/G). It is also possible to compute an expression for 
Q[x) in closed form. More details on this calculation can be found in [1,2]. The result 
is 

3 ( x \ e~0C 

SW^csp^logy)*^^, (34) 

where C = 0.577215G6 • • • is Eulcr's constant. It might be noticed that due to the fact 
that T(l 4- B) — 1 — CB + O{02) the first nonlcading terms that occur are of order 8*, 
as noted above. More information on these results are given in [2] 2 . 

2In [2], the -0C in the exponent has mistakcnij' be written +/3C,obscuring this result. 
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An elegant formulation of the exponentiation scheme has thus been obtained, which 
easily lends itself to Monte Carlo simulation: first, one picks one of the terms making 
up the expansion of Q, which gives one the real photon multiplicity: then one can 
generate the appropriate matrix elements. All matrix elements have to be multiplied 
by the overall factor exp(/?log(f) + 8j)\ if e —+ 0 this overall factor goes to zero. This 
is of course compensated by the fact that when c decreases, the factor log(x/c) in Q 
increases, and the higher-order terms become numerically more and more important: 
consequently, for smaller € the average multiplicity of the photons will tend to be higher 
(the additional photons, however, will tend to be softer and softer). This strategy is at 
the heart of the so-called YFS exponentiation which is implemented in YFS2 . Some 
additional remarks on this scheme are presented in the next section. 
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2.2.3 The Y F S e x p o n e n t i a t i o n scheme 

The primary purpose of a Q.E.D. Monte Carlo is to provide an accurate event-by-event 
realization of the Q.E.D. effects in e + e~ —+ Z° —» ff + n(f), for example, for some final 
state fcrmion f. Hence, one wants to generate events with the appropiate number of 
real photon four-vectors among the list of final particle vectors. This one wants to do in 
a rigorous way so that no ad hoc assumptions are made in carrying-out the respective 
calculation. It is for this reason that we [4] have used the methods of Yennie, Frautschi 
and Suura (YFS) to construct realistic multiple photon Monte Carlo programs for e + e ~ 
- > / / + n ( 7 ) . 

More precisely, the YFS theory is based on two powerful theorems. To see what 
these theorems mean, consider the Q.E.D. effects in the process 

e + e " - * A , (35) 

where A' is any final state (except, as usual, e + e~) . Let us now specialize to the case 
where the respective amplitude contribution involves n virtual 7 loops in the initial 
state; if we denote this total amplitude, summed over n, by M, then we know, from the 
first YFS theorem, that 

M = cxp(aB) f ] m„ , (36) 
n=0 

where mn are free of virtual infrared effects and B is the famous virtual infrared function; 
it is recorded in [3,4], for example. We emphasize that Eq.(36) does not involve any 
approximations - it is a rigorous consequence of quantum field theory. Let us now 
specialize further to the case where in addition n' real bremsstrahlung photons are 
emitted: 

e + e " - ^ A' = A" + n ' 7 . (37) 



The second YFS theorem concerns the rate associated with M in this circumstance. 
Namely, wc have, by this second theorem, that 

n = 0 

+ £ 5(4.) • • • S(k,^)S(k,+l) • • • S(*v)/M*.) 
»=i 

+ • • • M * i . ••-,*«•) , (38) 

where the /?, have neither virtual nor real infrared singularities. Again, we emphasize 
that the result (38) is completely rigorous. Here, S is well known from Ref.[3] 

Using (3G) and (38), one then obtains the master formula, for e+e~ —» A', 

d<TYFs = cxp(2a(ReB + B)) 

x J^y J d'ycxV[i{l\ + Pe- Px)y + D) 

f °° <Pk- - 1 
x ( E HU^S(ki)e~ikiV^(ku • • •, kn)\ d*PxdEx , (39) 

where 
_ rn max a" k 

aB= -7==jS(kl (4°) 
J . Ik1 4- mi 

and D = J ^ ( e - , > y - 6{Kmax ~ k))S{k), so that (39) is independent of Kmax. The can
cellation of infrared singularities has now been realized in the factor exp (2a(ReB+f?)) 
to all orders in a. In this form, we see that wc are now in a position to realize dayrs 
at the level of a Monte Carlo event generator. And, indeed, in [4], we have in fact in
troduced two programs, YFS2 and BHLUMI , which are Monte Carlo realizations of (39) 
for e+e~ —*• ff + " ( T ) , / 7̂  e, and e + e~ —+ e+e~ + «(7), respectively. YFS2 is a part of 
KORALZ ; it and BHLUMI arc described presently. 

Wc should emphasize that it is possible to improve the representation (39) for large 
UV effects via the rcnomalization group equation of 't Hooft and Weinberg[5]. This 
follows from the familiar rcnormalization group improved form[5] of the 1PI vertices 
{T} for a rcnormalizable theory such as the SU2L x U\ theory: 

T(X{p},g,mR,,j.) = XDr({p},g(X),mn(X),fi) 

x e x P [ - [ "yliUm , (41) 

where 7r is the anomalous dimension of F, {Xp} are the external momenta of T, D 
is its engineering dimension, g(A) and mji(X) represent the respective running charge 
and mass, respectively, and ji is the normalization point. In this way, we arrive at the 
renormalization group improved YFS theory, which we have realized in the Monte Carlo 
event generator YFS2R . 

Thus, in YFS2(R) and BHLUMI , we have a rigorous calculation of the all orders in a 
infrared singularity cancellation on an event-by-event basis. We have shown in Refs. 4 
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and C that the YFS2 program reproduces the results of Bcrends et al.[7] at the level of 
0.1%; of course in principle the YFS2 method allows one to control the respective cross 
sections, on an event-by-cvent basis, to an arbitrary precision. 
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2.2.4 Overview of structure functions in QED 

The formalism of the structure functions, widely applied to describe the interactions of 
partons within the Quantum Ch Hemodynamics QCD theory of the strong forces, has 
been recently used [1-3] for a new scries of applications in the framework of the QED. The 
main purpose of this new development has been the evaluation of the electromagnetic 
radiative corrections to leptonic processes. Historically structure function evolution 
equations have been first applied to describe the interactions of fermions within vector 
theories [4]. The more complex case of interaction within non-Abelian gauge theories 
has been also considered [5]. This formalism has been proposed as a new tool [1-
3] to deal with the problems of describing the dynamics also of electron and photon 
states by using the corresponding evolution equations. One of the main motivations 
for this approach is the relevance of the infrared and collinear singularity structure of 
the radiative corrections [6,1-3] at high energies, particularly around peaked resonances, 
Structure Functions are with this respect able to deal with the mass singularity sector in 
a simple and effective way. The problem of evaluating two-loop corrections within this 
approach has been also studied [1,3] thus allowing, within the formalism, an evaluation 
of these perturbativc contributions accurate to 0(nt2) . 
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The structure function formalism 

In order to introduce the formalism of the structure functions for the QED case it is 
useful to follow the analogy with the corresponding QCD case. A 'parton' electron can 
be defined as consisting of a cloud of real and virtual 'parton' electrons and photons. 
The probability of finding within this given state a an electron or a. photon b at a 
given scale or virtualncss k2 = s with a fraction of longitudinal momentum x = |f with 
E = yfsj'l can be given by defining a certain distribution Dab(x,s). 

In general 'matrix' coupled equations should be considered connecting the different 
brandling probabilities among the various channels. In fact if we call Dab(x,s) the 
probability distribution we may have that a, 6 = e + , e~, 7 and Dab — l)et:, J)c^, l)^c, D^y, 
as well as P(z) — Peci / J

e 7 , I\c, 1\-,. The corrcspondig coupled 'matrix ' equations are: 

dDte(x,s) a rl dz x . .x 

11\ Jx Z Z Z Z ds 

with 

and 

rec(z) = r e + e .(z) = M i -z) = p, e +(i - z) (43) 

P^{z) = lUz) = P e , ( l - z) = \{z> + (1 - z)7) (44) 

Wc will be mainly interested in the radiative corrections to the cross section for 
photon emission. From a QCD analogy these contributions correspond to the Non-
Singlet (A'5) channel in the evolution equations i.e. the electron or positron line is 
continuously connected to the annihilation vertex 3 and all the coupled contributions of 
the Singlet type arc neglected. The corresponding evolution equations can be therefore 
written with the electron and positron distributions that satisfy the 'master ' evolution 
equation: 

r> dk7a(k*) [idz N S x 
D„ (x, s) = D(x, s) = 6(i-x) + £ H£-H£2 jf *L P»S{Z) D e c { ^ F ) ( 4 5 ) 

with 
-.2> ° 

•<**) " 1-frNH/mî) W 

where 
»2 1 4- z7 r 1 1 4- x2 

P»s[z) = P(z) =L±J--8(l-z) d x ^ - (47) 
1 — z Jo 1 — x 

is the regularized electron —* electron + photon vertex where the first term represents 
the 'real' photon radiation and the second the 'virtual ' corrections. Here the 6(1 — x) 
represents a Born source term within the evolution equation and the regularization is 
obtained with the inclusion of the 'virtual' self-energy type contributions. 

'Since in this note only photon emission cross section will be considered wc will consistently neglect 
all the contributions related to the appcarence of virtual as well as real ferntionic pairs. 
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I n i t i a l - s t a t e r a d i a t i v e co r r ec t i ons in e + e a r o u n d t h e Z° 

The physics involved in Uic problem of radiative corrections to tlic initial state in e + e ~ 
annihilation is related to the emission of quanta from the annihilating electron and 
positron states and to their effect on the size and shape of the resonance peak. It can 
be explained as follows. In the production of a resonance of mass M with colliding 
beams of total center of mass energy \fs = IE emission of soft and hard photons 
occurs. For ^J~s > il/, in the energy region above the resonance mass, this has the effect 
of decreasing the total center of mass energy to M. These states, therefore, effectively 
contribute to the resonance production. As a result a radiative tail arises on the right 
hand side of the resonance peak and, the area under the peak being not affected by 
radiative corrections, there follows a lowering of the maximum of the peak. 

The determination of the Z° resonance cross section requires the evaluation of the 
radiative corrections to the electron-positron vertex. These should include both soft 
and hard photon radiation. At LEP/SLC it is expected that the accuracy on the 
determination o[ the mass and width of the Z° will be of the order of a few dozens 
of McV [7]. The size of the systematic errors therefore can be reduced by obtaining a 
comparable accuracy on the estimates of the radiative electromagnetic corrections to 
the initial state. 

For an electron or positron state the radiative corrections are characterized in the 
perturbative scries by terms of the type (cx/ir)n lrip(js/m*) \nq(E/X) with mc the electron 
mass and A a scale on which there is a sizeable variation of the cross section. In our case 
A = 6E is the difference >/s — M i.e. the energy radiated away by the annihilating states. 
At the mass of the Z° the fact that L = ln(s/m|!) ~ 24 and the possibility that also the 
soft logarithms / = \n(E/8E) arc large implies that the effective expansion parameter 
(a/ir)Ll is large too and therefore these terms in the perturbative series must be taken 
into account and summed. 

Whereas the sum of collinear logarithms, due to the factorization property, is 
straightforward, this is not the case for the soft logarithmic contributions. Techniques 
to perform these sums at the level of leading and non-leading terms have been devel
oped to deal with the analogous problem in Quantum Chromodynamics. There, the 
combination (a,/ir)Ll assumes, due to the strong running coupling constant, in most 
cases, an even larger value. We will apply these techniques to the present problem. 

The process we are considering is the e + e~ annihilation into the Z:. According 
to a QCD analogy this scattering might be seen as a Drcll-Yan process and, taking 
into account the well known theorems on the factorization of the mass and infrared 
singularities [8], its cross section can be written in the following form : 

a(s) = J ixy j dx2 D e - ( i l t s ) De+{x2}s)aR{xixi8) . (48) 

De-(+)(x,s) represents the electron (positron) structure function giving the proba
bility or finding an electron (positron) within an electron (positron) with a longitudinal 
momentum fraction x = pe-i+)/E and virtualncss s in an electron (positron). aji(xix2s) 
represents the resonance cross section at the reduced energy x^x-iS = 5'. 

In order to evaluate the cross section one has to solve the evolution equations for 
the elccton and positron distributions. Various procedures are possible at different 
approximation levels : 



a) One possible method is to simply iterate Eq.(-15) and write the distribution in 
terms of a series which for the Non-Singlet case, i.e. by taking into account only the 
graphs containing photon emission in Eq.(15) we arc considering is: 

/ > f dk7 a(k7) ( „ , . f dt2 ail7) t dz n f . n , x . \ , s 

The scries can be truncated to the required level of approximation. Here we will 
neglect all the terms of the order ( a / î r ) 3 . The pcrturbative expansion contains terms of 
the form : 

{a/x)nLnln (dominant) ; (OT/TT)"/,"/"-•>' (L - dominant) ; 

(al^)nLn-nn (I - dominant) ; (a/ir)nLn-jln-i (non - dominant) ; 

with 7i > 1 and n > i,j > 1. A first classification of the various terms according to 
their decreasing importance can be made by considering that the largest contribution 
will be given by those containing at least a logarithm L — \\\(sjrn^) for each power of 
O/TT, i.e. (aL)nlm

t n > m > 0. 

b) A second solution can be obtained in the soft, large-x, limit. Here the large 
logarithm can be taken into account and summed by using the method developed by 
Gribov and Lipatov [9]. With the use of the running coupling constant the solution to 
the Eq.(45) reads : 

£(*,*) = i l

ï ^ ( l - x ) ï - 1 (50) 

with n = —61n(l - ^ ln (^ j - ) ) , where 75 is Eulcr's constant. 

By taking the product D(xi,s) D(x2,s) in the expression for the cross section in 
Eq.(48) and substituting the solution of Eq.(50) and expanding in series in a/it one has, 
with the substitution 1 — x = EjhE , that Eq.('18) becomes in the large-x soft limit: 

*{*) = aR(s)(l + t t 9nm(l)(-)nLm) (51) 
n= lm=0 "" 

with 

gn(l) = -21 + | ; g„(l) = 2 / 2 - ^ / + ^ - £ (52) 

It is now interesting to compare this expression with a finite second order result. We 
use the results of the work of Barbieri, Mignaco and Remiddi [10] on the electron form 
factor. 

The cross section, with emission of only photons by the electron-positron state, is : 

,<"»>(,) = aR(s)(l + £ ± anm(I)£rL™) (53) 
n = l m = 0 7 I" 
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W i l l i Ui 
2 o 

a l o (0 = 2 / + y - 2 ; a u ( / ) = - 2 / + - ; 

6 9 57 
«ao(0 = 2/ 2 + (-TT 2 - 4)/ - -(C(2))2 - £C(3) - 6C(2) In 2 + -tf2) + -

12 

a 2 1 (0 = - 4 / 2 - Jjj + (7 - j^ 2 )< + yC(2) + 3C(3) ; 

a 2 2(/) = 2/ 2 - 3/ + jj _ 2C(2) . 

(54) 

(55) 

(56) 

(57) 

This expression contains all the logarithmic contributions and in a2o(0 the con
stant terms. By comparing Eq.(53) with Eq.(51) it appears that the coefficients of the 
large (aZ)"/ n leading logarithmic terms are exactly reproduced by the Gribov-Lipatov 
solution. 

In Eq.(50), however, other terms are not reproduced which do appear in the second 
order solution Eq.(53). These contributions, which arc of the type (CC/TT)" V with n > j , 
can be included by applying the iterative method to solve Eq.(45). Here we use a fixed 
coupling constant and factorize the summed Gribov-Lipatov solution. From the second 
order result [1-3,11] one can also extract in fact the remaining virtual terms. This 
procedure gives: 

Z ZTT /TT 

+ ^ ) 2 [ ( l + x ) ( " 4 1 n ( 1 " l ) + 3 1 n x ) _ ï 

aL 
r 

4 
In x — 5 — x] 

- i r ( ; r ) 2 (2£ - 1)[(1 + *)(- ' ! I"(l - x) + 3 In x) - -1— In x - 5 - i] 
l Z7T 1 — X 

where /3 = *f{L — 1) and A is given by the expression [1,3] : 

(58) 

(59) 

11 57. 
+ T -C(2 ) + 3C(3))I - -(C(2))2 - -C(3) - 6C(2) In 2 + -C(2) + - ] . 

8 12J 
(60) 

By substituting the result for £>e-(e+)(x, 5) into Eq.(l) we have by defining (1 — x)s = 
s' that the cross section becomes: 

*{*) = jdx<rR{{\-x)*)H{Xls) 

with 

;/(x,.,) = A( f o ^-^)-^ioi _£> 
(2-x)( i + ( i - x H ) 

P x ( i - ( i - x ) " » ) 
(2+fl 

2 r 

+ 16 L 
( x - 2 ) ( 4 1 n X - 3 1 n ( l - X ) ) 

- - ln(l - x) ~ 6 + X + 2* - (2 - x) ln(l - x) 
X 

where A ( 1 ) = ! + * ( § ! + f - 2 ) . 

(61) 

(62) 

(63) 
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In the expression above not only the dominant (aX)" terms are summed but also 
the less dominant anLm with n > m > 0 arc taken into account up to n = 2. In 
Eq.(5(J) the first term | ( 1 - x)i~l corresponds to the soft photon approximation. The 
terms proportional to (1 + x) and the last term contain contributions which modify the 
result accounting for emission of hard photons. The A factor contains terms of the type 
(*)nL'n,n > m > 0. 

Let us compare our expression Eq.(61) with previous results. This expression [3] 
differs from the one obtained in ref.[l] for the inclusion of the terms ( a ) 2 £ 2 , (~)2L, ( a ) 2 x 
constant in the factor A . It agrees with the result obtained in ref.[12] by an exact 0(a7) 
calculation apart from terms that are relevant only within the 'hard ' x —* 0 limit. 

These facts all show that, the 0(a3) corrections being really negligible, the accuracy 
reached on the cross section in Eq.(fil) is below the one per cent level. 

F i n a l - s t a t e r ad i a t i ve co r r ec t ions 

As we have seen before radiation from the initial states strongly affects the behaviour of 
the production cross section around the Z° peak by modifying both its shape and size. 
Also final state corrections [13] must be taken into account, since, together with initial-
final interference, they arc needed to reproduce physical quantities such as acollinearitics 
and asymmetry. Any separation between radiation arising from initial as compared to 
the one from final states is, in processes involving charged particles, of no physical con
tent. Radiative corrections should be considered therefore as a whole set of corrections 
for any given process. 

Since finite 0 ( a ) results arc highly inadequate to describe the many-particle na
ture of the electromagnetic radiation [G], expressions to all orders of the perturbative 
expansion arc necessary. In rcT.[ll] has been considered the general case of including 
the electromagnetic radiative corrections to the entire process. To this purpose the 
structure function formalism developed in [1-3] has been used and extended to both 
initial and final states. This will be done by carrying an 0 ( a 2 ) calculation which takes 
into account the rcsummation to all orders of the dominant and next to dominant [1] 
logarithmic contributions and uses finite order expressions [13] for the box and the in
terference contributions. In order to evaluate the final state radiation it is useful to start 
with a classification of the set of the diagrams involved. We will study the annihilation 
process e + e~ —* /i + /^~ in an inclusive sense, i.e. with all the radiated photons summed 
over . 

As shown before we can factorize initial state radiation and write the cross section 
as a convolution of a "bare" cross section with a "radiator" representing initial state 
radiation Eq.(61). By applying the Kinoshita-Lee-Nauenberg factorization theorem [8], 
the radiatively corrected cross section can be written as: 

<T{S) = J dx <T0{{1 - x)s) 7 / e ( i , s) (64) 

According to the theorem on the factorization of infrared and mass singularities, 
the evaluation of the radiator gives a quantity independent from the process itself. 
Analogously also for the final state, a radiator can be defined that does factorizc as 
the initial one docs. This as far as initial or final state radiation alone arc concerned. 
Let us now consider corrections not belonging to the above classes, i.e. those obtained 
by joining initial with final states by means of photon lines. These, non-factorizable, 
corrections correspond to both interference terms and box diagrams. If one calls Ck 
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the set of the factorizablc (Born) plus non factorizablc (box diagrams and initial-final 
stale interference) elementary cross sections the totally radiativcly corrected process 
can be effectively decomposed. The accuracy that might be obtained depends on the 
various dominant and non-dominant contributions that are properly included within 
the three factors IIc(x,s), / /^( .T, .?) and u^. Initial and final states and the kernel a^ 
can be evaluated with any desired accuracy, provided this is done consistently order by 
order in the perturbation expansion. 

The radiator IIe(x,s) is defined as : 

Iie(x,s)= f -Dc{z,s)Bc(—,s). (65) 
J\-x 2 2 

Hc contains contributions at all orders in perturbation theory at dominant and non-
dominant level. 

The generalization of Eq.(Gl) to take into account also final state radiation is, for 
the factorized part of the cross section, 

(Tf{s) = J dxldx2dyidy2(To{s') Dc(xus)De(x-2,s)Dfi(yl,s")Dtl(yi,s"). (66) 

where s' = x^x^s and s" = T/ij/2.s', with x 1 ) 2 and y 1 | 2 fractions of longitudinal momentum 
of the electrons and muons respectively. D^x, s) is the structure function for the rnuon, 
obtained from Dc(x,s) with the substitution mc —• m M . Note that the scale s" at which 
Du arc evaluated is the invariant mass squared of the final real muon pair. By making 
the substitutions 1 — x = I 1 . T 2 and 1 — y = 7/ij/2

 a n d recalling Eq.(45) for the initial 
state radiator one has: 

*/(*)= [Tm"dx<ro{*')lU*,s)Fll(rm„-x,s') , (67) 
JO 

where the upper limit r m ( l I is the maximum fraction of radiation emitted and can be 
properly chosen and FM(.z,s) = /0* dx //",,(!, (1 - x)s). The final state radiation kernel 
Il,t(x,s) is defined as: 

/ /„(*, s) = f *LDll(y,S)Dl,(—,s). (68) 
Ji-x y y 

IIfl contains the same set of contributions as Ife(x, s). Eq.(G7) is in a factorized form, and 
<To corresponds to the Born cross section. To take into account also the non factorizable 
corrections having photon lines connecting initial with final state, box diagrams and 
initial-final state interference contributions should be also included. Let us define the 
effective kernel trfc. It contains all these non factorizable diagrams. A special care must 
be devoted to the cancellation of infrared singularities among initial, final and non 
factorizablc contributions. When we follow the recipe sketched above, the cross section 
becomes: 

Cr(«) = (Tj(s) + <Tb„z(s) + (Tint(s) = 

= J ""' dx <r0{s') / / e (x , s) F „ ( r m a x - x, s') + a^s) + ainl{s) (69) 

where x is the energy fraction radiated away. 7/ c (x ,s) , the initial state radiator as 
calculated by means of Eq.(66), is [1] 



7/«{z, ») = A c ( s ) A *»•- ' - i A (2 - x) 

• + ï« 
( 2 - i ) [31n(l - x ) - 4 1 n a r ] - ^ ^ — ^ - 6 + 1 

x 
F^tys), the final state radiator, can be written as: 

Ffi(t,s) = fdyllAy,(\-y)s)*i 
Jo 

* fdyn,(y,s) = A„(.s)̂ <-> - /?„(,)(« - U*) 
Jo 4 

(70) 

4w L i 2 ( l - 0 + l n ( l - 0 l n « + | l n ( l - f ) [ ( l - < ) + ^(* 2 - 1)] 

l * l « 5 

+ 2\ni{l--t7) - - « » + -t - C(2) (71) 

The second approximate equality corresponds to neglecting the y dependence of £^((1 — 

j/).s) = In ' l y ' in A,, and /?,,. With this approximation wc neglect hard y ss 1 radiation 

from the final state and this corresponds to set the scale of the final state to be s' instead 

of 5". 

Cbor.[s) and o",-n((s) respectively represent the contributions of non factorizable virtual 

and real interference terms and can be found in [13]. Both crfcoi(.9) and <r,„t(.s) are 0 ( a ) 

contributions with respect to <r0(.s). Consistently to the 0 ( a ) in the corrections, one 

can rewrite Eq.(C9) as 

f* mar 

a{s) = / dx ak{s') He(x, s) F „ ( r m a i - x, «') (72) 
Jo 

where crk(s) is the eiïective integration kernel as defined above and given by 

<Tk{s) = ff0(«) + (TboX{s) + crinl{s). (73) 

By comparing Eq.(72) with Eq.(Gd) we see that further corrections are taken into ac
count 

<r(s) = 07(a) + £""' dx [trto^s') + atni{s')}lle{x,s) F^{rmax - x,s'\ (74) 

<r(s) reduces to c(s) if only the 0(a°) in llt and F,, in the second term are taken into 
account. 

The effect of the full set of the radiative corrections on the total cross section in 
Eq.(GG) is to lower the peak, to shift its position and to raise a radiative tail at high 
energy with respect to the Born approximation cr0(s). 

Moreover a correct all-orders treatment of initial state radiative corrections alone is 
almost exhaustive, as far as total cross sections are concerned. 

In order to use Eq.(72) to analyze real experiments let us remark that detectors 
hardly distinguish between charged particles and the accompanying radiation. Calori-
mctric cross sections [14] have to be used by integrating over defined angles and ranges 
of energies of the emitted radiation surrounding the final particles. 
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Transverse-momentum structure functions 

In order to deal with the problem of taking into account also the angles and the trans
verse momentum of the emitted photons, some extended distributions must be intro
duced. As discussed in the introduction, for the neutrino counting problem a somewhat 
less-inclusive quantity than the total cross section has to be evaluated, i.e. the rale for 
the process e+e~ —• 7, Z° —+ -yt/i>. 

For the QCD case, in ref.[15] (see also refs. therein) Eqs.(42) and (15) have been 
generalized to take into account also the transverse degrees of freedom. The evolution 
equation for D(x,pt\s) in the case of space-like kinematics, which is appropriate for the 
annihilation process, has the form 

D(x,pt;s) = 6(l-x)6W(pt) 
a r dk7 rl dz 

+ 2^ L* k2 + m2 L T ^' 
x f^-6(({-z)k7 + z(l-z)m7-q')D(-,Pt--qi]k7). (75) 

J 7T Z Z 

D(x,pt)s) represents the probability of finding inside a parent electron (at scale s) an 
electron with fraction of longitudinal momentum x and transverse momentum pt with 
respect to the initial beam direction. Eq.(75) obeys transverse momentum conservation. 
The transverse momentum of the electron is balanced by the one of the photon in the 
elementary branching process. 

Let us solve Eq.(75) by iterating the first term on the r.h.s., analogously to what 
can be done for the integrated D(x,s) distribution. With one iteration of the source 
term, the solution at order a gives the following form for the distribution function: 

D(x,Pt]s) = 6(l-x)S^(Pi) 

+ £ p ( g ) ~ 7 M t )

l

 v a e ( ( i - » ) 3 - p ? ) 
l-K TT pf + (1 — lym* v ' 

+ <>(&), (76) 

where © is the step function. Z?(z,p (;s) is normalized in such a way that, neglecting 
the electron mass m in the denominator, one has, by integrating over the transverse 
momentum degrees of freedom: 

Jd3plD{x,pl-s) = D{x)s) (77) 

consistently at order a, so that the original longitudinal momentum distribution is 
recovered. 

Following the same lines as for the x dependent distributions, we define a pt depen
dent radiator II(x,pt;s) as: 

If{x,Pl]s)= [ — ld2klDf-{z,kt-s)DA-Z±,Pt-^\^ (78) 
J\—x Z J Z 

where the indices e~ and e + label radiation from electron and positron respectively. The 
expression for / / ( x , p t ; s ) is, at order a, 
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1 Q 

1-K 
P(l-x)-

"• LPtc+ + x m " + + xhn7 0 ( « - p ? ) + o ( ^ ) - (™) 
This defines the radiator for the neutrino counting problem. By using the pt dependent 
radiator an angle dependent radiator can be defined H^")(x, cos 8; s). T ; n c transverse 
momentum and the angle of the emitted photon, measured with respect to the incoming 
electron, are linked by the relations 

pi- = 2EE1 ( L - cos 8) p? e + = 1EE^ (1 + cos 8). 

One obtains, for the angle dependent radiator, the expression: 

„r„w /. s a \ + {\-xY 1 „(m2 

Il{a\x. cos B\s) = - - ; + 0 — 
7T X 1 + i ^ _ c o s 2 Q I 5 

(80) 

(81) 

The matrix clement in the last equation docs contain the leading soft and collinear 
singularities respectively represented by the ^ and l_^os7 g poles. We can include also 
other less dominant (less singular) contributions by using the exact matrix element in 
the radiator, i.e. II(x, cos 8\ s) can be rewritten as [16]: 

II{o\x. cos6\s) = o_l 
2TT x 

1 + ( 1 - * ) 2 

1 + i 2 n L - cos 2 8 
+ 0T, (82) 

This expression is more appropriate in the case when very hard photons ( i % 1) are 
emitted at large angles (8 ss T / 2 ) . Moreover, for photons of energy E^ ~ 10 GeV at 
y/s = 100 GeV, the difference between the exact matrix element and the one given in 
Eq.(7(J) is less than the 1% level, so that, to this accuracy, one can use the following 
form for the radiator: 

//<•>(*, cos 9: s) = ° 1 + ( 1 - * ) 2 — ^ — 0 ( 1 - ^ - | cos 9\ V 
•K x 1 — cos 2 9 \ s J 

(83) 

Transverse momentum structure functions have been used to construct a Monte Carlo 
algorithm for QED evolution [17]. 
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2.2.5 S t r u c t u r e funct ions for DYMU2 

Wo present here the way the DYMU2 structure functions arc obtained from the exact 
6>(tt2) formula [1,2]. 

The authors of reference [3] have computed the 0(a7) QED radiative corrections 
to the e + c~initial state annihilation, and for definheness \vc will take e + e ~ —* /i+fi~. 
Taking only into account photonic corrections the result is, with z = M"i.Js: 

°?\*) = f F?\z,*y*\z*)dz > (84) 

with 

1?>(2,.<) = $ ( ! - * ) i+fcw+^V'w' + 
0. 

(l-z) + I-
i + !*J' + Soo 

, \ 2 
+ « ( ^ . + f'"<->+(?K<-> (85) 

a , « . c , x 3 „ a , or . , , . ^ „l + z 
-S} +s{s) = - & + - , l 0 l - « ' ( - 5 ) = - & - = - , 
7T "1 7T 7T Z 

and ( r^ stands for the Born approximation. We have introduced the following functions: 

a 

•K 

(f) V ' M - 7/tf + ^ ( " + *)+(;)'M+ * + C), 
arid 6!/(z,s) has the same expression as <52

v+5(.s) by changing A, B, C by A(z), B(z), 
C{z) rcspectivclv. All the difTcrcnt functions and constants can be found in reference 

[2]-
One can write (85) using the well known splitting function 

/ '«(-) = !±i! 
l - z 

= tf(l-*-e) 
l + z2 

1 - z 
+ 6 ( 1 - * ) ( * + 2 In e) (86) 

= f^-*) + (T^î;-(1 + *) 
in the following form 5 : 

F?\z,s) = ( l + ^ o ) 5(1 - z) + 2 . « P * P 
' ce J ce 

+ ^ 7 { ( 2 ^ + * ~ f '»o) *(1 - *) -̂  2,1(2) + B(z) + ([ + z)A0) 

+ ( ^ ) {{A + B + C)5([ - z) + A{z) + B{z) + C{z)} . (87) 

4/5, = 2a/r{Lt - 1) with L e = ln(.i/m*). The + function is defined as f^[F]+ifidz = /^ (^( r ) -
y(l))F(*)dz. 

S ( / * 9){') = /n *(* " *V)H*)3(V) drdy = £ ^ / ( * M £ ) • 
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We have used the property thai 

Pee*Pec = 2{A6{l-z) + A{z)}+8 
'hx{[-zy 

i - z + 
6 

(1 -0+ 

One recognizes in (87) the first order bremsstrahlung factor (1 + (I — k)7)/2k where 
k = E^/lCb = 1 — 2. The singular region (z —• 1) and the virtual contributions are 
responsible for the + functions. The reaction e + e~ —• fi+fi~ can be described by the 
Drcll-Yan mechanism (see ref [•!]), the total cross-section being given by 

<r{s) = J J De(xv,s) De(x2,s) tr{n){xix7s) dx^dx^ , (88) 

where one recognizes the structure function Dn(x, s), the probability to find an electron 
(positron) with a fraction x of the energy in an incoming electron (positron). It has been 
shown in reference [I] that one can use (84) and (88) to extract an improved expression 
of De . The relation is that Fe = Dc * Dc, which by deconvolution of expression (87) 
gives, neglecting 0(a3) terms: 

/ a \ l l 2 \ 8 B2 

De(x,S) = (l + - ' lo) 6 ( l - x ) + jPen+7fiPce*P*e 

+ ^ { (2,1 + B- | , 1 0 ) 5(1 - x) + 2A(x) + B{x) + (1 + aO/io} 

+ i-[^j2{(A + B + C)6(\.-x) + A(x) + B(x) + C(x)} . (89) 

This function is not normalized to one as we would expect in the non-singlet approxi
mation. This problem leads to the introduction of a K-factor. One has to modify (88) 
by writting: 

(r{s) = K j j De{xus) De(x2, s) <TW(XIX2S) dXldx2 (90) 

with now 

K = 1 + - / l o + ̂ (B - B') + f - V (B - B' + C - C) , 
7T 2.T \ 7T/ 

and at the same time one has to drop the (1 -f AOCH/TV)1^7 factor and to replace (B, C) by 
(B1, C) in the expression (89). Now one recognizes, at the leading-log level the solution 
of the non-singlet Gribov-Altarelli-Parisi evolution equation. In the following, terms in 
or2 (next to next to leading) will not be considered any longer, as they are very long and 
not numerically important. It is known that the singularities at x = l can be exponenti
ated. By using the + function form of Pce, it is easy to show that the 0e expansion up 
to order 0{6\) gives: 

(i) a factorisablc part 

6{i-z) + 
ffe/2 / / ? e 

( 1 - 0 + \ 2 

l n ( l - . z ) 

i - z 
i + lL+âfL 

4 2 4 V 2 

(ii) and "hard" corrections - ( 1 -I- x)0e/4 + yl(x)/16/? c

2 . 

where the first two terms of ^ ( 1 - z) » _ 1 and cxp {^(3 - 4 7 £ ) } /T (l + &•) ex
pansions appear; 
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On oilier hand, the fully corrected 0(a2) QED cross-section e + e ~ —» II+/J~ has to 
include real e + e~ pairs emission. The paper [3] gives also these corrections by adding 
some new Fc functions. We will discuss only the non-singlet part. The Fn which 
interests us can be written as: 

The Pi term can be included in l\ by changing /? e into 

f'Me + § = -Cln(l-^) 

reminiscent of the integral 

2a(0 «// r^l££ = _ o l „ ( 1 _ a W 3 l ) 

in which one has considered only one fermion family to compute the running QED 
coupling constant ot(s). 

Putting everything together, the final expression of De (used in DYMU2 ) is the fol
lowing: 

, w N e x p { ^ ( 3 - 4 7 / ; ) } 7 ; ' / ) s «' , l ( x ) 

4- ^ { (2.4 + B'- y\0 - ~j 6(1 - x) + 2A(x) + B{x) + (1 + x ) , t 0 

- j~ree + 1-rec*Pe<-l-(l-x)-±(l + x))nx} (91) 

where the K-factor is now given by 

K = 1 + ^ + i i ( B _ B . _ | + A) . ( 9 2 ) 

It is possible to include in the exponentiated form the 077*6(1 — 1) term (remember in 

the expression (85) the right factor is 1-f * $ i V + 5 ( s ) + (*) <$2 + 5 ( s )) , but it is not relevant 
numerically. 
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2.2.6 A d - h o c e x p o n e n t i a t i o n in t h e HHGE92 p r o g r a m 

The origin of the program HMGE92 is the widely used /i-pair generator from Bcrcnds, 
Kleiss, and Jadach[l]. It has been updated by J. Alcxandcr[2] to include the higher 
order initial stale radiative corrections from Berends, Burgers, and van Ncervcn[3,4]. We 
discuss the exponentiation of this generator in some more detail, since its exponentiation 
has been duplicated as closely as possible in the Bhabha generator (HOWLEEG ), which 
will be discussed below. 

In first order the total cross section, corrected for initial-state radiation to first order, 
can be written as: 

*i(*) = M*) (1 + V + 0 log *o) + £ " " " /? ( 1 + 2 ^ * ) 2 ) "o (*') d k ( 9 3 ) 

while in second order this is modified to ['!]: 

<r7(s) = cr0(s) (1 + 6[ + 62» + P log k0 + 6,0 log ko + ±02 log 2 * 0 ) 

+ 

+ 

/ trois1) 
J ko 

^ 1 + i 2 k

 fcr) (1 + g? + /? log Ar) 

a\2 f (1 + (l-kf 
( ! ) " 

>i(*) + (2-fc) fl(Jb)+ ( ! - * ) C(Jfc)| (/A (91) 

Here s(s') is the centre-of-mass energy before (after) energy loss from initial state 
radiation and 

0 = laj-K (log s/m\ - 1 ) 
k = l-s'/s , 

«? = z j log ( , / m J ) - 2 + ^ / 3 (95) 

The expressions for A(k), B{k), C(k) and 8% have been given in Rcf. [4]. 
Note that in first order the energy loss parameter k is just the fractional photon en

ergy E^l Ebeam- In higher orders, when the energy loss is distributed over more photons, 
these latter have an invariant mass (M-,-,) and the relation between £2?., and k becomes: 
k = 1 — s'/s = HE^/Ebeam — M^/s. Since M2

7/.s is usually small, the difference between 
k and the total radiated fractional energy T,E^/Ebeam becomes small too. 

The cross sections in Eqs.(93) and (94) have been split into 2 parts. The first part is 
the part with only soft photons, so <r(s') = <r(s); the second part includes hard photon 
radiation, in which case (r(s') ^ <r(s), so one has to convolute the energy loss spectrum 
with 0"(s'), as is done by the cxpesssions below the integrals. The separation between 
the soft and hard parts of the spectrum is defined by k0- For k0 —» 0 the soft part 
goes to — oo, while the hard part goes to +co. As long as k0 is small, the sum of the 
two parts is independent of the choice of k0, as can be easily seen from Eq. 93: if one 
assumes <r0(s') = Co(.'s) s/s' the integral of the hard part yields: 



Vhard = 0rro log kmax ~ log k0 ~ ~ log (1 - kmnx) 

+ - l o g ( l - k o ) - - kmax+ - k0 

ft (T0 
- log k0 - - log(L - * m M ) - - kmax 

In the last approximation we assumed log (1 — k0) ~ 0. Then 

(Ttot = ffio/t + *hard = <To[.l) I + 6\ ~ - ft log (1 - kmax) ~ ~kn 

(96) 

(97) 

is independent of ko. 

It can be shown [5] that the loading terms of the real photon emission always lead 
to terms ^ ftn log" k, so summing the leading logs to all orders implies exponentiating 
the cross section, which yields: 

since 

<3«(') = *o(«)(i + «r+ *; + . . . ) * ' 

tf = e f i l o S k = { + / 3 , o g k + _*_ p , o g 2 k + _ 

(98) 

(99) 

This expression clearly reproduces the soft parts of the first and second order cross 

sections (Eqs.(93) arid (94)), if the higher order terms are dropped in the expansion. 
For the virtual corrections no such simple formulae exist. Therefore they have to be 

calculated, a difficult task already in second order. Fortunately, numerically the second 
order vertex correction is already small, so one may hope that the higher orders are 
small too. For example at Js = 29 GeV, S\ = 0.08 and 8% = -0 .005 . 

If one neglects the small terms proportional to A(k), B(k) and C{k) in Eq. 94, one 
sees that the hard part in second order contains the factor (l + 5"+ j3 log k) which can 
be replaced again by the exponentiated version (1 + <5" + ...) k0 (sec Eq. 99), so one 
finds: 

'TO = / 
Jo 

k<«" (\ k\ 
ft I - 1 + Ô ( l + * i ) ^ o ( » V * (100) 

Note that the factor k0 regularizes the infinities, if Ar —>• 0, so the integral for k — 0 
is well behaved and one does not have to split the cross section in a hard- and soft 
part anymore, but integrates from 0 to the kincrnatical limit. One can regulate the 
divergencies in the second order cross section too by exponentiating the soft part: 

°T\A = jfm" M*') [ft (£) o + *?+w ** dk V-IH (101) 

where a-m contains the finite part of the cross section (everything except the V/k 

polo). 
Nolc that in the first order exponentiated cross section Eq.(100) we have exponenti

ated the finite part (—1 + kj'l term) too, while in second order the finite part is treated 
exactly. Exponentiating the finite part of the first order cross section is usually not 
done [2.4], but its justification stems from the fact that in second order this finite part 
is multiplied by 1 + h\ + ft log k (see Eq. 94) and secondly that <r' x p is numerically now 
very close to (r"p, as can be seen from table 2.2.6. 
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v^ <*B an 

éxp 
an 

SO-
ex i) 

an 

exp 
at 

éX|> 
^2 ' 

at 

20 0.2172 1.341 1.367 1.369 1.367 0.998 0.999 
30 0.0966 1.360 1.390 1.393 1.390 0.998 0.998 
40 0.0516 1.372 1.406 1.408 1.406 0.998 0.998 
50 0.0355 1.378 1.413 1.416 1.413 0.998 0.998 
60 0.0258 1.370 1.405 1.408 1.405 0.998 0.998 
70 0.0222 1.319 1.351 1.352 1.350 0.999 0.998 
80 0.0326 1.135 1.152 1.152 1.150 1.000 0.998 
87 0.1598 0.882 0.897 0.898 0.894 0.999 0.995 
88 0.2636 0.836 0.856 0.857 0.852 0.998 0.994 
89 0.5074 0.778 0.808 0.811 0.805 0.996 0.992 
90 1.1593 0.701 0.751 0.755 0.748 0.995 0.990 
91 2.0002 0.694 0.743 0.742 0.740 1.001 0.997 
92 1.1416 0.980 0.943 0.930 0.940 1.014 1.010 
93 0.5126 1.311 1.215 1.L95 1.211 1.017 1.013 
94 0.2732 1.597 1.472 1.451 1.468 1.015 1.012 
95 0.1688 1.841 1.706 1.687 1.703 1.011 1.010 
96 0.1.155 2.050 1.915 1.899 1.913 1.008 1.007 
97 0.0849 2.228 2.099 2.088 2.098 1.005 1.005 

Tabic 6: The /i-pair cross sections after initial state radiation expressed in units of 
the Born cross section an, defined as the cross section without any loop- or vertex 
corrections. The maximum energy loss is limited to 0.99Z?(,eam. Various levels of initial 
state radiation are compared (sec text). 

Note the close agreement between a[xp and a"r. The input parameters correspond to 
Mz = 91 GcV, Mn = Mt =100 GeV, and «,=0.1.2. The numbers have been calculated 
with the formulae from Rcf.[l 1]. 

Thus a very simple procedure for exponentiating a first order Monte Carlo is: weigh 
the hard part of the cross section with the factor (I + 6")£ / 3. This works perfectly in the 
case of /z-pairs and is probably the best guess in case of Bhabha scattering, for which 
no exact second order calculation exists. However, the /? factor has to be modified 
to include final state radiation and the interference in that case, as will be discussed 
hereafter. 

The effect of the higher order contributions on the energy loss is shown in fig. la 
(taken from Ref. [6]). As expected, one observes a shift of events towards higher energy 
losses (a decrease at the left hand side and increase at the right hand side). On a 
logarithmic plot the effect seems small, but if one plots the ratio between the higher 
order and first order curves, the difference is -30% at small v and 10% at large v (see 
fig. lb) . These rather drastic effects on the radiated energy change the cross section 
considerably near a resonance and exponentiating the second order cross section still 
changes the cross section a few % on the high side of the Z° resonance (see table 2.2.6). 
However, at all energies the first order exponentiated cross section is very close to the 
second order exponentiated one. Is should be noted that also oiT-resonance the effect of 
the higher order radiative contributions is not negligible (3% for the total cross section at 
PETRA energies). The main effect does not come from radiation of multiple photons, 
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Figure 1: a ) : the first and second order cross sections as a function of v = 1 — s'/.s, 
where s and s' arc the invariant masses squared of the initial and final state, respec
tively. In first order, v equals the photon energy normalized to the beam energy, b ) : 
The first and second order exponentiated cross sections normalized to the first order 
non-exponentiated cross section; the latter corresponds to the horizontal line. The 
first order exponentiated cross section is already close to the second order calculation; 
exponentiating the second order calculation hardly changes it. 

but. from the radiation ofT diagrams including a fer m ion loop in the propagator (the 
vacuum polarization is U) % and initial state radiation is typically 20 %, so one expects 
an effect of the order of 2%). Therefore, in practice Monte Carlo's with multiple photons 
in the initial state usually give very similar results to Monte Carlos, in which the total 
radiated energy is given to one effective photon, as is done in HHGE92 . 
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2.3 Implementation of QED for quarks 
It is now necessary to make a few^ comments on the implementation of E\V precision 
Monte Carlos Tor hadronic final states. The QCD part of the hadron generation is 
discussed in great detail in the report of the QCD generator study group [61, and we 
have nothing more to add to it. It should be noted that there the notion of a S t a n d a r d 
C o m m o n Block is introduced and advocated as a good way of simplifying the problems 
connected with the interfacing of various pieces of code. If such a Standard Common 
Block is adopted, it should be quite trivial to let all known electroweak Monte Carlos 
adhere to the same convention: in the EW case, the structure of the produced events 
is much simpler than in QCD, and the filling of the Standard Common Block entries 
quite trivial. One point to be kept in mind is that in the presence of bremsstrahlung , 
the bremsstrahlung photons are to be considered to be produced simultaneously with 
the outgoing fermions (muons, taus or quarks): no attempt should be made to assign a 
'chronological ordering' in the bremsstrahlung process itself. 

This brings us to the second problematic point. In the production of two or more 
hadronic jets. QED radiative corrections are of course present, and in particular soft 
bremsstrahlung. The following conceptual problem now occurs. Soft photon brems
strahlung , having large wavelength, is supposedly connected with the large-scale prop
erties of the scattering process. This can easily be seen from the structure of the infrared 
radiation factor in QED: any outgoing particle with momentum p'1 and electric charge 
Q contributes to the infrared radiation factor6 a term 

6with 'infrared radiation factor' we mean that part of the bremsstrahlung amplitude thai factorizes 
the Born cross section. 



p • k 

where A-" is the niornciitum of the brcrnsstrahlung photon, and eM its polarization vector. 
Now suppose that the 'outgoing particle' actually consists of two outgoing particles, 
having collincar momenta p'l

l2, and total charge Q = Q\ + Qi- In that case the infrared 
radiation factor ought to be 

r B 0,1:4+ 0 ,24 . 
Pi-k p7-k 

Jf the two particles 1 and 2 arc massless and collinear (implying that p is also massless), 
the two factors F and F' are in fact equal! Thus, the structure of soft photon brernsstrah-
1 ung should not depend on the details of the particle production but only on the global 
charge distribution 7 . This picture must be modified by several effects. In the first place, 
in hadron production there arc always soft particles that cannot be considered cither 
massless or collinear with the original parton. Secondly, the original parton cannot 
be considered to be strictly masslcss itself. But more importantly, if the soft QED 
corrections take place at large distances (late times in the production process), gluon 
radiation will surely have been emitted before! However, in the known applications of 
EW Monte Carlos to hadron production one always first generates the quark pair with 
brcmsstrahlung coming from initial and final states, and then proceeds to fragment the 
quarks, possibly using the matrix elements for qqg or qqgg production - this puts the 
gluon emission logically after the photon emission. 

At present the only work performed on this problem is rcf. [2], suggesting that for 
relatively hard, acollinear photons the approach taken in the Monte Carlos is actually 
correct. However, the question of "what comes first, the gluon or the photon?" is still 
open. 
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3 Review of existing generators 
In this section we shall review the Monte Carlo and semianalytical programs that the 
study group has examined. These programs can be divided into a few broad categories: 

• s emiana ly t i ca l p r o g r a m s : in this class we have both programs for the Z line 
shape (with one or a few very simple cuts): (ZSHAPE , EXPOSTAR , COMPACT) and 
programs that compute asymmetries like Arn (CALASY , COMPACT , MUCUTCOS); 

"Note that a photon with a wavelength of 1 fm has an energy of about 200 MeV, so the softest 
rletectablc photons at LEP will actually have about the right wavelength to be sensitive to what goes on 
in the fragmentation region. 
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• M o n t e Carlos for fermion pair production: these are typically the Muntc 
Carlo programs for }i pair production, wil.li extensions to r, quark, or u final states 
(HUONHC , HMGE92 , DYMU2 , KORALZ , FPAIR , MOE); 

• M o n t e C a r l o s for B h a b h a s c a t t e r i n g (BABAMC , OLDBAB , BHLUMI , HOWLEEG, 

TEEGG); 

• assorted other Monte Carlos describing other processes like e + e~ —+ uûf, 
e + e ~ —» A fermions, • • •. 

As was stated already in the introductory part of this contribution, we have not consid
ered any programs dealing with non-precision physics such as the production of super-
symmetric particles and such, since it was felt rather more important to clear up the 
software situation for the standard model predictions. 

Another observation is that developments in this field are still quite rapid, and the 
present comments should not be taken as a definitive judgement of the quality of any 
given program. At the same time, a number of new programs has been produced that 
have not yet been studied and compared with other programs: examples of these include 
the semianalytical line-shape program LENCOR by V.A. Schcgclsky and V.P. Andrcev [1] 
and the new electroweak library FEEBOL by ll.G. Stuart [2]. On the other hand, during 
the course of our studies the widely used lineshapc program ZBATCH has been more 
or less superseded by the more modern ZSHAPE : since the support of ZBATCH by the 
authors has essentially stopped, we have decided to include ZSHAPE rather than ZBATCH 
in our descriptions. In spite of the fluid status of the field of electroweak precision 
software, it is hoped that the more general observations made in this contribution will 
help interested users of both existing and new software with assessments of software 
quality. 
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3.1 semianalytical programs 

3.1.1 The ZSHAPE program 

In view of the measurements, due at LEP and SLC, of the total cross section for fermion 
pair production from e +e~-annihilation near the Z resonance, we wrote a FORTRAN pro
gram ZSHAPE that calculates the Standard Model prediction for this cross section. Be
cause of the high expected accuracy of the measurements, the aim is to have a theoretical 
uncertainty less than 0.3%. It is our purpose here to briefly state what has been incor
porated in this program and to comment on its use. In [1] this program has been used 
to obtain many numerical results. Furthermore most of the higher order corrections 
going into ZSHAPE are reviewed there. 

The following higher order corrections have been included in ZSHAPE: 
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• One loup weak corrections: soif energies and vertex corrections. For details on the 
treatment of these corrections we refer the reader to [2]. 

• QED corrections on the initial state up to and including 0(a2) and exponentiation. 
The explicit form of these corrections was calculated in [3]. 

• QED corrections on the final state up to and including 0(a) and exponentiation. 

Not included are box contributions, which have been verified to be negligible in the 
particular gauge chosen here. 

In this program, as all self energies are calculated, we arc able to calculate values for 
sin 2 #u-, r z and M\y, once values for the input parameters Mz, Mil and Mtop are spec
ified. Therefore the program ZSHAPE always gives the values for sin2*?»-, M\v together 
with the partial and total widths of the Z as standard output. The value for the mass of 
the top quark is restricted to < 230 GcV, for above that value the iterative calculation 
of sin 2 8\y does not converge well. The value for the CM energy of the incoming beams, 
s, is restricted to be < -IMfy by the way the vertex corrections arc calculated. However, 
the latter restriction can easily be removed. 

The initial state QED corrections are written as a convolution integral over the 
invariant mass (squared) .s' of the final state fcrniion pair [1,3]. It should be noted 
that in the case of ZSHAPE the cross section <r(°'(s') appearing in the integrand of the 
convolution may include weak corrections and final state QED corrections, depending 
on the options (see table 7). The convolution integral is done numerically, using the 
CERN library routine DGAUSS. The integration region can therefore be chosen at will, 
i.e. the lower boundary on 5' can be set in the program. The upper boundary is of 
course fixed at s. 

In table 7 all the options the program has are listed. In addition to the table we have 
to say here that if one drops the convolution with initial state radiation (IC0NV= 0) and 
asks for a table, the program lists the contributions to the cross section per hclicity. 
Due to the internal organisation of the program it is straightforward to modify it so 
that it calculates all corrections for the separate electron and positron helicities. This 
way, also the polarization asymmetry Am c a n be obtained. 

In the program we also have included final state QED corrections. As the form of 
these corrections involves the mass of the final state fermions, this is to be taken seriously 
for leptons only (cf. the remarks in sec.2.3). The mass of the final state fermions cornes 
in through large logarithms that appear once one applies a cut on s', that is, once one 
sels SHIN to a value that differs appreciably from -lm 2. The uncertainty concerning 
quark masses may require some other treatment of the final state corrections in the case 
of quarks in the final state. 

An important thing to do is to check the results of this new program ZSHAPE with 
the results of the more established program ZBATCH. This has been done in all stages 
of the development of ZSHAPE. We found a. few minor disagreements that affected the 
result for the total cross section only slightly, that is at the level of a few tenths of a 
percent or less. These points have been clarified with the authors of ZBATCH to be small 
errors in ZBATCH. The other difference we found was that in ZBATCH the accuracy of the 
numerical integration that is asked for is less than in ZSHAPE. It turns out that at some 
points this may lead to errors up to 0.5%. However it is obvious that asking for a higher 
precision in a numerical integral slows the program down considerably. This is the main 
reason for ZSHAPE being slower than ZBATCH. 
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Naine Allowed values Meaning 
IFERM 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

a label for the final state fermions: 
neutrino 
electron: not allowed 
mu on 
tau 
up quark 
down quark 
charm quark 
strange quark 
top quark: not allowed 
bottom quark 
hadrons: sum over allowed quarks 

IWEAK 0 
1 

no weak corrections 
weak corrections arc included 

ICONV 
is not calculated. 

0 
1 

the convolution with initial state radiation 
initial state QED corrections arc included 

IEXPON 
-1 
1 
2 
3 

determines the level of initial state QED corrections 
0(a) + exponentiation 
0(a) 
0(a2) 
0(a7) + exponentiation 

IFQED 0 
1 
2 

no final state QED corrections 
0(a) final state QED corrections 
0(a) exponentiated final state QED corrections 

ISERCH 0 
1 

no search for peak positions, 
a search is made for the positions 
of the maximum 
and the half maxima 

ITABLE 0 
1 

no table is produced 
a table of IENTRY values of the cross section 
from sjs =R00TS0 to y/s =R00TS1 is produced. 

SMIN >Am2

} the minimum invariant mass squared 
of the final state fcrmion pair. 

RHZ the mass of the Z boson 
RHH the mass of the lliggs particle 
RHT the mass of the top quark 

Table 7: The options and input parameters for the program ZSHAPE. All energies and 
masses are defined in GeV. An e + e~ final state is not allowed because t channel diagrams 
have not been taken into account. A tl final state is not allowed as that asks for a more 
complicated treatment of the weak corrections. 
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3.1.2 T h e EXPOSTAR p r o g r a m 

This semianalytical line shape program has been written by J.B. Itn, B.W. Lynn. D.C. 
Kennedy, and R.G. Stuart [1] (latest update by the authors: December 1988). The latest 
version available at CERN is from May 1989, updated by A. Blondel. The EXPOSTAR 
program allows the calculation of electroweak quantities at LEP/SLC energies, including 
radiative effects. It will give meaningful results for e + e~ —• / / with / = / j , T, U, d, s, c, /;. 
Final state radiation, decays and fragmentation arc not included. 

The weak loops are calculated in the c/Tcctive lagrangian approach, the 'starrcd-
scheme' [2]. EXPOSTAR uses the state-of-the-art formulae for the photon vacuum polar
ization, as implemented by II. Burkhardt [3]. In the original version of the program, 
purely weak vertices were calculated in the masslcss quark approximation, thus the 
top-mass effect for the b-quark vertex was absent; in the present version, this effect has 
been implemented. An example of a data cards file is given in table 8. 

The program first calculates the electroweak loop effects as follows: from a set of 
input parameters, a,G,n Mz,rnl,mli, A.QCD, Ptrce-. and the number of masslcss neutrino 
families, the program calculates the W mass and the (complex) coupling constants of 
the electron and of the final state ferrnion, as well as the Z total and partial widths. 
An important intermediate parameter is the effective sin7\)w, sin7dw*, which summa
rizes the effect of all propagator corrections, common to all final states. These values 
are stored in common blocks and could in principle be input to the program. This 
electroweak part of EXPOSTAR is in part identical to that of the first order BREH5 pro
gram. The program then proceeds to calculate the cross-section by folding the effective 
Born-approximation obtained from the above quantities with the initial state radiation 
spectrum. 

The initial state radiation includes exponentiated multiple photon emission in the 
structure function approach (Nicrosini and Trentadue [4]). The QED boxes and final 
state radiation are not included; their effect is negligible for the line shape and polarized 
asymmetries; for the forward-backward asymmetry it should be studied in a different 
way, using the complete first order program BREM5 for instance. 

EXPOSTAR generates only two four vectors for each event,the two outgoing fermions. 
The missing momentum represents the initial state photons. EXPOSTAR was not designed 
to provide a full simulation of the final state on an event-by-event basis (in some sense it 
is not really an event generator). Only simple experimental cuts can be simulated. For 
detailed simulations of detector resolution and cuts, BREM5 , DYMU2 or KORALZ should 
be used. 
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92. HZ Mz 

100. MHIGGS m„ 
00. HTOP mt 

1.00 RHTREE PtTCC 

3.0 NNEUTR Nv Number of (masslcss) Neutrinos 
0.25-184 qCDLAM ^QCD 

0.001 DELW (Icclmical parameter) 
100. SCALE (technical parameter) 
1 FQCD (technical parameter) 
1 FQQ (technical parameter) 
1 F3Q (technical parameter) 
0. P Beam polarization 
2. TYP Final fermion type: 

1 2 3 : c,/x, r , 11,14,16 : u,c,l, 12,13,15 : d,s,b 
1 FPHOT 1: photon exchange included, 0: not 
1 FIW initial state weak vertex included 
1 FFW final state weak vertex included 
10000 NEVENT number of events to be generated 
1 NN initial noodle cutting (technical parameter) 
12345G789 ISD initial random seed (< 9 x 109) 
92.0 9G.0 2.0 EB2 MAXEB2 DEB2 Energy scan: first point, last point, step 
0.2 SPCUT Lower s' cut: 

below it, weight is set to 0. 
Always needed! 

10. ECUT lower c.o.m energy cut for generation. 
Always needed! 

10. CUT(l) lower final state fcrmion momentum cut 
10. CUT(2) lower final state anti-fermion momentum cut 
!.. CUT(3) endcap cut: cos6max 

180. ACOL Acollinearity cut 
0. CUT(5) 1.: will make above cuts. 

0.: will not! 
1 STAT print statistics 
0 FILE write the results on files 

Table 8: Example of an EXPOSTAR input file. In the first column typical values of 
parameters are given; in the scond column the name of the variable in the program is 
shown, and in the third, its meaning or function. Only the first column is actually read 
by the program, the second and the third arc here as comments. 

EXPOSTAR is very useful in providing precise values of quantities like Z cross sec
tions, line shape and widths, forward-backward and polarization asymmetries and their 
parameter dependence: top and higgs mass, number of light neutrinos, tree level rho-
parameter, AQCD- 1 he separate cfTcct of various corrections can also be studied, see for 
example [1,5]. 
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3.1.3 T h e COMPACT formulae set 

The COMPACT formulae set contains a number of phenomenological expressions of the 
cross section/and forward-backward asymmetry when experimental cuts arc applied to 
the reaction •e+e~—+ /i" f/i~(7). 

Introduction 

This paragraph is devoted to the development of an ansatz [1,2] giving predictions on 
cross section and forward-backward asymmetry Afu with canonical cuts in the case 
of the reaction e + e~ —> /i*/i~("f). One is interested in such kind of formulae not only 
to control event generator calculations but also to allow experimentalists to extract 
experimental Z° parameters from their data. 

Cross section and AfB expressions 

Consider first some simple kinematics for the /z+fi~(~t) final state. When a single photon 
is emitted, its reduced energy k = E-,/Zw,eam is equal to 1 — z with z = M^/s and the 
}i+)L~ system is boosted with a Lorcntz /? factor equal to 

2-k 1 + 2 

In their center of mass the / / + and the [i~ arc back-to-back and we shall denote by c" 
the cosine of the ( e + , / i + ) angle. Thus any lab cut for a given k (or z or /?) introduces a 
cut on c". These considerations hold for any number of gammas as long as there is not 
more than one energetic photon (which is typically the case around the Z° peak). 

The authors of reference [3] have shown that the differential e+e~—• /i + / i~cross sec
tion, corrected to first order for initial state brcmsstrahlung, factorises. In the approxi
mation of collincar radiation, it can be written 

dkdÇl» 2 dQlt

 v + • ' dn„ 
(102) 
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In this expression F^\z, s) is the 0(a) restriction of the initial state radiation function 
(cf. sec. 2.2.5), c\ (c"_) is the value of c" when the photon is emitted by the positron 
(electron), and the Born differential cross section is: 

^ ( c , , ' ) = \^\s'){l + c 2) + M „ ) t ° > ( , ' ) c (103) 

The forward and backward cross section can then be obtained by integration of (102) 
over c", noticing that the diab = 7r/2 cut corresponds to the c* = —0 one. One thus 
obtains 8 : 

<r{s) = y dzFilXz,s)<rW(zs) x S(z;cm,cM) 

ind 

with 

U ^ o - ) ( - 0 = / ' dzFl%,s){AFB<r)W{z8) x / l ( 2 ; £ m , c A / ) 

(10-1) 

(105) 

5 ( 3 ; c m i c A / ) = -
cT" 

. 4 ( z ; c m , c A / ) = elf - cm . 

We have defined c m ( c m ) and c.v (èjw) as the lower and upper limits in the integration 
for the cross section and asymmetry due to experimental cuts on c* (to obtain the c-
functions one has to take into account the forward-backward limit). Complete analytical 
results for some cuts are available for S and A in reference [2]. With no cuts one has 
5 = 1 (r.m = 0 and cA! = 1) and A = 1 - 02 = 42/(1 + zf (bm = 0 and cM = 1). 

Now we generalize equations (10-1) and (105) by turning F^ to the full Fc expression 
and introduce final state radiation via a factor Tfl in the integral; we thus have 

<x(s) = / dzFt{z, s)Jr

ll(zmin/z, zs)aw(zs) x S(z; C r 7 l , cA!) 
• ' z m i n 

(106) 

and 

{AFB<r){*) = f dzFt(z, s)Flt{zmin/z, zs){AFBaf\zs) x A{z; 5 m , cM) (107) 

The expression for T^ reads 

T^x.s) = J dyF,t{y,ys) 

= £ dyF„(y, s) + [ I ( 2 ^ - (1 + y) In j/j dy 

+ ^ | j , l ( y ) c / y + 1 1 - 2 1 ^ ( 1 - ! ) + I + X [in z - l + K l n x - ^ ) ] } , 

9*min = 4m£/a 
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J\\(y)dy = 2 £ , i a ( l - x ) - j + | « ( l + ^ ) - 3 ^ ( l + | ) l n i 

- ( l - x ) ( 3 + * ) ( l n ( l - « ) - £ ) • . 

Canon ica l cu ts 

By canonical cuts we understand: 

• 9„± e [6m,ir-9m] ; 

. C = ^ ( / / + , - / i - ) £ [0,Cm] ; 

• £ > > £ m , 

where typically 0 m = 15°, Cm = 10" and Em - y/s/-\. 
All these lab-frame nuts can be translated by the Lorcntz transformation in allowed 

regions in the {c~, 0) space. As an example the limiting curves for the first two cuts are 
given by 

• c" = (cos# m — 0)/(i — 0 cos 6m) (upper limit); 

. c o s ( m = (2(1 -02)- \ + (/?c-) 2]/[l - (0c") 2] (lower limit) 

{ft > 0, c" > 0 and we use the symmetries 0 «-> —0 and c" <-> — c"). 
One is free to imagine any cut at a given 0; then, there arc two families of cuts for 

c': the first one [C\"J, i counts for the type of cut) is composed by various upper limits 
and the second one [Cj'1') of various lower limits. The c m and c^ functions defined in 
the previous section can be written 

c m = Max{j]CfL and c M = M i n ^ C f * . (108) 

C o m p a r i s o n s a n d c o m m e n t s 

A first attempt has been made Lo compare COMPACT (the program computing expressions 
(101) and (105)) with the DYMU2 predictions. As far as M.C. statistical errors arc 
concerned, agreement of the results is reached below ipb for the cross section and 0.00 1 
for Afn with various types of cut in the range y/s t [88,%}Ge\~ [2]. 

Other authors [1,5] have subsequently adopted a similar approach to derive 
AfD without canonical cuts. D.Y.Bardin et al [G] have shown by using exact 
0 ( a ) prediction and exponentiation procedure that our ansatz works pretty well as 
long as the cut on the total radiated energy is not too severe. Nevertheless, in the case 
of a cut involving E-, < lGcV, in rr.r.[l] a recipe can be found for adding the O(a) box 
and soft interference contributions to the Afn (105) to reach good agreement with the 
results of Greco et al. 
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3.1.4 T h e CALASY p r o g r a m 

CALASY stands for CALculator of ASYmmetries; the present version is 2.7, and the 
authors arc S. Jadach and Z. Was. This program calculates quantities of interest for 
LEP phenomenology by convoluting the Born (or Born -f Electroweak corrections) cross 
section with the multi-photon spectrum p(v) where v — 1 — s'/s and s' is the mass of 
the final fcrmion pair after initial state brcmsstrahlung. The p(v) distribution can be 
taken cither from ref. [1] or from the program KORALZ /YFS2 program [2] (no fermion 
pair production is taken into account). The "improved Born" approximation [4,1] is 
used for the Born cross section. The other possibility is to use the Born-felectrowcak 
differential cross section from (lie program KORALZ instead. 

In [1,3] it was shown that such a procedure can be sucessfully used to study the total 
cross section. In [5] it was shown that the analogous ansatz reproduces remarkably well 
(up to 0.1%) the O(o) and C ( a 2 ) initial/final state bremsstrahlung effects on A^n sec 
also [f>]. The final state brcmsstrahlung effect are in fact negligible under loose cuts, and 
decrease with cut ofFs. Moreover effects of initial-final state bremsstrahlung interference 
are rather small at the Z peak and for not too strong cut-offs [7,8,9], below 0.1%. 

In addition to the total cross section, the r polarization, and the forward-backward 
asymmetry, the program can tabulate or plot distributions of interest for the r polar
ization measurement [10]. 

There are several subroutines which plot distributions for the r decay products. 
They are shown elsewhere in these proceedings [10]. The basic function used to produce 
these plots is BREMKW . In BREHKW one can find information/comments how to obtain 
the particular distribution. This routine provides the distribution d *°gd for the TT, 
electron and // decay modes where 6 is the scattering angle of the r and u = EjEbeam 

is the energy of the r decay product in beam energy units. In this distribution, effects 
of the initial-state brcmsstrahlung, final-state brcmsstrahlung and bremsstrahlung from 
the r decay products can be switched on and ofT at will (the last one in the leading-
log approximation). For more useful information on the physics assumptions used in 
construction of this routine see ref. [10]. The input parameters are explained in table 
9. Optionally, the routine KORINA can be called. It initializes the functions providing 
differential cross sections from KORALZ and in particular the electroweak libraries; the 
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Parameter Meaning 
AHZ The 7, mass 

SWSQ sin 2 6W 

GAMHZ The Z width 
VVHAX Upper limit on the v variable in integration 
AHFIN The mass of the final state fermions 
AHIN The electron mass 

KF Type of photon spectrum: KF=4 spectrum of [1]; 
KF=5 the YFS2 paramctrization [11] 

KEYBRM Type of the BORN distribution: 
KEYBRM=0, distribution of CALASY ; 
KEYBRM=1,2 two types of fits to the KORALZ 
function using respectively values of 
functions at cos0 = 0 , ± l / 2 and at cosfl = 0 , ± l 

Table 9: The input parameters of CALASY . 

KORALZ functions can be used then by CALASY (sec [2] for the explanation of the KORALZ 
input parameters). In this mode of operation three dummy routines KORALZ , INIPHY 
and BORNS have to be removed from the deck and the corresponding routines from 
the library of KORALZ 3.6 arc loaded instead. The program has its own graphical and 
numerical output but the user may use for example the functions AFBB and AFBX to get 
the Born and second order answer for Am- The graphical output is produced using the 
HPLOT package [12]. 

Several points are to be noted: an example of the EXEC file to run the program is 
included at the end of the main program. This is a stand-alone program. The program 
uses the function GAMMA from CERNLIB and the HPLOT package (which can be switched 
ofT casilly). File units 0, 6 and 20 are used for terminal, output and METAFILE. In the 
angular integration of the Born+weak correction distribution, the assumption is made 
that it is of the 1 + cos 2 9 + ijcosS type. This is a quite good approximation [13], also 
if elcctroweak corrections are present. As COMMON blocks of KORALZ are used in CALASY 
, some of their entries can be spurious and not initialized. Note also that if one wants 
to produce plots which require reinitialization of the electroweak libraries, the version 
3.7 of KORALZ should be used instead of the version 3.6. 
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3.1.5 The ZBIZON package 

Up to now the most precise analytic calculations were realised in the program ZBATCH 
[I] 9 based on rcf. [2], where the total cross-section (Tj for fermion pair production is 
calculated completely up to 0(a2) terms. And of course, each Monte-Carlo generator 
should be asked to reproduce the ZBATCH or ZSHAPE results. But one needs also the 
other analytic formulae for more exclusive observables, like differential cross-sections 
with some more or less realistic experimental cuts. There are some attempts to calculate 
integrated forward-backward asymmetry Afb'. the program CALASY [3] and the COMPACT 
formulae [•!]. Such calculations are often called semi-analytic because they use also 
numerical integrations. Within ZBATCH it is possible to impose only a simple s'-cut. In 
the calculations of refs. [3,1] one can impose more sophisticated cuts, but these rely on 
some Ansatze and cannot be considered as complete calculations. 

During the past years the Dubna-Zcuthen radiative corrections group (D.Bardin, 
M.Bilenky, A.Chizhov, P.Christova, O.Fedorcnko, A.Sazonov, Y.Sedykh - Dubna and 
T.Ricmann, M.Sachwitz - Berlin-Zcuthcn) has calculated the integrated forward-
backward asymmetry [5] and the differential angular distribution da/dcosQ, complete 
in 0(a). Here 6 is the laboratory angle between e + and / . These calculations have 
subsequently improved by including the possibility to impose an s'-cul and by applying 
soft-photon resummation to all orders in the initial state, i.e. soft-photon exponentiation 

The derived formulae were realized in two Fortran codes 1 0 : 

9 Now superseded by ZSHAPE . 
"These codes were written by Yu.Scdykh, Dubna. 



IIUCUT , which calculates (,lic total cross section <r/(s,A) arid the integrated 
forward-backward asymmetry AFD(S,A) as functions of s — \E\ and a kinc-
matical cut A = J - s " n i n / s : 

HUCUTCOS which calculates tlie differential distribution as a function of s, A and 
cos0: dcosS = F( .s ,A,cos0). 

Here we present a first and very brief description of these codes together with some 
illustrations of their typical output. Very recently a new code, ZCUTCOS (written by 
M. Bilcnky, A. Sazonov, and Yu. Scdykh), has become available, which calculates the 
angular distribution da/dcos6 with cuts on both the niuon energies and the acollinearity 
angle: it will be discussed elsewhere [7]. 

As input parameters both programs use: 

• initial and final fermion masses, charges and hclicities; 

• coupling constants a and G^; 

• standard model parameters: Mz, Tz, and sin 2 ^»-. 

A number of options in the programs are controlled by flags: 

f ON 1 1. IGS= < „ An s-dcpcndcnl Z-w\àih is switched „ 
1 0 K [OFF. 

2. IEXPI= 

3. IEXPF= 

1 Soft-photon exponentiation in the initial state is switched ON 
OFF 

ON 
OFF 
OFF 

0 Soft-photon exponentiation in the final state is switched 
- 1 

For both IEXPF=0 and IEXPF=-l the final state bremsstrahlung is treated without 
exponentiation, but if IEXPF=0 it is simply added in O(a) whereas if IEXPF=-l it 
is folded with the initial-state radiation photon spectrum. 

4. INTERF= J „ : QED 0(a) corrections for the initial-final interference are switched 

ON 
OFF 

. In the current version of the programs initial-final interference is treated 

only to 0(a), i.e. without exponentiation. 

5. IFINAL= < n : QED 0(a) corrections for the final state brcmsstrahlung arc 

G. INORH = I : if IN0RM=1 then the all pieces of the cross-section arc normalized 

by Gp which to some extent simulates the use of the running a, a ( i l / | ) , for the 
7-excharige amplitude []]. If IN0RH=0 then only the Z-exchangc amplitude is 
normalized by G,, whereas the 7-amplitudc is normalized by a(0). IN0RM=0 must 
be always used together with weak dressing, sec below. 

For IGS, IEXPI, IEXPF, INTERF and IFINAL the defaults values arc i (ON). It is possible to 
use instead of the input quantities Mz, ^z and sin 2 0jr the so-called dressed electro-weak 
form factors pz, kc, ^/ . a n ( ' «̂y [8], which are calculated by a separate code DIZET . (An 
exhaustive description of DIZET is now in preparation [9]). There is a COHMON/XFORHZ/ 
via which these form factors can be transferred from DIZET to MUCUT or HUCUTCOS. The 
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men ni rig of I he complex-valued variables in this COMMON is XFZ(l) = />Z(J»/|), XFZ(2) = 
ke{Ml), XFZ(3)= kj{Ml), XFZ(4) = kcf{Ml); the quantity XFZT is related to a{M\) 
by 1/(1 + (1 — XFZT)) = a(;1/£)/a(0). At resonance, a factorization property holds to 
order 0 ( a ) : kej{M\) — ke(l\ll) • kj(Ml). For more details on how the improved Born 
cross-section is obtained from p and kcj<fj, we refer to [8]. 

The codes DIZET and MUCUT have been merged into the code ZBIZON . So, the latter 
one calculates GJ and Apn using as input parameters Mz, mt, Mu, and ATQCD, which 
is the QCD correction factor for the Z hadronic widths and/or the hadronic production 
cross-sections. These factors are treated as constants and are equal to 0.0 10 for the 
light quark channels and to 0.0 15 for the 66 channel. In figures 2 to •! we present some 
typical outputs from MUCUT , MUCUTCOS and ZBIZON . 

Using MUCUT and MUCUTCOS we have performed a comparison with DYMU2 (this part 
was done in collaboration with J.Ridky). In tabic 10 we present the results of this 
comparison for several values of \/s and ^>-

FOR DELTA= 1, 0.25. 0 .1, 0.0217 

97.5 100 
SQRT(S). GEV 

97.5 100 
SQRT(S). GEV 

Figure 2: Typical output of MUCUT : Z° line shape (in nb), and forward-backward 
asymmetry in %. 
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DSIGMA/DCOSfTHETA). WITH INTEGRATED BINS 

SORT(S)-91.0CEV 

0.5 1 
COS(THA) 

0.5 1 
COS(TETA) 

0.5 1 
COS(TETA) 

0.5 1 
COS(TETA) 

Figure 3: Typical output of HUCUTCOS : angular distribution da/dcosO at 1 and 10 GcV 
above and below the peak. Parameters as in fig.2, all flags are ON. 

FOR DEUA= 1, 0.25. 0.1. 0.0217 

82.5 85 87.5 90 92.5 95 97.5 100 
SQRT(S), GEV 

2 
2 

C D 
I 

• . I • • i • I • • • • I • • • i I j • | | I | • ' 

82.5 85 87.5 90 92.5 95 97.5 100 
SQRT(S). GEV 

Figure 4: Output of ZBIZON 
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THEORY, "HL'CUTCOS"-FLAGS: IEXPI=1 IEXPF=1 IFI NAL=1 INTERF=0 IGS =1 INORM= 1 
M.CARLO, DYMU2"-FLAGS: IEXP0=1 FTNEXP=1 INTERF=0 ID2 =1 ID3= 1 

03/09/89 | TOT. CROSS SECTION | FORW. -BACK. ASYMMETRY | D(SIG)/D(COSTETA)| 
17.43.12 | THEORY | M.CARLO| (T-H)/H | THEORY | M.CARLO| FITTING: | 

ENERGY | DELTA | (ERR.) | (ERR.) | |T-M| | 
(GEV] | | [NB] | [NB] | [%] 1 <M/T> | CHI2 | 

91.0 | 1.0000 | 0.9043 | 0.9114 | 
(0.0005)| 

-0.78 | -.0890 -.0900 | 
(0.0007)| 0.0010 | 

1.008 | 0.94 | 

| 0.5000 | 0.8763 | 0.8836 | 
(0.0005)| 

-0.83 | -.0895 -.0902 | 
(0.0007)| 0.0007 | 

1.008 | 0.96 | 

| 0.2500 0.8502 | 0.8565 | 
(0.0005)| 

-0.73 | -.0887 -.0890 | 
(0.0007)| 0.0003 | 

1.007 | 0.96 | 

| 0.1000 0.8084 | 0.8133 | 
(0.0005)| 

-0.60 j -.0862 -.0861 | 
(0.0007)| 0.0001 | 

1.006 | 0.99 | 

| 0.0500 0.7701 | 0.7737 | 
(0.0004) 

-0.47 -.0833 -.0830 j 
(0.0008)| 0.0003 

1.005 | 0.87 | 

| 0.0217 0.7123 | 0.7140 
(0.0004) 

-0.24 -.0794 -.0786 
(0.0008) 0.0008 

1.003 0.97 | 

| 0.0100 0.6480 0.6490 
(0.0004) 

-0.15 -.0765 -.0761 
(0.0008) 0.0004 

1.002 0.91 | 

| 0.0025 0.5282 0.5293 
(0.0004) 

-0.21 -.0741 -.0745 
(0.0009) 0.0004 

1.002 0.93 | 

92.0 | 1.0000 1.5244 1.5367 
(0.0010) 

-0.80 0.0011 0.0013 
(0.0007) 0.0002 

1.008 0.97 | 

| 0.5000 1.4834 1.4929 
(0.0009) 

-0.64 0.0017 0.0018 
(0.0007) 0.0001 

1.006 0.93 | 

| 0.2500 1.4400 1.4474 
(0.0009) 

-0.51 0.0024 0.0025 
(0.0007) 0.0001 

1.005 0.90 | 

| 0.1000 1.3709 1.3753 
(0.0009) 

-0.32 0.0044 0.0047 
(0.0007) 0.0003 

1.003 1.01 | 

| 0.0500 1.3067 1.3082 
(0.0009) 

-0.11 0.0071 0.0080 
(0.0008) 0.0009 

0.999 1.06 | 

| 0.0217 1.2011 1.1988 
(0.0008) 

0.19 0.0116 0.0128 
(0.0008) 0.0012 

0.998 1.02 | 

| 0.0100 1.0777 1.0739 
(0.0008) 

0.35 0.0151 0.0161 
(0.0008) 0.0009 

0.996 1.07 | 

| 0.0025 0.8621 0.8599 
(0.0007) 

0.26 0.0179 0.0189 
(0.0009) 0.0010 

0.997 1.05 i 

93.0 | 1.0000 1.1135 1.1241 
(0.0006) 

-0.94 0.0720 | 0.0708 
1(0.0007) 0.0012 

| 1.009 1.15 | 

| 0.5000 1.0814 1.0909 
(0.0006) 

-0.87 0.0733 0.0717 
i(0.0007) 0.0015 

1.009 1.14 | 

| 0.2500 1.0493 1.0567 
(0.0006) 

-0.70 0.0745 j 0.0729 
1(0.0007) | 0.0016 

| 1.007 1.21 | 

| 0.1000 0.9962 0.9999 
(0.0006) 

| -0.37 | 0.0780 j 0.0769 
1(0.0007) | 0.0011 

| 1.004 1 1-19 I 

I 0.0500 | 0.9348 [ 0.9336 
(0.0005) 

[ 0.13 | 0.0846 | 0.0839 
|(0.0008) | 0.0007 

| 0.999 1 1-10 I 

| 0.0217 | 0.8023 0.7982 
1(0.0005) 

| 0.51 | 0.0968 | 0.0964 
1(0.0008) | 0.0004 

| 0.995 | 1.06 | 

| 0.0100 | 0.6810 j 0.6780 
|(0.0005) 

| 0.44 | 0.1032 | 0.1022 
j(0.0009) | 0.0010 

| 0.996 1 1-15 I 

| 0.0025 | 0.5273 | 0.5258 
1(0.0004) 

| 0.29 | 0.1066 | 0.1056 
1(0.0010) | 0.0010 

| 0.997 1 1-14 1 

Table JO: The results of the HUCUT 
the asymmetry. 

/ DYHU2 comparison for the total cross section and 

The input parameters were chosen as follows: Mz = 92GcV, Tz = 2.5GeV and 
s i n 2 0 [ r = 0.23 (all flags are ON, except INTERF=0). We show also, in fig.5, four typical 

(rfo-Monte Carlo / d c o s d } 

(^analytic / < / c o s 0 ) 

histograms for the ratio 
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'igure 5: Ratios of Monte Carlo and analytic cross sections at the Z° resonance for A 
= J.O, 0.25, 0.1 and 0.0217. Parameters as in 2, all flags arc ON but INTERF = 0). 

in -10 bins. This ratio is seen to be flat within the Monte Carlo statistics, as can be 
seen from the corresponding x2 P c r d.o.f. in table 10. As a consequence, Am also 
agrees within the statistics. For the total cross-section the disagreement is about 0.5%. 
This value is just of the same order what is expected for the dominant 0(a2) terms, 
(a/ir \og(s/m%))2, which arc neglected here. We performed also a comparison of MUCUT 
with CALASY ; the results are presented in table 11. 

>/5=82 GcV 91 GcV 92 GcV 93 GeV 102 GcV 
Born -68.00 -C.65 1.89 10.13 59.65 

No cut -51.47 
-54.39 

-8.16 
-8.20 

0.24 
0.21 

0.84 
6.79 

23.16 
22.68 

A = 0.217 -68.83 
-68.87 

-8.10 
-8.12 

0.33 
0.31 

7.02 
6.99 

29.93 
29.60 

A = 0.0217 -68.24 
-68.23 

-7.25 
-7.25 

1.19 
1.22 

9.09 
9.20 

59.28 
59.37 

Table 11: The results of the MUCUT / CALASY comparison for the forward-backward 
asymmetry. The first row comes from MUCUT , the second from CALASY . Only ini
tial-state exponentiated brcmsstrahlung is taken into account. 
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In fig.2 typical output of MUCUT is presented: plotted are the total cross section crT 

and the integrated forward-backward asymmetry AFB f ° r different values of \/s and 
A. The parameters arc Mz = 92GeV, Tz = 2.5GcY, sin 2 Bn- = 0.23, and all flags arc 
ON. Fig.3 presents output from MUCUTCOS : the angular distribution dafdeosd, with the 
same parameters as fig.2, at yfs = Mz ± IGcV and ^fs = Mz ± lOGeV. Finally, output 
from ZBIZON is shown in fig.4, which is the same as fig.2 but with input parameters 
Mz = 92GcV, mt = lOOGeV, M„ = lOOGeV, A I ^ = 0.0-10, ATh

QCD = 0.045, and all 
flags arc ON. 

All the programs described in this note are available as a Fortran files on the A disk 
of BARDINDY at CERNYM. 
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3.2 T h e process e+e~ —* fermion pairs 
3.2.1 An example of a first-order program: the HUONHC Monte Car lo 

The Monte Carlo program JIUONMC is a first-order stand-alone event generator for (orig
inally) the process e + e~ —* /i +/x~. The most important feature of this program is that it 
is the 'sister' of the Bhabha scattering Monte Carlo BABAHC . Indeed, the FORTRAN code 
of HUONMC has been obtained from that of BABAHC by the following simple changes: 

• switching ofT the subgencrator for t-channcl scattering (in fact this could be done 
by putting the appropriate a-priori weight to zero, although for safety the cor re
sponding code was also deleted); 

• deleting the t-channel contributions to the soft and hard photon cross sections: 

• changing the electron mass me into the muon mass m ; i in the few necessary places. 
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Consequently, most technical details ofMUONMC and BABAMC are identical and for these 
we refer to the writcup of BABAMC . The commands for operating BABAMC are also 
those for operating MUONMC , with the following replacements of subroutine names: 
SETBAB—SETMUM. GENBAB—GENMUM, and ENDBAB-+ENDMUM. 

The main limitation of MUONMC , and in fact the reason why it cannot be a serious 
candidate for a precision Monte Carlo for LEP100, is of course the fact that it is a 
first-order Monte Carlo only: in the section where the results of the various programs 
are compared, it will be seen that the predictions of MUONMC arc off the mark by many 
perceuts for some energies. This difference can be completely explained by the effect of 
exponentiation, but it has caused us to refrain from trying to improve the predictions 
of MUONMC since it is understood that the correct, exponentiated, result will not be 
reproduced anyway. Another, minor problem is that no higher-order corrections to 
the Z width, nor its energy dependence, are taken into account. This means that the 
quantity GZ should not be taken as a. useful prediction for the physical Z width Vz-
Nonetheless, the close relation between MUONMC and BABAMC is the only instance at 
present of two codes for different processes that are directly comparable, which is a nice 
feature that an eventual 'Ultimate Monte Carlo' program should have. As such, the 
program is of interest more for its technical aspects (modular structure, use of a-priori 
weights, use of spinor techniques to compute the hard bremsstrahlung matrix clement, 
amongst other things) than for the quality of its physics predictions. 

3.2.2 T h e MMGE92 M o n t e C a r l o 

This is an extension of the 1st order Monte Carlo MMG1 / MUSTRAAL of Bcrends, Kleiss, 
and Jadach to include second order effects for initial state radiation, and exponentiation 
[1]. It does not include box diagrams, photon vacuum polarization corrections, final 
state radiation, and initial-final state interference. The input parameters arc given in 
table 12. The program is of the QED dresser type: this means that the values of Mz, 
Vz, and sin 2#n" arc independent, and it is the user's responsibility to set them to the 
correct values. The standard model is not compulsory. 

There are two significant shortcomings. To get the shape of the resonance right the 
one-loop-corrected value of Tz should be used (i.e. 2.5G rather than 2.37 GeV with 

Of Data Statement in START 
Gr 

Data Statement But never used 
Mz User settablc Argument for START 
Vz User settablc Insert in common WEAK 
sin28\y Assigned To 0.223 in START 
MH Irrelevant 
Mr Irrelevant 
Ar Irrelevant 
C,\, Cy Computed in SETWS C.\ = — l/-isind\ycos9\v etc. 
P Irrelevant 
a, Irrelevant 
A Irrelevant 
Fermion masses Irrelevant 
No. Generations Irrelevant 

Table 12: Input parameters for MMGE92. 
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current values). Compatibility then requires that the running value of a also be used 
(1/128 rather than 1/137). While this change is easy to make, there is only one value 
of « in the program, and this change means that the value of a used in brcrnsstrahlung 
calculations is incorrect. It would probably bo straightforward to separate the various 
occurences of a in the program into those that, should be swum to a{M\) and those 
that should remain at a(0) if anyone feels strong enough to do so 1 1 . 

The other problem is that the energy-dependent width is not in the program. To put 
it in would be a non-trivial job, not just a matter of changing T z to sTz/ i1 / | , as there 
arc various integrations over the cross section which are done explicitly. On the other 
hand, the internal documentation is quite good.The code was originally written for a 
CDC with long wordlength. The code has been modified at CERN to make everything 
REAL*8. 

Random Numbers 

A basic uniform random number generator RNDH comes with the program. It is a stan
dard linear congrucntial algorithm. In the integrations the routine RNF100 is used, 
where each integration uses a multiply-and-modulus technique with a different multi
plier. This is claimed to kill correlations between the generators. Actually, RNF100 may 
be a potential source of problems. Although great cfTorts are made to kill correlations 
between generators, each generator itself is only of the form 

R = AMOD(NCALLS * SqRT(Primenumber), 1.0) (109) 

When NCALLS becomes very large histograms of the quantities produced become stran
gely regular. Of course this is nothing but the Tact that the above algorithm produces 
'superuniform quasirandom' numbers instead of'uniform pseudorandom' numbers. The 
user might wish to throw away RNF100 and replace it by RANHAR. the algorithm of 
Marsaglia and Zarnan. 

Photon Treatment and Exponent iat ion 

Exponentiation is performed for initial state radiation only. This is selectable using 
the INDEX switch, as described in the program comments (routine EVANAL in the original, 
SETUP in the CERN version). Note that the EXPO switch is not an 'exponentiaion' switch. 
Multiple photons are not possible. All radiated energy is carried by 1 photon. Initial 
state bremsstrahlung Pt is included: the photon is not forced to be exactly along the 
beam direction. 

The maximum momentum fraction for the photon is set to 1 — m^/s. If the user has 
specified a larger value (e.g. 1) this is overridden. The total hard cross section is found 
by a numerical integration (HRDSIG routine) from ko up to 1 — m^/s/s and an analytic 
expression (ADDQED calculated in START) for the region from 1 - m^/y/s to 1 - vi^js. 

The value of k0 is set to 0.0001. It is claimed that when exponentiation is being used, 
this can be set arbitrarily low. Increasing the value by a. factor of 10 produced changes 
in the total cross section of only 1 0 - 3 , and decreasing it by a factor of 10 produced 
changes only of order 10"^, despite large changes in the hard and soft cross sections 
taken separately. 

n T o this end, the so-called Z-boson transformation introduced bv Bardin et al. should be applied: sec 
12] 



Conclusions 

The shortcomings mentioned in sections 1 and 2 rule out MMGE92 as a serious 
Monte Carlo claiming exact calculations. On the other hand, it is fairly short (about 
1500 lines), fast, and easy to understand, which makes it a useful tool for changing 
options and understanding what's going on. 
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3.2.3 T h e KORALZ M o n t e Carlo 

Introduct ion 

The Monte Carlo program KORALZ was written by S. Jadach, B.F. Ward, and Z. Wqs, 
witli important contributions by W. Hollik and R.G. Stuart. This program simulates 
the process of fcrmion pair production, where the fcrmion may be a lepton, / = r,//, v, 
or a quark, q = u,d. ,s. c, and under ccrttiiri restrictions b. 
The following important effects are taken into account: 

• Multiple QED hard bremsstrahlung from the initial state e* and single photon 
bremsstrahlung from the final state fcrmion. 

• 0(a) radiative corrections from the standard elcctrowcak model [1]. 

• Longitudinal spin polarization of the beams. 

• The most frequent decays of the r lepton: r* —» m * , i^U*, VJT*, vp^, vKf', 
vKm±, i/af, I/'ITT*'0, i/ôîT^-0, I/GTT^ 0. 

• Spin polarization effects in r decay process (except in the multipion decays). 

• Single bremsstrahlung in the most important r decay modes: vise*, vv/i*, I/ÎT*, 
up± uKf) vK'*- (in the leading logarithmic approximation). 

The program has some limitations, in order of their importance: 

• The QED initial-final state bremsstrahlung interference is not included in the case 
of multiple QED hard bremsstrahlung in the initial state. 

• QED 0 ( a ) corrections to the r decay are included only in the leading logarithmic 
approximation. 

• There is no possibility to vary, from event to event, the flavour of the final state 
fcrmion and the energy of the beams. 

• The multipion r decay modes (four TT'S and more) in the r decay do not include 
spin effects. 

• The incoming e* and outgoing r * may have only longitudinal polarizations. 
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We want to remark that the program KORALB of ref. [2] for r pair production at >/s < 
SQGcV includes all effects due to a nonzero r mass and transverse polarizations or 
r* and e* (it features Z exchange in the low energy approximation limit and single 
brcmsstrahlung only). KORALZ neglects the unimportant transverse spin corre la t ions 
in r decays. KORALB may serve for checks on importance of these correlations. 

In the single bremsstrahlung mode KORALZ emulates the program HUSTRAAL of rcf. 
[3]. In the case of KORALZ , however, the massive kinematics is implemented in a better 
way than in HUSTRAAL . KORALZ includes spin polarization of the beams and the com
plete O(a) virtual corrections from the (electrowcak) standard model, also hadronic and 
single gluonic corrections [5,6]. In the multibrcmsslrahlung mode KORALZ is based on a 
completely new algorithm for QED bremsstrahlung [7]. 

Users interested in more detailed information on the implementation of spin effects in 
KORALZ arc referred to paper [8]. Ref. [9] provides more information on the generation 
of single final state brernsstrahlung and the way of combining the clcctroweak and final 
state brernsstrahlung corrections with the rest of QED corrections. 

A few remarks on the limitations of the program: The total CM energy is restricted to 
the range from about 20 Gev to 150 GeV. One should keep in mind that the interference 
of brernsstrahlung from initial and final states can be neglected only close to the Z 
resonance [10]. Decays of the r into three pions arc included in the form of the ai 
resonance with a Brcit-Wigncr form factor. The use of the program for production 
of w, d, .s, c quarks and neutrinos requires an appropriate redefinition of the coupling 
constants and masses. The same is true for the muon pair production process. The 
application of the program to the b quark mode requires a nontrivial modification of 
the electroweak correction library in order to include effects due the to relatively large 
mass of 6 and t quark (the latter in the virtual corrections). 

T h e structure of the program 

The program consists of three distinct parts which are playing a different rôle and 
they are, intentionally, well separated into corresponding modules with a well defined 
flow of information. They arc the following: 

(A) The part of the program which simulates fermion pair production (no decay) 
including QED brernsstrahlung. In this the inclusion of all spin effects and the 
electroweak corrections is administered. Two types of the QED bremsstrahlung 
generators arc employed: the YFS2 generator of ref. [7] and a modified version of 
HUSTRAAL of rcf. [3]. 

(B) The library TAUOLA [11] of the Monte Carlo programs for simulating exclusive 
decays of polarized r ' s . 

(C) Two libraries of the 0(a) electroweak radiative corrections in the standard elec
troweak theory according to ref. [5] and ref. [12]. 

The four momenta of the final state fermions and of additional bremsstrahlung 
photons arc generated in part (A). The basic generator in this part is the program YFS2 
of rcf [7] which generates fermion pair and multiple initial state photons. The algorithm 
of rcf. [9] is used subsequently in order to include the final state brcmsstrahlung and 
the electroweak corrections. The other, single bremsstrahlung generator, similar of 
that of HUSTRAAL , is included for backward compatibility reasons (it is not precise 
enough for Z resonance). It was intensively used as a basic program for fermion pair 
production at P E T R A / P E P . A rather detailed desnption may be found in ref. [3]. Three 
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important modifications arc made with respect to the original program: longitudinal 
spin polarization of e ± and r ± is introduced according to prescription of rcf. [8]. The 
final siate fermions may have a mass comparable to beam energy (improved kinematics 
but not matrix element). In the case of the multiphoton generator YFS2 the initial-final 
state brcmsstrahlnng interference is neglected. This is well justified in the region of the 
Z peak [10] and in the absence of strong cut-offs. The production part of the program is 
supplemented with the subroutine TRAL0R4 which performs the Lorcrilz transformation 
from final fennion rest frame (T±) to the laboratory CMS frame. This subprogram is 
used in the TAUOLA library. 

In the present version the r decay part (B) consists of the TAUOLA library which 
is able to simulate r decays into seven exclusive chanels: vev, VJLV, I/TT, Dp, Pa{, î>K, 
i>I\~, and into multipion decay channels. Radiative QKD corrections in the decays 
are included in the leading logarithmic approximation. A more detailed description of 
TAUOLA is available separately [11]. 

The electroweak corrections collected in part (C) (two options) are described in 
refs. [5.6.12]. The 0{n) electroweak radiative corrections from the standard model are 
combined with gluonic (hadronic) effects. 

Let us now comment briefly on the interrelation among the above three parts of 
the program. The spin amplitudes from (C) are used in (A), in the final stage of the 
M.C. generation. The effects due to electroweak corrections are added by a rejection 
technique. The programs in the decay part (B) use, in the simulation of the r decay, 
the spin polarization vectors of r+ and T~ which arc provided by the production part 
(A) 1 2 .In fact, most of the exchange of the information among the parts (A)-(C) goes 
through the routine KORALZ which plays the role of a central manager subprogram. 
In particular all initializations necessary to initiate the work of (A), (B) and (C) arc 
administrated by KORALZ . The calculation of the sin7 6\V (using the definition cosflu- = 
Miv/Mz) from the muon life time and the value of Mz is also administered within 
KORALZ, during the initialization mode. 

How to use the program 

A Monte Carlo event, i.e. a complete set of final state momenta and flavours, is 
generated by a single call to routine KORALZ. For example a complete sequence of calls 
which generates 1000 M.C. events may look like 

_REAL*4 PB1(4),PB2(4),E1(3),E2(3),XPR(40) 
*INTEGER*4 NPR(40) 
CALL K0RALZ(-1,KFB,PB1,E1,-KFBIPB2,E2,XPRINPR) 
DO 300 IEV=i,1000 
CALL KORALZ(0,KFB,PB1,El,-KFB,PB2,E2.XPR.NPR) 
(filling histograms • • •) 

300 CONTINUE 
CALL KORALZ(1.KFB.PB1,El,-KFB,PB2,E2,XPR,NPR) 

Here, the first (obligatory) call to KORALZ sets the e* beam momenta and transfers 
other input parameters (so far no event generation), the second call generates a Monte 
Carlo event, and the third call (optional) terminates the generation by printing some 

I 2 Note the difference with respect to the K0RALB program, where the full spin correlations are taken 
into account. In KORALZ the terms of the 0(m*/s) arc neglected in the matrix element and only the 
hclicitics of the T* are passed to the decay routines. 
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useful output «and calculating the total cross section, partial widths in r decays etc., 
corresponding to a generated sample. Generally, tlic input parameters are transferee! as 
KORALZ parameters and the output results (momenta, flavours) arc encoded in certain 
common blocks, described later in this Section. 

Let us explain now in more detail the parameters of KORALZ. As is obvious from 
the above example the first parameter MODE in KORALZ (MODE, . . . ) is simply saying 
whether KORALZ is called in initialisation mode (H0DE=-i). generation mode (M0DE=0), 
or postgeneration mode (M0DE=l). 

Initialisation mode 

In the initialisation mode (M0DE=-l) the meaning of the parameters in 

KORALZ(MODE,KFB,PB1,E1,-KFB,PB2,E2,XPR,NPR) 

is the following: REAL*4 PB1(4) , PB2(4) arc four-momenta of the first and second 
beam (with PB1(4) and PB2(4) being the energy). Both momenta arc necessarily along 
the third axis in the laboratory system (CMS) and PB1 is required to have a positive third 
component. INTEGER*4 KFB is a flavour identifier of the first beam (ic. associated with 
PBl). KFB=7,-7 denotes electron and positron respectively (the old Lund notat ion 1 3 ) . 
Two four vectors REAL*4 El ( 4 ) , E2(4) arc spin polarization vectors of the first and 
second beam in the e± rest frames. For the first beam (PBl ,El) , the rest frame used to 
define its spin polarization vector El has its third axis directed along its line of flight i.e. 
the axis is a standard hclicily axis. For E2. the direction of the corresponding third axis 
is opposite to its line of flight i.e. opposite to its helicity axis. For example KFB=-7, 
El = ( 0 . 0 , 0 . 0 , 1 . 0 , 0 . 0 ) , E2= ( 0 . 0 , 0 . 0 , 1 . 0 , 0 . 0 ) , means that the user asks for first 
beam being a right-handed positron and the second being a left-handed electron. Partial 
polarization is allowed i.e.. E2=(0 .0 ,0 . 0 ,0 .5 ,0 .0) would represent a 507c polarized 
second beam. No transverse beam polarization is allowed, however. The other input 
parameters are transferred through the arrays REAL*4 XPR(40) and INTEGER NPR(40). 

In tables 13, 14 and 15 we give a short summary of all input parameters. 

Generation/production mode 

In this mode all parameters of KORALZ, except for M0DE=0, are ignored. The produced 
Monte Carlo event is stored in the common block 

COMMON / LUJETS / N,K(2000,2),P(2000,5) 

The common block LUJETS contains a complete set of all initial and final state flavours 
and four-momenta, encoded in the standard conventions of the Lund programs, sec for 
more details the original reference [13). It contains information on the e* beams, on the 
r + , r ~ , 7 and finally on all the r* decay products including neutrinos. Conservation of 
total energy and momentum is explicitly obeyed. The intermediate particles like \\:± 

and / j * are kept in the record, like in the Lund programs. If the user wants the 7T° to 
decay, it is done by means of CALL LUEXEC. Every event may be edited using LUEDIT 
and displayed using LÏÏLIST. These three routines belong to the Lund package JETSET 
[13]. In KORALZ itself, however, there is no explicit call to any Lund subprogram. 

"This convention governs only the most external part of the program. It is straightforward to apply 
new conventions like PDG codes. 



In addition the final state momenta for the production process only may be found in 

COMMON / UTIL4 / QP(4),QM(4),PH(4) 

or in 

COMMON / M0MSE4 / AQF1(4),AQF2(4), ASPHUH(4),ASPH0T(100,4).NPHOTA 

Parameter Meaning 

KFB Flavour identifier of the first beam, KFB=7,-7 denotes 
electron and positron respectively (Lund notation). 

PB1 Four-momentum of the first beam, PB1(3)>0. 
El Polarization vector of the first beam. 

El(3)=helici ty. 
PB2 Four momentum of the second beam. 
E2 Polarization vector of the second beam. 

E2(3)=-hclicity. 
NPR(1)=ISPIN Switch for spin effects in r decay. 

Normally, the user should set ISPIN=1; 
when ISPIN=0 spin effects are absent. 

NPR(2)=INRAN Initialisation constant, obsolete. 
NPR(3)=KEYGSW Implementation level of the standard model: 

KEYGSW=0 no 7 exchange in the s channel ; 
KEYGSW=1 7 + Z exchange is included 
(also for hard bremsstrahlung ), 
l)ut no self-energies; 
KEYGSW=2,3 obsolete. 

KEYGSW=4 QED and weak efiects are combined 

using a leading-log aproach [9]. 
NPR(4)=KEYRAD Switch for the QEl) bremsstrahlung: 

KEYRAD=0 no QED bremsstrahlung; 
KEYRAD=1 single bremsstrahlung ; 
KEYRAD=10 single initial state bremsstrahlung 

with ad-hoc exponentiation; 
KEYRAD='ll 0{ni) exponentiation 
of initial-state radiation as in [7]; 
KEYRAD=12 0{a2) initial-state 
radiation as in [7];. 
KEYRAD=111,112 differs from KEYRAD=11,12 by 
inclusion of single final-state bremsstrahlung . 

NPR(5)=JAK1 J A K 1 = 1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 T decay respectively: 
vc+v, Ofi + u, t>7r+, vp+, Pa*, J>A' + , ûKm+, v(mr)+. 
JAK1=0 r + decay into four channels 
inclusively, with predefined branching ratios 
(sec routine JAKER); 
JAK1=-1 inhibits the decay completely. 

Table 13: Input parameters of KORALZ . 
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Pa ramc Lor Meaning 
NPR(6)=JAK2 as JAK1 nut for the T~. 

NPR(7)=ITFIN switch for other final states: 
ITFIN=1 r pairs; 
ITFIN=2 muon pairs; 
ITFIN=3 neutrinos; 
ITFIN=501,-•• 506 quarks (LUND convention). 
For ITFIN > 1 r decay is su pressed. 

NPR(8)=ITDKRC Bremsstrahlung in r decay, 
1/0= on/ofT. 

NPR(9)=KEYWLB Elcctrowcak library in use: 
KEYWIB=1 R. Stuart 's library; 
KEYWIB=2 W. Hollik's library 
(only with 1TFIN=1,2). 

NPR(11)=NNEUT Number of neutrino species. 
Relevant only for ITFIN=3; 
it has however no effect on the width. 

XPR(i)=AHZ Mass of the Z. 
XPR(2)=AHH Mass of the Higgs boson. 

XPR(3)=AMT0P Mass of the top quark. 
XPR(4)=GV Vector coupling costant gy, and 
XPR(5)=AV axial coupling constant gA of the r 

to the W in the r decay, gy = 1, gA — — 1 
are the standard V-A assignment. 

XPR(6)=SINW2 s i n 2 ^ . 
Must be assigned for KEYGSW < 1. 

XPR(7)=GAMM Width of the Z. 
Must be assigned for KEYGSW < 1. 

XPR(8)=A!!NUTA Mass of the uT. 
XPR(9)=AMNEUT Mass of the i/s in the v mode. 

Because of the massive kinematics used 
it can not be set exactly to zero. 

Table 14: Input parameters for KORALZ , continued from table 13. 

Parameter Meaning 
XPR(11)=XK0 

XPR(12)=VVMIN 

XPR(13)=VVHAX 

Soft/Hard photon cutoff for the final state 
brcmsstrahiung mode or for KEYRAD=1, 
and in the tau decay. 
Minimal energy of the photon to be generated; 
typically below 1 0 - 5 , but be at least a factor of 
10 smaller than the detector threshold. 
maximum energy to be taken 
by the photon system: XPR(13) < 1. 

Table 15: Input parameters for KORALZ , continued from tablel-4. 
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where REAL*4 QP,QH (AQF1.AQF2) arc four-momenta of r + , and r~ respectively and 
REALM PH (ASPHUH) is the momentum of the bremsslrahlung photon in case of single 
brcmsstrahlung or the sum of all photon momenta (in GeV). NPHOTA denotes the num
ber of the generated photons. REAL*4 matrix ASPHOT stores the four momenta of the 
photons. QP and QH arc the momenta of the final state fermion / and / . 

Postgenerat ion m o d e 

A call on KORALZ in this mode (H0DE=l) may be optionally used in order to obtain 
information on the value of the integrated cross section and the list of the partial r decay 
widths. They arc obtained with a finite statistical error depending on the number of 
generated M.C. events and they correspond strictly to the production and decay matrix 
elements used in the actual Monte Carlo generation 1 4 . All this information is printed in 
the output file and it is also provided to the user through parameter matrices XPR and 
NPR, sec table 16. 

Parameter Meaning 
NPR(IO) 
XPR(IO) 
XPRU6) 
XPR(17) 
XPRC18) 
XPR(21) 
XPR(22) 
XPR(23) 
XP 11(21) 
XPR(25) 
XPR(2f>) 
XPR(27) 
XPR(28) 

Number of generated r pairs. 
Total cross section in cm2. 
the same as XPR(10). 
Total cross section in nb. 
Error on the total cross section in nb. 
Partial width of r —* vcv. 
Partial width ofr —• V\LV. 
Partial width of r —» i/x. 
Partial width of r —• vp. 
Partial width of r —+ va.y. 
Partial width of r —» vK. 
Partial width of r —* vK*. 
Partial width of r —• i/nir. 

Table 16: Output from KORALZ . 

Extension of the program to the q and. v cases 

In order to switch from the e + e ~ —> [i+\L~ process to e + e~ —+ i/v, we change the 
final state couplings (i.e. reverse the weak isospin, set the charge to 0), and add the \V 
exchange in the i-channel graph, to the Z exchange in the s-channel graph. 

Because the \V contribution is small it is enough to use the leading logarithmic 
approximation for the corrections. In particular emission of the photons from the IV* is 
neglected and the ^-channel 7 — W boxes arc assumed to be the same as the Z — e — e 
vertex corrections. The first approximation have been proved to be very good [14]. In 
the first step we use the contact approximation for the W exchange. 

H For the generation, however, different values of the branching ratios given in the C0HN0I /TAUBRA/ 
and /TAUIPI/ (see subroutine IIITDK) are used. The values given here are not determining the propor
tions of the different channels in the decay sample but rallier monitor properties of the matrix element 
used in the decay routines. 



76 

In the second step, we introduce the remaining very small correction to the contact 
approximation by rejection. Sec rcf. [15] for more details. 

The case of light quark production is very simple. We have only to change the charge 
and isospin of the final state fermions and to add color factors and the QCD correction 

1 + as(Mz)h + a|(A/ z)(1.98 - NF • 0.115) (110) 

to obtain the proper normalization of the cross section 1 5. Note also that quite impor
tant b quark mass terms are also not included. Further improvements require more 
sophisticated weak libraries which are presently being developed. 
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3.2.4 T h e MOE M o n t e Carlo 

The version 1.0 of MOE simulates the multi-photon production in initial state radia
tion, for the reaction e + e ~ —• / / ( " T ) . This version produces in the output only the 
photon 1-momcnta. Although the code exists to reproduce the final state evolution, it 
has not been implemented yet. Therefore this version should be used to calculate ra
diative corrections to the initial state in e + e ~ annihilation and to the neutrino counting 
experiment only. The code allows for variable beam energy, to accomodate nonnegligi-
ble fluctuations (either due to bcamstrahlung, or the beam energy spread), and allows 
also for a minimum photon cutoff which can be set arbitrarily low, barring computer 
limitations (on the IBM, cutoffs below 1 0 - T of the beam energy are not recommended). 
To have physical results, the cutoff has to be set much lower than the minimum of the 
following three experimental parameters: acollinearity resolution of the experiment, one 
photon energy threshold of the experiment, and beam energy spread of the machine. 
The program, given the cutoff in input, calculates the probability of emitting n photons 
above the cutoff during the evolution, and generates them according to an iteration 
procedure described in [1]. 

Below, we give a list of the variables relevant to the user. They can be found in the 
common MOEOLD. 

Input swi tches and p a r a m e t e r s : 

• INTEGER*4 NEVENT, number of events in this run; 

• INTEGER-4 IH0DE1, weighted (=DISTRI) versus unweighted (=PR0CES) switch; 

• INTEGERS IM0DE2-IM0DE4, do not touch these switches; 

• INTEGER*4 IH0DE5, beam energy spread or delta - like beam (=N0SPR). If 
IH0DE5.NE.N0SPR, the user should provide his own routine USPRED; 

• REAL*8 HASS(i), mass of particle i. i= l ,2 initial state fcrmion, i=3,4 final state 
Term ion. 

• REAL*8 CHARGE(i), charge of particle i. 

• REAL*8 NCOLO(i), number of colors of particle i. 

• REAL*8 EBEAM1.EBEAM2, beam energies in the lab. system. 

• REAL*8 SIN2W.MZ.HZ, Z° resonance parameters, corresponding to sin 2 Q\y{M\), 
Mz and V{M%) respectively. 

• REAL*8 Q2MIN, minimum ( / / ) squared mass. This parameter can be set at will 
but it will affect the parameter SIGHAX in unweighted mode. 

• REAL*8 KO, minimum photon energy in center of mass beam energy units. 
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• REAL*8 SIGHAX, maximum annihilation cross section in the ( / / ) mass squared 
interval considered. It is not meaningful in weighted mode, but if not optimized 
it can afHect the code efficiency in unweighted mode. 

• REAL*8 DSEED, initial random number seed. 

Output parameters , to be picked up at subroutine USANAL and not at other places 
in the code: 

• INTEGER*4 HPOIS(l) ,NP0IS(2). Their sum is the total number of photons emit
ted in the process. Because of the rcscaling iteration procedure, any photon after 
the first can have an energy below the cutoff. 

• REAL*8 P S ( J . N ) , J = i , 4 , N=5, (4+NP0IS(l)+NP0IS(2)) . This is the matrix of 
photon 4-momenta. The index J runs through the components, 4 being the en
ergy and 3 the longitudinal momentum. The index N runs through the photon 
multiplicity, if at least one photon has been emitted. 

• REAL*8 SEVENB. ( / / ) mass squared. 

M i s c e l l a n e o u s : 

• The user should provide a routine GGUBS (DSEED,NRND.RND) if thelMSL Library is 
not available in the computer of choice. GGUBS generates uniform random numbers 
between 0 and 1. 

• REAL*8 DSEED is the pseudo-random seed; 

• INTEGER*4 NRND is the requested number of random variâtes; 

• REAL*4 RND(N) is the array where the random numbers arc stored. 

Notice that in subroutine INIT the Born cross section can be defined in two possible 
ways by moving two comment cards around. To compare with papers like [2], the user 
should comment lines 208-209 and uncomment lines 214-215. We recommend, however, 
to adopt a more modern paramctrization of the resonance and use the code with lines 
208-20!) uncommented and lines 214-215 commented. 

As long as the code is not used for event processing, using it in a weighted mode 
saves CPU time. 
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[l] G.Bonvicini and L.Trcntadue, Nucl.Phys.B323(1989)253. 

[2] F.A. Bcrends et al., Phys.Lett. 185B( 1987)395. 

3.2.5 T h e DYMU2 M o n t e Carlo 

We present briefly the DYMU2 event generator [1,2]. The strategy for event generation 
is a copy of the Drell-Yan process and of parton-parton scattering in hadron-hadron 
collisions. First one keeps up with the initial bremsstrahlung on each incoming line, then 
an elementary process is simulated. From the point of view of formulae, we use structure 
functions for photon energy spectra, 0(a) for the photon angular distributions, and the 
Born cross section stands for the elementary process. 
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I n i t i a l s t a t e r a d i a t i o n 

It is assumed that the incoming electron and positron are dressed objects, i.e. that they 
only have fractions of initial energy x+ and x_ at the annihilation vertex; x+ and i _ 
are distributed according to the structure function De(x±,s) described in section 2.2.5, 
assuming that Ey± = (1 — i ± ) v / 7 / 2 = k±EiKam. 

The remaining energy fraction 1 — x+ and 1 — i _ should normally be radiated ofT 
by photons (including an infinite number of soft ones) and in some cases by real lepton 
pairs. In our generator, \vc simplify this pattern and attribute the radiated energy to 
only one photon for each incoming lepton. The angular distribution of the photons is 
given by the 0(a) one: 

/ + M= " 1 2ml 1 - k 
8+8. s 1 + (1 - k)2 (111) 

which is the probability that the e + emits a photon with reduced momentum k + (modu
lus k+ and angles Q+ with respect to the incoming positron velocity v ) 1 6 , for the electron 
v is changed to —v. 

A n n i h i l a t i o n p r o b a b i l i t y 

After radiation, the e + e _ s y s t e m has an energy VY (where s' = ( e + + e~ — k+ — kJ)2 ) 
which is less than the incoming energy \/s. As the annihilation probability is a function 
of .?', a hit-and-miss procedure is done on the value of s' according to a Born cross-
section <x(°'(s') described below. The two step process of photon and s' generation is 
very efficient around the Z° peak but deteriorates off the peak. Let us note that we 
truncate the QED peak of cr^0' at low s' in order to speed up the generation. This results 
in generating less events than one should for v V < 5GeV, however those events are 
normally few and, due to their very collirnatcd topology, will be cut out for experimental 
analysis. An improvement of the production of events with low squared mass l T is 
foreseen to help people searching for rare processes. 

The Born cross section used is the G, t improved one given by G.Burgers [3]. It is 
written as follows1 8: 

07T.S 

i ( 2Cls(s-Mz*) + s2(Cl + Cl)2 

( s - M ^ + s 2 ^ ) 2 

(112) 

and realizes a very good approximation of full standard model calculation done in 
ZBATCH (at the permillc level for s/s between 88GeV and lOOGcV and for top mass 
between 50GcV up to 150GcV). The muon angular distribution is generated in the an
nihilation reference system according to the Born differential cross section, the z-axis 
being the virtual e + line of flight. 

F ina l s t a t e r a d i a t i o n 

The case of final-state radiation is more delicate than that of initial-state radiation as it 
involves structure functions at a scale known after, rather than before, radiation. In the 
first order event generator MUSTRAAL [4] a proper generation of final state kinematics is 

1 8 5 ± = l :pt ;cos0 7 

1 7 First we will change the generation of r± to take into account more accurately the QED peak with 
no loss in speed. 

l 8 We use an linear s-dependent width. 
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donc: the (single) photon energy and direction arc generated according to the first order 
spectra, and the mtion pair is produced on mass shell using redefined Born expressions. 
As we do not know at present how to generate one photon for each final-state ferimon 
line, we have kept for DYMU2 the same strategy and formulae, except that the photon 
spectrum is changed to the exponentiated spectrum F„(j/, ys') equal to Fe(x,s) where 
the electron mass has been replaced by the rnuonic one (see ref [2]). More explicitly, we 
have used 

F,(y,y>) = (l + f( j - 5)+ ! « • ) ) * fl.W(l - ï)''"»-1 

- ^ 1 ( 1 + , ) , (113) 

where we have not included a y-dependence of ,3,,(s) in the Gribov-Lipatov solution, 
the Q(j3%) hard corrections, and other ncxt-to-lcading terms. We know anyway that the 
final state corrections contribute only a little to the total cross section (.17% or 3pb). 
However we must keep in mind that improving final state radiation improves at the 
same time the accollincarity distribution. 

Input parameters 

DYHU2 uses as basic inputs the Z° mass (Afz) and width (Tz) and sin 20u-. The fi
nal-state charged fermions (electrons are not considered) arc specified by the value of 
their color, weak isospin, charge and mass. These parameters arc specified (and may 
be modified by the user) in the routine INIRUN. The user may change parameters in 
the BLOCK DATA statement linked with different approximations in the initial/final state 
brcmsstrahlung: 

• ID2: takes into account (I) or not (0) the non-singlet e + e ~ real pair corrections to 
the initial structure function D e ( i , j ) (it changes 0e into TJ', see section (2.2.5)); 

• ID3: does the same as ID2 for the singlet correction. One should keep in mind 
that this correction is in competition with the two photon physics which is not 
considered here, however these corrections give low muon mass squared which can 
be eliminated by the muon energy cut; 

• IEXPO: switches on ( t ) or off (0) the exponentiation of the initial soft region; 

• FINEXP: switches on (1) or off (-1) the final state radiation, and if (1) then the 
exponentiated spectrum is used. The value (0) should not be used; 

• XKO: is only relevant when one uses the option IEXP0=0, and gives as in MUSTRAAL 
the separation between soft and hard photon; 

the other flags are not intended to be changed by the user. 

Interference 

In the present version of the program there is no initial/final state interference. We want 
to mention that several authors have shown that for loose cuts the interference terms 
could be neglected at the 0.001 level. In addition, a severe cut on the total radiated 
energy only reflects in a slight change of the angular distribution around cosfl,, = ± 1 ; 
this change will be difficult to observe, due to fiducial cuts in the beam region. 



The USER s u b r o u t i n e 

After each generated event the USER subroutine is called by the main program RADCOR, 
the common VECLAB being filled with final state particles four momenta. The first call 
is used for the user's initialisation (for example HBOOK). This routine is called a last time 
at the end of the run with common RESULT filled with cross sections and asymmetries. 
This subroutine is very useful for producing differential cross sections. 

DYHU2 & sons 

By modifications of charge, isospin, color and mass one can generate qq final states 
(without flavour mixing for the moment). An attempt to simulate polarised r production 
with their decay into pion exists for the r —» TVU decay and is under way for other decays. 
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3.2.6 T h e FPAIR M o n t e C a r l o 

We now present a brief description of the FPAIR Monte Carlo which is a new high-
precision Monte Carlo for LEP. Not complete in the sense that no emission of multiple 
soft photons is taken into account yet, it rather aims at a precise description of especially 
events with one or more hard bremsstrahlung photons. This entails a detailed and exact 
description oT the hard bremsstrahlung matrix elements. Most existing Monte Carlo 
programs assume somewhat simplified formulae for these matrix elements, in particular 
in the regions of phase space where many particles (electrons,photons, or final-state 
fermions) are collincar with each other. 

\Yc have chosen for a pure Monte Carlo approach to this problem. This means that 
we have divided the cross section into several parts, corresponding to the number of 
hard photons involved. Up to 0(a2) corrections to the lowest order process we can have 
no more than two hard photons. As we have not exponentiated soft photon corrections, 
this approach has the so-called Ar0-problcm, where k0 is the energy below (above) which 
a photon is called soft (hard). The problem here is that, taking into account the 
corrections up to 0 ( a 2 ) only, the contribution from the part with one hard photon will 
become negative when lowering k0 sufficiently. Such a negative contribution can not be 
treated as a probability and hence the Monte Carlo approach fails. 

Final-state radiation is impolementcd in the way described in ref.[l]. It is treated 
independently from the initial-state radiation, so that the k0 problem in both parts is 
not very severe. In present version the interference is left out. We find that in the initial-
state radiation part we can go as low as k0 = 10 - 4 /^«am without encountering negative 
probabilities. This seems to be low enough for all practical purposes. In the final-state 
radiation part, k0 can be put to much lower values since there the large logarithms are 
smaller. Weak (non-QED) corrections on the vertices and propagators have been taken 
into account up to one loop. The imaginary part of the Z propagator (and hence the 
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Z width) is treated with a little more care. Here fcrmionic contributions from the next 
order have been included. For more information on how we treat the weak corrections 
we refer the reader to [2]. 

Within the restrictions stated above, everything is taken into account exactly, ex
cept that the mass of the linal state fermions has been neglected. This implies that 
distributions for e.g. photon energies and angles for one hard photon and for two hard 
photon events are generated without making any further approximations. 

We will now discuss the program in a little more detail. To fix the notation, wc arc 
talking about the process e+(p+) + e~(p_) — • / ( ? - ) + /(<?+) + 7(^1) + 7(^2)- As stated 
above, the cross section is divided into several parts: 

1. no hard photon present in the final state; 

2. one hard photon (i.e. E-, > k0) present in the final state; 

3. two hard photons (i.e. E^ > ko for both) present in the final state. 

The first part consists of the Born process (with weak corrections), together with one 
and two loop virtual and soft photon corrections. More precisely: 

a^{s) = (l + 6Vl + <55' + 5 V i + 6s' + 6VlSl) cr(0){s) (114) 

where a(°\s) represents the Born cross section with weak corrections. The formulae 
(and the notation) for the virtual and soft photon corrections have been taken from 
[3]. The events are generated as follows. First a muon pair is generated according to a 
fiat distribution for COST? and <p. Then weight rejection is applied, using the full matrix 
clement, in order to get the correct distributions. 

The one hard photon part contains single hard photon brcmsstrahlung plus the one 
loop virtual and soft photon corrections on it. Again the form for these corrections was 
taken from [3]. Our choice for the variables to be generated is (in the order in which 
they are generated): s', fl*,, Q^ where s' = (q+ + </_)2 and fî*, is the solid angle of the 
photon in the LAB frame and Qj, is the solid angle of q+ in the q+ + ç_ CM frame. 
Events are generated according to the approximated distribution 

3( P +-fc) 

G(s') = £ QcQf {v* ~ A e a e )(u/ - A/a,) 

s1 s' - Mz

2 + iMzrz 

(115) 

where Q e , / , vej, and aej denote the charge, vector, and axial-vector coupling of respec
tively the electrons and the produced fermions. The sum over the fermion helicities \cj 
is still explicit in this approximation, so that the extension to longitudinally polarized 
beams or the study of r polarization phenomena can easily be made. Note that also the 
form of the photon and Z propagator has been approximated. The exact form comes in 
through weight, rejection. After the event generation the events are subjected to weight 
rejection, involving the full matrix element squared divided by the above approxima
tion, in order to get the exact distributions. The matrix element has been checked to 
have the correct behaviour in soft and collincar limits. 

The last part, two hard photon part, contains double hard photon bremsstrahlung 
only. Generating events according to some approximated distribution is somewhat more 
difficult now. The variables wc chose are, again in the order in which they arc generated: 
s', (ki)° , îîfc,, fîfc, and f2^. The distribution we generate is 
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e 4 

in which all peaks arc represented with their appropriate behaviour. Note that the 
presence of the factor .?' causes the photon pole to go like s'~l instead of like s'~2 

as might be suggested by the form of the approximate Born matrix element (115). 
Having generated events according to this approximate distribution we again use weight 
rejection involving the full matrix clement squared divided by the above approximation, 
to get the exact distributions. The matrix clement has been checked to fulfill all possible 
soft, double soft, collincar and double collinear tests. Here, as well as in the single 
hard photon brcmsstrahlung matrix clement, weak corrections on the propagators and 
vertices arc included. 

In all cases the variables that arc generated have not been restricted to any specific 
regime, i.e. their boundaries are determined by the kinematics of the process under 
consideration only. For instance for the energy of a photon this means it can be anything 
from k0 up t o EbeamU — " J / V ^ c a m 2 ) , where 7/i; is the mass of the final state fcrmion. 

In the remainder we will try to indicate how the program might be used. The 
program roughly is organised as follows: first we have an initialisation phase (subrou
tine INIT), then an event loop and finally a closing phase (subroutine ENDING). In the 
subroutine INIT a value has to be specified for the following input parameters: IEVT, 
EBEAH. RMZ, RMH and RMT, being the number of (unweighted) events one wants, the beam 
energy and the masses of the Z, the Higgs and the top respectively. Also one can set a 
lower bound on s', called SPO. Moreover options are controlled by two flags: IWEIGH=0 
gives weighted events, and IWEIGH=1 gives unweighted events in the output; IFINAL=1 
switches the final-state radiation on, and IFINAL=1 switches it off. Using this as input, 
the program calculates values for e.g. sin d\y, l\f\y, Vz- For each event the subroutine 
USER is called: here the user can specify cuts and put events into histograms. The 
generated tnornocnta arc put into COMMON/MOMENT/. At the end of the program we fin
ish by printing all sorts of information to a file FPAIR.OUT, together with a number of 
histograms the program itself has filled. 
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3.2.7 Radiat ive vv product ion: the NUNUBGG M o n t e Carlo 

The NUNUBGG generator [1] simulates, and calculates the cross section for, the reaction 

e + e ~ —» 1^7(7) , (117) 

which was proposed long time ago as a direct and clean method for determining the 
number of light neutrino types. Although the cross section is small, C7(0.1 nb), it is 
measurable for c m . energies just above the Z° threshold and it is more sensitive to the 
number of light neutrinos than the decay width of the Z boson. Indeed, the existence 
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of an extra light neutrino will increase the total Z width by about 6%, while the cross 
section of the process (117) will increase by about 33%. 

The authors of the NUNUBGG generator arc C. Mana and M. Martinez (Lab. de Fisica 
dc Altas Encrgias, Univ. Autonoma de Barcelona, Spain) in collaboration with F.A. 
Bcrcnds and G.J.II. Burgers [J]. 

The program calculates the reaction 

e+e~-*vv~t (118) 

and, as a radiative correction to it, the process 

e + e~ —• i/i/77 (119) 

where both photons are hard. 
The process (119) gives a large, positive contribution (about +37% at 100 GcV) 

which cancels partially the large, negative contributions (about -48% at 100 GeV) com
ing from the virtual one loop QED radiative corrections and soft corrections 1 9. Among 
the non-QED corrections, the self energy of the Z° gives the largest contribution at en
ergies close to the Z° pole. Using calculations of [2] modified by M. Martinez to include 
new formulae for neutrino contribution [3], special care has been taken in the IIUNUBGG 
generator to calculate the contribution of the Z° self energy which is estimated to be of 
the order of +15% at 100 GeV. 

Adding all these contributions, Z° self energy, the soft photon plus the QED cor
rections, the double hard photon bremsstrahlung (119), leads to a total change in the 
cross section of a few percent: in particular, for a c m . energy of 100 GeV and standard 
experimental situation, they arc about 10 to 15% of the expected increase in the cross 
section due to the existence of an extra light neutrino [1]. 

However, the contribution from the double hard photon emission tends to shift the 
photon energy spectrum and the photon /'?• spectrum to lower values, decreasing the 
efficiency of the separation of the signal from the QED background. 

Two versions of the NUNUBGG generator arc currently in use. The first one treats 
the soft-hard photon separation in the classical way and the cut-off parameter ko (the 
soft/hard photon energy limit) must be set to a value of the order of 1% of the beam 
energy; at LEP energies, this cut-ofT which is of the order of 150 MeV, is much higher 
than the experimental energy limit where photons might be detected. The calculations 
take into account properly the \V exchange in the /-channel and only terms including 
two \V propagators are neglected (emission of a photon by the W itself). 

The second version, which is a more recent one, uses exponentiation of the soft 
photon in the initial stale. As a consequence, the value of the soft/hard cut-ofT can 
be decreased to an arbitrarily low value. In addition, in this version, the possibility 
of longitudinal beam polarization has been implemented, together with a 'star-scheme' 
treatment [1] of the weak corrections (some modifications to this scheme have been in
troduced by M. Martinez to include also the non-abclian vertex corrections). 

In the calculation of reaction (118) - single photon final state - the photon is gen
erated in a cone limited by the minimum detection polar angle ACDIN; its energy is 
required to be greater than a minimum value EDLIN but smaller than a maximum value 

For a value 0.01 for k$, see below. 



XDHIN, which can reach the kincmatical limit. In the calculation oT reaction (119) - dou
ble hard brcmsstrahlung process - one photon is generated as described above, while 
the second photon is generated according to a polar angle distributed between ACMIN 
and 180-ACMIN degrees. However, to avoid for example biases coming from the gener
ation process and to fully take into account the experimental performances of the LEP 
detectors (resolution, acceptance, etc.), the energy of this second photon is generated 
between the maximum value XMHIN (which might be equal to the kincmatical limit) and 
the minimal value EDCIN which is the soft-hard photon energy limit. With the use of 
exponentiation this limit can be set to an arbitrary low value, e.g. 0{\ MeV). 

Prior to the event generation, the calculations arc initialized according to a number 
of trials NP and estimates of the cross sections of reactions (118) and (119) are given. 
Then, the events arc generated according to a maximum number NT of trials and the final 
cross sections, the soft plus virtual QED corrections and the Z° self energy correction 
arc given. 

For standard detection parameters, the generator is found to be reasonably efficient 
with a total real efficiency of about 30% (respectively about 40% for the generation of 
reaction (118) and about 10% for reaction (119)). The efficiency must be understood 
here as the ratio of accepted events to the total number of trials, for each reaction (the 
final events are unweighted). 

The results are in very good agreement with rcf.[l]. For example, for three neu
trino families and a total c m . energy of 98 GcV and standard detection parameters 
(ALEPIf type detector), the lowest order cross section for reaction (118) is found to 
be 132.6 pb, the soft plus virtual QED corrections amount for -39.9% and the Z° self 
energy correction for +J8.8%. The final cross section of reaction (118) is thus calcu
lated to be 101.6 pb. Similarly, the cross section o[ reaction (119) is found to be 17.0 pb. 

Finally, as an interesting feature of the NUNUBGG generator, the time spent per gen
erated event is of the order of 50 to 90 msec (IBM 168), depending of the generation 
parameters. 

A detailed study of reaction (118), using the most elaborate version of NUNUBGG and 
a modified version of KORALZ [5], was done including final states where more than two 
photons were radiated [6]. This study gives interesting insights on the accuracy of the 
NUNUBGG calculations and on the effect of higher order corrections on the cross section 
in standard experimental conditions. 
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3.3 Bhabha scattering 
3.3.1 T h e OLDBAB Monte Carlo 

In this section the Monte Carlo event generator OLDBAB [1] is described. This program 
was originally developed for P E T R A / P E P energies: consequently the effects of the Z are 
not incorporated in a manner appropriate for LEP energies. However, to the extent that 
'Z exchange can be neglected (that is, at small scattering angles) the results ought to be 
reliable. OLDBAB has as its esscntal point a careful treatment of the t-channel amplitude 
in the presence of single-photon brcmsstrahlung . The matrix element squared, summed 
and averaged over spins for 

e + ( P + ) e - ( P . ) - e + ( V + ) e - ( 9 _ ) 7 W 

where only photon exchange is considered has been originally given by the CALKUL 
collaboration [2] and reads: 

spins 

6ss'{s2 + sn) + tt'jt7 + ln) + uu'ju* + un) 

ss'W 
/ fi fi a fi \ 2 

-HK-I- I+I • < 1 2 0 > 
\p+k p-k q+k q-kj 

(121) 

where e is the electron charge, and the Mandelstam variables arc 

s = (p++ P-f t = (p+- q+Y u = {p+ - q-f 

S' = (q+ + q.y *' = ( p _ - 9 _ ) 2 u' = (p. - 9 + ) 2 

It has been shown in [1] that at not too large scattering angles the corresponding cross 
section is quite well approximated by 

* anur. = " 3 dh i f l+dO, 
» a ^ b M m " * ( l - c ) ( a + 2)(« + C 7 ) ' { i U ) 

where k is the photon energy in units of the beam energy ^bearn» ^+<-> a r c l ' i e s o ' ' ^ 
angles of the e + and photon, respectively, and the three cosines c, z, and c, refer to 
the e 4 scattering angle, the angle between the outgoing e + and the photon, and the 
angle between the incoming e + and the photon, respectively. The number a is defined 
as JI + " ïe /^beam' a n c ^ a s . v m m c l r i z a t i o n (p+1q+) <-• (p_,g_) is understood. The 
integration of Eq.(122), and the algorithms used to generate it, arc discussed at great 
length in [1]. 

We now describe how the program is to be used. For initialization, the user has to 
set up and fill the common block 

COHMON/P ARMO1 /EBEAH, THMIN, THMAX, XKHIN, XKMAX 

where the variables are the following: 

EBEAH is the beam energy in GeV; 

THMIN is the minimum allowed scattering angle of both e + and e~, in degrees: 

THMAX is the maximum allowed scattering angle of both e + and e", in degrees: 
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XKMIN is Uic minimum desired value of the photon energy, in units of EBEAH: if it is zero 
or smaller than XKO (sec later), both soft and hard photon events arc generated, 
otherwise only hard photon events; 

XKMAX is the maximum allowed value of k, in units of EBEAH, and must be smaller than 1 
(the kincmatical limit is 1 — m e / £ | , e a m > but it is advisable not to go to this limit). 

Since this is a first-order Monte Carlo there is a k0 parameter, called XKO. However it is 
internal and not meant to be modified by inexperienced users: its value has originally 
been set to 0.01. 

The initialization phase of the program consists of computing two approximate cross 
sections, one for the soft cross section made up from the Born result, virtual photon 
effects, and soft bremsstrahlung up to k0, and one for the hard cross section, obtained 
by integrating the approximation (122) over the specified phase space. These two cross 
sections determine the relative probabilities for having events with and without hard 
photons. 

One Monte Carlo event is obtained by 

CALL BHABHA(QP,QH,QK) 

where the three arrays QP(1:4),QM(i:4),and QK(l:4) arc the momenta of the outgoing 
e + , e~ and 7, respectively: the 4-componcnt is the energy, while the beam direction is 
along the third component. All generated events have scattering angles of both e + and 
e~ between THMIN and THMAX, but the photon can go in all possible directions. At the 
first call to BHABHA the initialization takes place. 

After having generated a sample of events, the user obtains the actual cross section 
corresponding to this sample by 

CALL BABINF(SIGO.SIGl) 

where the returned values SIGO and SIG1 arc the Born and corrected cross sections, 
respectively. Also, the program prints the cross section and some additional information 
on the efficiency of the generation procedure. 

Information of the distribution of event weights as they arc generated by the program 
can be obtained by 

CALL HIST02(19,0) 

and 

CALL HIST02(20,0) 

which cause the program to print histograms of the weight distribution for soft and 
hard photon events, respectively. Note that this only gives information on the internai 
functioning of the Monte Carlo : all output events always have weight 1. 

The main limitations of the program are the following: 

• in Eq.(122), the a, and z are allowed to take all values, but the e + scattering angle 
must be restricted to values much larger than, say, "ic/^beanv Because of the 
symmctrization, in fact also the scattering angle of the e~ has to be restricted to 
lie in the same interval as that of the e + : since (as explained in section 1.2) we 
cannot restrict this angle directly, the Monte Carlo uses a rejection step to get rid 
of events with disallowed e~ scattering angles. Because of this restriction, OLDBAB 
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cannot be used to estimate backgrounds for /-'-counting, for instance: there, events 
with zero scattering angle arc explicitly included 2 0 . 

' * The Z exchange, which was not very important in the P E T R A / P E P era, is only 
accounted for by including the 7 — Z interference, and that in the zero-width 
approximation. Consequently, in running OLDBAB at \/s ~ Mz. problems will 
certainly arise! In studies for luminosity measurements, it is therefore better to 
switch ofT the Z completely. Of course no weak corrections are included at all. 

• It has recently been observed that the photon vacuum polarization as it is imple
mented in OLDBAB is not reliable enough for present-day precision. Better values 
arc available and should be used (see also the discussion of BHLUHI , and the 
appendix on the implementation of the vacuum polarization). 

Within these limitations, the program is supposed to give the exact cross section, all 
approximations having been compensated for by internal weighting-and-rejection pro
cedures. 
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3.3.2 The BABAHC M o n t e Carlo 

The program BABAMC is a stand-alone first-order event generator for the process e + e~ —» 
c+e~(f), described in great detail in [1,2]. It is one of the two only attempts at describ
ing Bhabha scattering to something approaching the level of precision that is nowadays 
taken for granted in muon or quark pair production (the other existing program, de
scribed in [3], has not been examined by this study group). 

Before outlining the structure of the program, we want to remark that since only 
O(a) corrections arc included a Monte Carlo like this can not be the final answer to 
the high-precision requirements of LEP100: exponentiation, as well as the higher-order 
corrections to the Z width and its energy dependence have to be taken into account as 
well. For Bhabha scattering the problem of exponentiation at all scattering angles is 
quite formidable and no known Monte Carlo program incorporates it. If one restricts 
oneself to small angles only (e.g. for luminosity measurements) the problem is somewhat 
simpler and several other programs (HOWLEEG , BHLUMI ) exist with which BABAHC can 
be compared: this will be done in the section on results and comparisons. 

In BABAHC a multichannel approach to the cross section is used: this means that the 
contribution to the cross section are divided into (in this case) 5 channels as follows: 

• channel 1: initial-state radiation in the s-channel, with photon exchange; 

• channel 2: final-state radiation in the s-channcl, with both photon and Z ex
change; 

2 0An exception is the case of the ASP -experiment [3], where the particular kincmatical cuts rule out 
events with zero scattering angle. 



• channel 3: initial-state radiation in the s-channel, with Z exchange; 

• channel 4: brcmsstrahlung in the l-channcl, with plioton exchange; 

• channel 5: the Born term, the purely weak corrections to it, and the QED 
corrections from virtual photons and soft brcmsstrahlung . 

The other effects, that is, Z exchange in the t-channel and the interferences between 
channels 1-1, are taken into account by including them in the event weight. 

The multichannel approach is attractive since it allows one to devise approximations 
appropriate to each individual channel, so that different kinematical variables can be 
chosen to describe the cross section in difTcrcnt channels (for all details, we refer to 
[2] where a comprehensive discussion of the algorithms is given). Moreover, a-priori 
weights can be introduced to enhance or suppress the influence of particular chan-
nels/subgcnerators during the event-generation phase of the program, with possibilities 
for tuning them to achieve an optimal Monte Carlo error on the final result. 

To run the program, first one has to initialize it by the command 

CALL SETBAB(EBEAH,RHZ,RMH,RMT,THMIN,THMAX,XKMAX) 

where the variables are defined as follows: 

• EBEAM is the beam energy in GeV; 

• RMZ is the Z mass, in GeV; 

• RMT is the mass of the top quark, in GeV; 

• RMH is the mass of the Higgs boson, in GeV; 

• THMIN is the minimum scattering angle allowed for the e + and e~, in degrees; 

• THMAX is the maximum scattering angle allowed for the e + and e~, in degrees; 

• XKMAX is the maximum allowed value of the brcmsstrahlung energy, in units of 
EBEAM. 

Obviously, when THMIN is zero, the cross section will diverge; a value of a few miliradians, 
however, will cause no problems. Also, a THMAX value of 180° will cause the cross section 
to be negative (due to large and negative QED corrections) and the program will run 
into trouble. The possible limit on THMAX depends on the value of the k0 parameter XKO 
which is kept internal in the program: for a discussion of this point, sec'[2]. The value 
XKMAX can be put to 1 without problems, since if too high it will be automatically put 
to the correct maximum value (note that this maximum value is somewha.t lower than 
the ultimate kinematical limit: see, again, rcf.[2]). 

The initialization phase of the program performs the following functions. First, the 
approximate cross sections in all 5 channels arc computed. In channel 3 and 5 this 
involves a numerical integration of the cross section, with computed values being stored 
in tables for later use in the generation phase: in the other channels, the integral is 
computed analytically. Note that in the integration for channel 5 (Born term with 
virtual/soft and weak corrections) the whole electrowcak library is invoked: after this 
stage, all values of the differential cross section in this channel are obtained by interpo
lation, which speeds the program up considerably. After this, the various approximate 
cross sections, and the relative probabilities to have an event generated by the 5 subgen-
crators, arc computed. It is at this point that the a-priori wcigths are introduced, as the 
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array PRI0RI ( l : 5 ) . The experienced user can modify these a-priori weights to his/her 
advantage, as long as it is realized that the a-priori weights should always be positive, 
except PRI0RI(5) which can be put to zero (in which case only hard brcmsstrahlung 
events will be generated). 

An event is generated by the command 

CALL GENBABCPP,PM,QP,QM,QK,WT) 

where the arrays P P ( i : 4 ) , PH(1:4), QP(1:4), q o ( l : 4 ) , and QK(l:4) denote the mo
menta of respectively the incoming e + and e~, the outgoing e + and e~, and the brcms
strahlung photon. The quantity WT is the weight of the event: if unweighted events are 
generated, it is always equal to 1. The options of having either unweighted events (which 
is easier for analysis purposes) or weighted events (which lead to a slightly smaller Monte 
Carlo error for a given sample size) are controlled by the integer IREJEC, in COMMON / 
REJCOM / IREJEC. Putting IREJEC=0 gives weighted events (this is the default), while 
IREJEC=1 gives unweighted events. The generation of an event proceeds as follows: first, 
a particular channel is chosen with a probability computed in the initialization phase. 
For each channel a specialized subgenerator (called GENER1, • • • ,GENER5) is employed to 
generate an event according to the approximate cross section particular to that channel. 
Finally, for hard brémsstrahlung events an event weight is computed, based on the exact 
matrix element including all channels and interferences. For soft events (from channel 5) 
the weight is always equal to 1 since the one-dimensional distribution of the scattering 
angle for soft events is known (and generated) exactly. Subsequently, the event is tested 
for having the e + and e~ scattering angles inside the interval (THMIN.THMAX): for events 
from channel •[, that are generated exactly as in the Monte Carlo OLDBAB . this is always 
the case but for channels 1-3 this is done by a rejection step. Finally, for unweighted 
events a. final weighting-rejection step is empoyed. Internally, all event weights (also for 
those that are rejected by the Monte Carlo itself) arc used to determine the eventual 
cross section. 

After a run of generating events, the command 

CALL ENDBAB(SIGHA,ERROR) 

will result in an analysis of the generated sample: SIGMA is the total generated cross 
section, and ERROR is the estimated Monte Carlo error on SIGMA. In addition, some 
information on the performance of the generator is printed, in particular the distribution 
of internal event weights. From this one may estimate the relative importance of the 
various channels, and decide on some optimization of the PRIORI values in a subsequent 
run. 

Some additional remarks arc in order. This is-only a first-order Monte Carlo and 
consequently a number of important effects is missing: notably, the influence of multiple 
soft photons. Since the effects of exponentiation are large in the case of e+e~ —+ (i+ii~ 
one expects a similar large effect in e + e~ —+ c + e ~ , at least for large scattering angles 
in the neighbourhood ( and above) the Z peak. To our knowledge, no event genera
tor exists that includes them! The only at tempts so far at exponentiation in Bhabha 
scattering have confined themselves to scattering over really small angles of up to a few 
degrees (BHLUMI , HOWLEEG ). Th i s is t o b e c o n s i d e r e d t h e m a j o r lack of knowl
edge for p rec i s ion physics a t L E P 1 0 0 ! In addition, no higher-order corrections 
to the Z width have been included (neither energy dependence nor truly higher-order 
corrections like wave-function rcnormalization or QCD cfTects). The number GZ that 
the program computes is therefore not an accurate estimate of the Z width: however, 
in the calculation of the soft cross section, the correct Z width (including its energy 
dependence) is used. 
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The random-number generator used in BABAMC is of the lincar-congrueiitial type. 
Due to the robustness of the algorithms employed, however, any reasonable generator 
like RNF100 or RANHAR should give similar results. 
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3.3.3 T h e HOWLEEG M o n t e C a r l o 

The origin of this program is the widely used Bhabha generator from Bcrcnds and 
Kleiss[7]. It has been updated by J. Matthcws[8] to include the Z° exchange in first 
order using the formulae from Ref.[9] (note that this implies no Z exchange in for 
instance the brcmsstrahlung sector: this is a reasonable approximation at small angles 
only). Unfortunately there exists no higher order calculation for Bhabha scattering, 
i.e. at most one photon is allowed from initial or final state radiation. Therefore, the 
effect of higher order contributions can only be estimated by exponentiation. Since 
exponentiation procedures are not unique, the exponentiation procedure which 'works 
best' for //-pairs has been chooser», i.e. the procedure which gives results closest to 
the exact second order calculation. As mentioned in describing the exponentiation of 
the /i-pair generator, this corresponds to weighting each radiative event with a factor 
(1 + 8)kfi. For Bhabha scattering final state radiation is important, in which case 0 
should be defined is /?,- -f /3j + 2/?,„i, where 

f. = /»/-*f ( M ^ ) - i ) , 
ft„, = — logtan(;) , (123) 

where 6 is the polar scattering angle. In the neighbourhood of a resonance the expo
nentiation procedure becomes somewhat more complicatcd[lO]. This has not yet been 
implemented in HOWLEEG , so near the resonance and at large angles, where Z° ex
change dominates, the non-exponentiated option of HOWLEEG should be used. Although 
the loop- and vertex corrections for Z° exchange have not been implemented, these clcc-
troweak corrections are small, since the Born cross section has been defined with the 
Fermi coupling constant[U]) and the results are close to the results from the complete 
first order Monte Carlo program BABAMC . The exponentiation has only been done for 
the QFD part, so the higher order corrections are only good for small angle Bhabha 
scattering (say up to 20 degrees). 

All input parameters arc defined in the main program. The Z° mass is defined as 
XHZ. The beam energy is DTEBH. The minimum and maximum polar angles of both 
e+ and e- are defined as BANGMN and BANGMX respectively; the polar angle cut can be 
made asymmetric by setting AC to a. nonzero value. A number of LOGICAL flags deter
mine the various options. The flags EXPOH and EXPOS are used to switch on (EXP0H= 
EXPOS=.TRUE.) and off (.FALSE.) the exponentiation of the hard and soft part, respec
tively. The flag EXP IF controls interference and final state radiation. The flag LZWAK 
switches the photon/J?° interference on/ofT. The flag LCUT switches on and off the CUT 
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routine in which all the cuts arc applied. The output gives a summary of ihc input 
parameters and the cross-section within the cuts. 
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3.3.4 T h e BHLUMI M o n t e Car lo 

The program BHLUMI uses the YFS method to simulate, on an event-by-event basis, 
the multiple photon effects in e 4 e~ —* e + e~ + 71(7) at low angles. (1-160 mrad) for 
the double tag configuration which is relevant for the SLC/LEP luminosity monitor 
detections. The program is available at CERN and SLAC. It can also operate on the 
CERN CRAY computer. 

Specifically, in the notation of the section on YFS exponentiation, in BHLUMI we have 
realized the respective contributions of 0O and /?i, as described in [1], to the respective 
YFS analog of the 'master equation' described in the section on YFS exponentiation. 
The respective cross section then has the complete all orders summation of the big 
infrared effects so that the dominant higher order cfTccts are represented to an accurracy 
~ 1%. This is sufficient for the luminosity objectives of the SLC where the systematic 
error A is expected to satisfy A ~ 3%. At LEP, it is expected that the limiting 
systematic error A will satisfy A ~ 1%. Hence, we ultimately will want to test BHLUMI 
at the level of ~ . 1 % . Here, we emphasize that, from the theoretical standpoint, there 
is no problem with such an accuracy; what remains is to complete the detailed tests 
of the program to assure that it is indeed achieving such an accuracy. This work is in 
progress. 



Here, we want l.o stress ftirllicr thai, in Bhabha-scattering, there is no clear separa
tion of radiation from initial and final fermions, for these are the same fermions. Thus, 
in realizing the respective do-yrs i" Eq. B.2.-l(3), we have included, in BHLUMI , radia
tion from the initial state, the final state and the initial -final state interference cfTect. 
Accordingly, one may note [2] that BHLUMI takes longer to generate a 'typical' event in 
comparison to YFS2 for example. 

The input to BHLUMI is shown in table 17. 

600000 NEVT= NUMBER OF EVENTS 
9.99D0 THMIMR = THETA MINIMUM MRADS 

.5D0 XMIVIS= MINIMUM ENERGY/EBEAM FOR EACH E+ E-
1D-3 EPSCM = INFR. SEP. PARM. (1D-3) 

100 KEYRAD = 100-YFS;1-SINGLE BREMH.;0-B0RN APPR0X. 
88D0 CMSENE = C.M.S. TOTAL ENERGY 

Table J 7: Input parameters for BHLUiil . 

What wc see is that this input calls out the standard double tag configuration for 
a luminosity monitor type detector, at the SLC and LEP. One inputs the number 
of requested events NEVT, the rninumum scattering angle (mrad), the double tag cut 
XKIVIS=minirnum encrgy/ebcam for each of e + and e~, where ebcam = \/s/2, the 
infrared separation parameter EPSCM which isolates the energy above which all photons 
are simulated (thus, EPSCM may be set arbitrarily low when the YFS mode (keyrad = l00) 
is used), the radiation switch keyrad (100=YFS; l=0 (a ) ) , and the total c.m.s. energy 
>Js. The program then generates the type of output shown below. 

++++++++++++++SIG0NB*XMIVIS=-1312.88606932901598 
B00KER2 

XSEC WITH TRIGGER = 1229.45787539576912 NAN0BS 
KMIN IN RJECTS = 0.450032458651491996E-01 

+ + + + + + + + + + + + + + S I G 0 N B * X M I V I S = 1312.88606932901598 
Window A 

FINAL REPORT FROM BHLUH2 
MULIPH0T0N GENERATOR 

600000 TOTAL NO OF EVENTS (ACCEPTED) 
7444706 NO OF RAW EVENTS PRIOR TO REJECTION 

1271.129745554 XSECMC * INTEGRATED CROSS SECTION IN NAN0BARNS 
0.001116915 ERELMC * RELATIVE ERROR OF XSECMC 
1.419744101 ERRABS * ABSOLUTE ERROR OF XSECMC 
0.484097507 AVERWT * AVERAGE WEIGHT 

3 NEVNEG * NO OF EVENTS WITH WT<0 
31 NEV0VE * NO OF EVENTS WITH WT>WTMAX 

The trigger cross section is the cross section corresponding to the subset of the 
(multiphoton) events N which satisfy the conditions in the module Trigger at line 211 
in BHLUMI . We stress that this trigger cross section should not be confused with the 
cross section in Window A where the cross section for the input parameters in the table is 
reported. For definiteness, the Trigger has been adjusted to produce the Midi Minisam 
cross section. To repeat, the basic output is that in Window A: the total number of 
accepted events, the number of raw events, the total cross section in nb, the errors on 
this cross section, etc. 
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Figure C: Total weight distribution from BHLUHI with KEYRAD=100. This is a typical 
histogram. 

In addition to windou A, the program generates some sample histograms for the 
simulated events. An example of such a histogram is shown in fig.6. Here, we illustrate 
the distribution of total weight WT. Again, the initiated user may wish to make yet more 
such histograms from the generated multiple photon event four vectors which arc always 
present in the C0MM0N/M0MSET/ after the event has been generated. 

Thus, what one would now like to do in this connection is to extend BHLUMI to 
wider angles. Some step in this direction has been made in BHLUHI 1.2. where the 
interference of the 7 and Z° exchanges is included. We hope to complete this extension 
to wide angles in the not-too-distant future. 
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The current version of BHLUMI is version 1.11. It has improved kinematics, a com
plete trcatinenL of the TT7 terms in the YFS form factor cxp (2a(!leB + B)) (only 
the leading logs in the exponent were retained in version ].0; of course, we actually 
have an exact expression for Refl + B so that when the precision requirements dic
tate it, we may in fact introduce this exact result), and the new vacuum polarization 
function of Burkhardt[3]. When comparing BHLUMI with the 0 ( a ) results of BABAHC , 
BHLKLE (OLDBAB ) and HOWLEEG and with the ad-hoc-cxponentiatcd HOWLEEG results, 
one should be careful to use the latest versions of all programs with the same vacuum 
polarization model and one should be careful to use the same cuts on angles and on 
the final tag energies in all programs. Failure to do this may lead to an inaccurate 
impression of the degree of agreement oT the available luminosity monitor simulations. 
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3.3.5 T h e TEEGG M o n t e Car lo 

The TEEGG program [1] simulates radiative Bhabha scattering for configurations where 
one or both electrons scatter at small angles. These configurations are dominated by t-
charmel amplitudes, which allows the order aA QED radiative correction to be evaluated, 
and allows the contribution from the Z" to be neglected. 

The case where only the photon scatters at a large angle is an important background 
to the single photon method of determining the number of neutrino generations [2]. 
Configurations when only an electron or both an electron and photon scatter at large 
angles arc backgrounds to searches for exotic phenomena, and arc also useful for detector 
studies. 

For the lowest order calculations, the TEEGG program uses the differential cross sec
tion from the Bercnds and Klciss wide angle Bhabha scattering program [3] with ad
ditional mass terms. These terms, although unimportant for the wide angle case, can 
significantly effect configurations which include 0° scattering. 

The order a 4 QED radiative correction is evaluated by an application of the equiv
alent photon approximation. With this method, only the ^-channel amplitudes are 
included and the exchanged photon is treated as being essentially real. Hence, only the 
radiative correction to the sub-process of Compton scattering is considered. As usual, a 
soft photon cutoff (generically known as kQ) is used in this program to deal with the in
frared divergence. This parameter is usually defined in the detector rest frame, however 
in the TEEGG program, the cutofT is defined in the rest frame of the colliding electron 
and photon. This definition makes the calculation of an appropriate cutofF somewhat 
difficult, but the valid range of this parameter usually runs over at least two orders of 
magnitude. 

The method for including the order a 4 radiative correction is approximate, and hence 
it is important to understand the region of validity. In general, the approximation is 
valid if the selection criteria that define the event sample do not bias against 0° scattering 
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of an electron. For example, the approximation would not be valid for the single photon 
configuration if the transverse momentum of the photon is required to be so large that 
both electrons must scatter away from 0° in order to balance the momentum. 

A test of this approximation has been performed with data from the Mark 11 detector 
['!]. The comparison was made for the configuration where both an electron and photon 
arc scattered at large angles for which the order a 4 correction is particularly large. The 
data and the calculations agree within the total experimental uncertainty of 29c. 

The TEEGG program needs many parameters to describe the region of phase space 
of interest. These parameters arc described in the TEEGG user guide distributed with 
the program and reproduced below. 

General Parameters 

EB the beam energy in GeV. 
CONFIG the event configuration to be generated. This specifics what particles 

arc to be in the detector acceptance, the remaining arc to be below the 
veto angle. The allowed choices arc: 

EG A Al M A n 
GAMMA single 7 
ETRON single e 

RADCOR the level of radiative correction to be applied. Valid choices are: 
NONE no radiative correction is applied: only order a 3 . 
SOFT virtual and soft real photon correction to the order a 3 

cross section is applied. 
HARD double radiative Bhabha events are generated. 
In order to generate an event sample correct to order a 4 , SOFT and 

HARD event samples must be generated separately and then combined. 
CUTOFF defines the separation between soft and hard photons in the 7e center 

of mass system (in GeV). This is used with RADCOR = SOFT or HARD. 
An invalid choice for this quantity will be noted in the printed summary. 

UNWGHT specifies if unweighted events a rc to be genera ted . If UITOGKT = 
.FALSE., then the event weight is given the var iable HGHT. 

Acceptance Parameters 

The following parameters determine the acceptance for the ecj final state: 

EEMIN ( / W , n ) 
TEMIN (tf e m i n ) 
EGMIN ( E 7 m i n ) 
TGMIN ( 0 7 , n i n ) 
TEVETO (0 e v e , o ) 
TGVETO ( 0 7 v e t o ) 

Electron acceptance energy threshold (GeV) 
Electron acceptance angle (rad) 
Photon acceptance energy threshold (GeV) 
Photon acceptance angle (rad) 
Electron veto angle (rad) 
Photon veto angle (rad) 

The set of parameters required to define the acceptance depends on the event config
uration. For a configuration where an electron is to be in the acceptance. TEMIN and 
EEMIN must be supplied and similarly if a photon is to be in the acceptance. TGMI1J and 
EGMIN must be supplied. For the single e configuration, the parameter TGVETO is used 
to define the photon veto. TEVETO is always used, as one electron is below this veto 
angle for all configurations (for the single 7 configuration, both electrons are below this 
angle). 



Additional parameters to define the acceptance for the ee^ final state arc: 

PEGHIN {<f>r.-,m\n) Electron photon <f> separation threshold for e-y config. (rad) 
EEVETO (É' e v c to) Electron veto energy threshold (GcV) 
EGVETO (£,„.»„) Photon veto energy threshold (GeV) 
PHVETQ (<f> v c t o ) veto <f> separation threshold (rad) 

An cj trial event is accepted only if an e and 7 are in the acceptance, and separated 
in (f> by at least PEGHIN rad. A single e trial event is rejected if a 7 is above TGVETO 
with energy greater than EGVETO and separated from the e in 0 by more than PHVETO. A 
single 7 trial event is rejected if an e is above TEVETO with energy greater than EEVETO. 
It is also rejected if a second 7 is above TGVETO with energy greater than EGVETO and 
separated from the first 7 in <j> by more than PHVETO. 

M a x i m u m W e i g h t s 

The program does not choose the maximum event weights, and so they must be set 
by the user. The maximum weights should be chosen to be as small as possible. 

WGHT1M used in the rejection me thod for the first degree of freedom, qQ

+. 

WGHTMX used in the trial event selection only if unweighted events are requested. 
If this is not larger than all weights of accepted events, then the event 
distribution will not be correct. A proper choice for this parameter can 
vary from 0.1 to 10 or more. 

Other Parameters 

Two remaining parameters specify the squared matrix elements to use. 

MATRIX defines the matrix element for the e + e ~ —* c+e~j generation. 
BK Berends and Kleiss, Nud. Phys. B228 (1983) 537. 

BKM2 as above but includes t and t' channel mass terms. 
TCHAN as calculated by using only the two i channel diagrams. 

EPA as derived from the equivalent, photon approximation. 
HTRXGG defines the mat r ix c lement for the e+e~ —• e + e ~ 7 7 genera t ion . 

EPA DC as found from the EPA and double c.ornpton scattering. 

BEEGG Berends el ai, Nucl Phys. B264 (1986) 265. 

MEEGG Martinez and Miquel, UAB-LFAE 87-01. 

IIEEGG Hybrid; EPADC for verv low Q 2 , BEEGG for moderate 

Q2. 

Defaults 

The defaults for the parameters described above are listed here. 

EB =14.5 GeV 
CONFIG = EG A M M A 

RADCOR =NONE 

CUTOFF = 0 . 2 5 GeV 

UNWGHT =.TRUE. 

EEMIN = 2 . 0 GeV 

TEMIN =0 .72 rad 

EGHIN =2 .0 GeV 

TGMIN =0.72 rad 

TEVETO = 0 . 1 rad 

TGVETO =0 .05 rad 

PEGHIN = T T / 1 rad 
EEVETO =0 .0 GcV 
EGVETO = 0 . 0 GcV 
PHVETO = T T / 4 rad 

WGHT1H =1 .001 
WGHTHX = 0 . 5 
MATRIX =BKM2 

MTRXGG = EPA DC 
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3.4 Some comments on four-fermion final states 

Introduction 

The QED processes with four-lop tons final state are of interest because of two rea
sons: 

• as tests of high order QED; 

• as potential backgrounds to other (exotic) reactions. 

Exact calculations of QED four lepton production cross-section ( with all masses 
non zero ) are quite challenging. In the eeec case 3C Feynmann diagrams will 'generate' 
657 different peaks in a seven-dimensional phase space. A relevant technique has to be 
used to provide numerical stability of the calculation. 

The Monte Carlo program DIAG36 calculates exact cross sections for processes such 
as e + e ~ —» e + e -e + e~, e+e~ —» e+e~/i+fi~, e + e~ —» / i + / i~/ i + /z~, e + e ~ —• e~e~r+r~. The 
complete matrix element squared including all interferences and all masses is taken into 
account. Unweighted event samples can be produced for subsequent analyses. 

The program can also be used to simulate e + e~ —> e+c~qq — , e+e~ — p~[i~qq. 
The 36 Feyntnann diagrams can be divided into four groups - multiperiphcral (M), 

bremsstrahlung (B), conversion (C) and annihilation (A). 
For each group a separate generator is used. In the program these subgencrators 

arc called as MCA, MCB, MCC, MCD. In these generators all the phase-space variables have 
been chosen in such a way that the peaking structure is well described. The interference 
between the groups is taken care of by the assignment of a weight to the event. Each 
event is first obtained according to one out of four approximate distributions by the 

B 
Figure 7: M: Multipcripheral diagram Figure 8: B: Bremsstrahlung diagram 
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Figure 9: C: Conversion diagram Figure 10: A: Annihilation diagram 

corresponding generator. The approximations are corrected by imposing a weight on 
the events. A rejection algorithm is then used to get an unweighted event sample. 

The program DIAG36 is specially designed for the no-tagging case. A symmctrization 
procedure is used in the case of e + e~ —• e+e~e + e~ and e + e ~ —» /i+fi~/z+/i~, with 
the assumption that the phase-space is completely invariant under interchange of two 
indistinguishable final state particles. As a consequence the introduction of a cut in 
dilepton invariant mass will provide a sample of events with the same cut on all outgoing 
e~e + combinations. 

P r o g r a m input parameters and recommendat ions . 

A long write-up of the program has been published in [1]. The input parameters arc 
listed in table 18. Relative importance factors ( a-priory weights) WAP provide a rather 

IPROC = choice of process 
EB = beam energy in GeV 

ESWE = estimated maximum HEEV weight 
ESFT = estimated maximum FT weight 
ITOT = number of requested weighted events 

IREQAC = number of requested events with weight 1 
THMMIN = minimum scattering angle of the electron in degrees 
THMMAX = maximum scattering angle of the electron in degrees 
THPMIN = minimum scattering angle of the positron in degrees 
THPMAX = maximum scattering angle of the positron in degrees 
W2MIN = minimum invariant mass*~2 of the muon pair in Eb* * 2 units 
W2HAX = m a x i m u m invariant, mass**2 of the m u o n pai r in E b * * 2 un i t s 
WAP(l) = relative importance factor of subgenerator MCA 
WAP(2) = relative importance factor of subgencrator MCB 
WAP(3) = relative importance factor of subgencrator MCC 
WAP(4) = relative importance factor of subgencrator HCD 

Table 18: Input parameters for the DIAG36 36 Monte Carlo. 

powerful tool for optimizing the program in any particular application. In the case of 
a total cross section estimate the program runs most efficiently (i.e. fast) when one 
chooses the WAP factors such that the maximum weights which occur in each subgencr
ator are approximately equal to each other. It is important to keep in mind that the 
optimal choice for the WAP factors depends on the cuts that arc applied to the events. 
When one wants to be sure that all the peaks in the differential cross section arc taken 
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into account one should choose the WAP factors such that the probabilities to enter each 
of the subgencrators MCA, HCB, HCC and HCD arc approximately equal to each other. 
These probabilities arc proportional to the approximate total cross sections for each 
subgencrator (array SAP(4)). By adjusting the WAP factors one can tune these approx
imate total cross sections to any value. Of course the weights of the generated events 
arc inversely proportional to the WAP factors. Consequently if one increases WAP(l) 
the subgencrator MCA will generate more events but the weights of these events will be 
accordingly smaller. 

Some r e su l t s a n d c o m m e n t s . 

In table 19 the total cross sections for different final state are shown for beam energies 
from 17.5 GeV to 50 GcV. As a reference value, one should remember that the muon pair 
production cross section at Z-pcak ( IG GcV) is equal to 1.-15 nb. The main contribution 
to the total cross section of QED final state leptous production is connected with Multi-
peripheral and Bremstrahlung processes. These cross sections are logarithmically rising 
with energy whereas the Conversion and Annihilation processes arc steeply decreasing 
with energy. However, the M- and B- cross sections are proportional to M^7 and a 
visible cross section value may be determined by all four possible Fcynman diagrams. 
For example the total cross section for the ccee final state is very large- 10 ; nb but the 
vast majority of these events will be invisible in a realistic detector. 

F:b (GeV) M B C A leptons 
17.5 130. 17.15-1 50.E-5 14.E-5 CQjljl 

25. 150. 18.E-1 30.E-5 60.E-G ce///i 
50. 200. 20.13-1 10.E-5 20.E-6 ec/i/i 
17.5 10.E-2 45.E-4 27.E-5 80.E-6 eerr 
25. 17.E-2 •lO.E-4 20.E-5 '10.E-6 ecrr 
50. 30.E-2 60.E-1 30.E-6 90.E-7 CCTT 

17.5 - - G5.E-6 10.E-6 WW 
25. - - 40.E-G 70.E-7 HHfiH 
50. - - 15.E-G 30.E-7 fijilifi 
50. - - 15.E-6 30.E-7 flflTT 
50. - - 20.E-7 30.E-8 TTTT 

Table 19: QED cross section in nb for four-lepton final states (the partial cross section 
for dilferent subgenerators arc indicated). 

In table 20 the visible cross sections in a central detector are given, ordered to the 
types of final states that arc actually observable. As one can see the single and double 
leptons cross sections arc large but the energies of those leptons arc quite small. The 
visible cross section for multilepton final states is not so sensitive to the lepton energy 
cut and is made up to an large extent of the annihilation and conversion partial cross 
sections. At the same time, the interference of all processes becomes important -the 
ec/i/i visible cross section would be 10 times higher if the C- and A- processes only 
would be considered. 

In the same table, cross section estimates arc shown where Z-exchange diagrams have 
been included into the Annihilation and Conversion subgenerators. With all leptons 
visible in a central detector the cross section is as high as the one expected for Higgs 
production. As an illustration the di-muon mass distribution is shown on fig.11. 



tracks cross section (nb) source 
c M.E-1 ( 17.E-1) cccc 
/ ' 10.154-0 i IO.E+0) cc/i/t 
r 12.12-2 i 12.E-2) c e r r 
cc 16.E-1 10.E-1] ccce 
/ ' / ' 20.E-1 IG.E-I; <X,l/l 
TT 70.E-3 G5.E-3) e c r r 
cti 10.E-4 13.E-4) CC/l/J 
CT 40.E-5 70.E-r>; e c r r 

ttT 40.E-8 13.E-7; (IflTT 
ccc 17.E-5 23.E-5; eccc 
ec/t 14.E-7 I4.E-G; ce/1/1 
ccr 72.E-8 12.E-0; c e r r 
C/I/i 1G.E-6 18.E-5) CC/i/i 
e r r 10.E-5 25.B-5) c c r r 
/'/*/' 10.E-7 80.E-7) / ' / ' / ' / ' 
/l/LT GO.K-8 27.E-7) /I/ITT 
/ITT GO.E-8 80.E-7; HflTT 
TTT 40.E-8 16.E-7; TTTT 
cccc 27.E-7 '29.E-G) cccc 

/ ' / ' / ' / ' 25.E-7 i23.E-G) AW'/* 
TTTT 90.E-8 52.E-7; TTTT 
00/1/1 30.E-G (25.H-5 co/i/i 
CCTT 2G.E-G [23.E-5] eeTT 
jLjlTT 32.E-7 (28.E-G H/1TT 

Tabic 20: Central-detector exclusive cross sections. The beam energy is 50 GeV. A track 
is considered to be visible if it makes an angle with the beams of at least 25 degrees 
(cos<5 = .!)L). The dilepton mass has to be higher than 1.0 GcV. The channel with the 
largest cross section is indicated as a source. In the brackets the cross sections with 
Z-cxchangc diagrams included into C- and A- diagram classes arc shown ( Z mass = 
92. GeV, sin 2 0„=O.23 ). 
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MUMU MASS DISTR 

Figure 11: Di-muon mass distribution for the four muon final state. The Z-pole diagrams 
have been included into A- and C- subgencrators. The beam energy is 50 GeV , the Z 
mass is 92 GeV and sin 2 #,,,=0.23. 
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4 Comparisons 
In the previous sections we have discussed general aspects of E\V precision software, 
both in the form of semianahiical and Monte Carlo programs: wc have discussed the 
various strategics for implementing the weak and QED corrections; and we have pre
sented descriptions of most generally available programs with a claim to precision pre
dictions. It is now time to consider how well these programs (and in particular the 
Monte Carlos) perforin when compared with each other and with high-precision semi-
analytical results. This comparison can be divided into a qualitative arid a quantitative 
part. The qualitative part, which is relatively straightforward, has to do with which 
ingredients and features are present in the various programs. This is deait with in the 
next section, where we have made lists of features of the software, and discuss merits 
as well as possible shortcomings. In fact it will turn out that by considering just these 
remarks otic can already decide more or less on which programs arc probably going to 
be useful at LEP100. This is not so nice as it may sound: it just means that the number 
of very serious programs is rather limited, and there are a number of prugrams which 
we have considered that will probably not be too useful in the near future. After these 
qualitative considerations we shall discuss the actual numerical performance of the pro
grams. As discussed at that point, wc have chosen to restrict ourselves to just a few 
salient features of the program predictions: the values for the total cross section crloi 
(the line shape), the integrated forward-backward asymmetry Am, and the behaviour 
of the programs under a very simple cut. Again, this discussion will already be sufficient 
to weed out the not-so-good Monte Carlos from among the set wc considered. Next we 
shall discuss Bhabha scattering for which the situation is not so clear yet, although a 
lot has been achieved in the last few months. We shall finish this section by making 
a number of recommendations, and some remarks on possible future developents and 
improvements. 

Finally, one more, remark is in order. In our studies we have not included the Monte 
Carlo programs in use at KEK for TRISTAN physics [I]. Although these arc very 
useful and interesting in their own right, they do not seem to be generally used at 
CERN; moreover, they do not (at present) include higher-order effects which, as we 
shall see, arc essential for a reliable description of physics at LEP100. Since we have 
already iulcudcd a number of first-order programs to the extent that their properties 
and shortcomings arc abundantly clear, it was not felt as essential to add one or two 
more to their number. 

References 
[1] From the multitude of papers discussing these programs, we only wish to quote 

S. Kawabata, Comp.Phys.Cornm. 41(1986)127; 
S. Kawabata and T. Kancko, Comp.Phys.Comm. 48(1988)353; 
K. Tobimatsu and Y. Shimizu, Prog.Theor.Phys. 
74(1895)567; 75(1986)905; 76(1986)331; 
S. Kuroda et al., Comp.Phys.Comm. 48(1988)335. 
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4.1 General features of fermion pair programs 
ll, must be clear that in order to have an adequate idea of which programs are to be 
taken very seriously, which ones seriously, and which ones not seriously at all, it is 
necessary to also have a clear idea of what the programs contain, and what not. In this 
section, therefore, we restrict ourselves to a qualitative overview of the features of the 
various programs. In particular we only consider programs for fermion pair production 
(no Hhabha scattering and neutrino counting software). 

As we have already staled, the field of precision software for EW phenomenology 
is still developing rapidly and the most important programs themselves arc also more 
or less in a state of flux. Let us therefore state clearly what the precise versions and 
the latest updates are of the programs that we have considered. In table 21 we list the 
programs that we have studied. 

Program name version number 
(if any) last update 

ZSHAPE 1.0 July 89 
EXPOSTAR June 89 
CALASY 2.0 July 89 
HOE 1.0 April 89 
MMGE92 September 88 
BREM5 October 88 
HUONHC September 88 
DYMU2 2.2 June 89 
KORALZ 3.6 July 89 
FPAIR August 89 

Table 21: Programs for e + e —* / / considered in the comparison 

As is seen, most versions are quite recent; this indicates that a number of errors were 
corrected, and improvements made, during the course of the work of this study group 
(partly also as a direct consequence of the work of this group). Those programs for 
which the latest version is older (from 1988, say) are typically those for which no real 
support exists any more (this includes the 0(a) Monte Carlos MUONMC and BREH5 that 
have been essentially abandoned because it is clear that no amount of support can bring 
their predictions close enough to the exact one). Another important point to note is that 
the program ZBATCH is absent from the table. This is because the support for ZBATCH 
(which at any rate was a compilation of various program pieces by different authors) 
has finished and a new program ZSHAPE has taken its place. As already mentioned 
in the decsription of ZSHAPE the two programs are in excellent agreement, while for 
those situations where ZSHAPE and ZBATCH disagree, this has consistently been traced 
to imperfections in ZBATCH . 

For any given scmianalytical or Monte Carlo program there arc a number of features 
which are considered 'desirable': these should be considered as necessary ingredients of 
a hypothetical ULTIMATE EVENT GENERATOR, and a program is 'better ' if it has more of 
these desirable ingredients. 

• I nva r i an t mass cu t : minimally, a cut on the ferrnion-pair invariant mass .?' 
should be possible; this is the least step towards a realistic prediction, mostly 
because the 7 exchange diagrams dominate the cross section at very low s', and 
also an important background comes from two-photon processes at low 5'. 
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• Forward-backward asymmetry: tltc program should in principle give sonic in
formation on the muon (read, here and in the following, 'muon.tau lepton, quark' 
for 'niuon') angular distribution, in the form of Apu, the forward-backward asym
metry (of course, the complete angular distribution is again preferable over just 
Am)-

• Higher-order QED effects: the program should go beyond 0(a) as far as 
possible. This includes not only exponentiation of the QED corrections, but also 
things like higher-order corrections to the Z width. However, exponentiation (at 
least of initial-state radiative corrections) is the essential feature that any program 
must have if it is to be realistic. An exception must be made here for FPAIR 
which docs not have exponentiation but a full two-loop treatment of initial-state 
radiation, which bring its results also close to the exact one. 

• Mul t iphoton kinematics: for those programs that do have more than 0(a) 
built in, it is desirable to have the multi-photon eiTccts also implemented at the 
event level and not just at the level of the total cross section: as much of the multi-
photon kinematics as possible should be present. Of course, since an arbitrary 
number of photons can be present in the full, exponentiated event sample, one 
has to make a. restriction. This can be cither in the form of only generating 
those photons that have an energy larger than some cut-off value (as in YFS2 
and KORALZ ) or by restricting the number of photons to 2 or 3 as in DYHU2 and 
FPAIR. It appears that two photons can in fact generate enough of the multiparticlc 
kinematics to accomodate a sufficiently rich event topology (note, for instance, 
that a /i + /x~7 event cannot have a nonzero aplanarity, but a fi+/j~-~f event can). 

• Interference between initial- and final-state radiation, and box dia
grams: in order to allow for arbitrarily realistic (tight) cuts, the interference 
between initial- and final-state radiation, and of course also box diagrams, should 
be implemented: the well-known argument that 'the interference is small at the 
Z peak, for loose cuts' in fact indicates a lack of technological knowledge on the 
exponentiation of this effect, rather than a deep physical insight. In any case, at 
higher (as well as lower) energies this interference is not negligible even to 0(a) . 

• Implementat ion of weak effects: although the notion of QED dressers is a 
useful concept, in particular around the Z peak, a program can only be considered 
complete, if it has its own 'electroweak library', that is if it computes all elcctroweak 
effects or at least the value of sin 2 9W and Yz by itself. Again, at higher energies 
the purely weak effects will no longcr/tc negligible with respect to the QED 
effects and a consistent treatment of the weak effects will be necessary. The 
remarks made in the section on the implementation of the weak effects should be 
kept in mind, however: as long as the Z sector of the standard model has not 
been established beyond reasonable doubt, it will be useful to have the option of 
considering arbitrary values for sin 9W and Y z (that is, values that are inconsistent 
with the minimal standard model). 

• Generat ion of fermion momenta: obviously, a. Monte Carlo can only be useful 
for phenomenology if the muon momenta arc generated a,s well as the photon 
momenta (with the exception of neutrino counting software). Typically, this is 
where semianalytical programs become inferior to Monte Carlos : the generation 
of muon momenta, by the EXPOSTAR program should not be taken too seriously 
since there it is assumed that all photons are emitted along the beam directions, 
hence the muon pair has zero pr for all events. 



• B e a m polarization: the possibility of having nonzero beam polarization is also a 
desirable feature, especially if ever Llf/P is going to have this facility as well. Since 
the total cross section is a sum over the beam polarizations anyway, this should 
not be too difficult to build into existing Monte Carlo progarns, with the possible 
exception of structure function programs, for which the structure functions for 
polarized beams would have to be considered. 

• Implementat ion of quark and r product ion: another technical point is of 
course the switch from muons to quarks or tan leptons: by changing the appro
priate masses arid coupling constants the same code should be able to generate 
muons or hadrons. This would be essential for obtaining unbiased ideas of the 
different physics going on in the different channels. 

• Bhabha scattering mode: a strategically nice feature would be the possibility 
of being able to simulate Bhabha scattering with ike same code as muon pairs: 
again, this would help to separate physics differences between the two processes 
from possible differences in the predictions due to different Monte Carlo strategies 
and the like. 

• I m p l e m e n t a t i o n of r decays: for those programs that include r production, it is 
useful to have the r decays implemented consistently in the code. As stated in the 
description of KORALZ one will probably not have to worry about small correlations 
in the two decays (in fact, the famous Einstcin-Podolsky-Iloscn effects) but at least 
the helicity of the decaying taus must be taken into account. 

• S u p p o r t : an adequate amount of support seems also to be essential while we 
«•)re still in the stage of non-definitive programs. Programs that arc not supported 
(BREH5 , ZBATCH , and to a lesser extent EXPOSTAR and MUONMC ) tend to fossilize 
and die, as usual. 

In the tables 22 and 23 we have specified which of the various features of the ULTIMATE 
EVENT GENERATOR are implemented in the software that we have considered. A fully 
implemented feature is indicated by a 'X', a feature, that is only partially implemented, 
or can only be used when other features arc nul used, or which is of doubtful quality, is 
indicated by a '(X)'. 

program 
s'eut 

possible Arn 
beyond 
0(a) 

rriulti-7 
kinematics 

init.-final 
interf. 

own E\V 
librarv 

ZSHAPE X X X 
EXPOSTAR X X X X 
CALASY X X X X 
HOE X X X 
MMGE92 X X X (X) 
BREH5 X X X X 
MUONMC X X X X 
DYMU2 X X X X (X) 
KORALZ X X X X (X) X 
FPAIR X X X X X 

Table 22: Features of programs, part I 
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program momenta 
beam 

polarization hadrons Bhabha 
version 

rdecay 
included support 

ZSHAPE X X 
EXPOSTAR (X) X X (X) 
CALASY X (X) X 
HOE X 
HMGE92 X 
BREM5 X X X 
HUONHC X X (X) 
DYHU2 X (X) X 
KORALZ X X X X X 
FPAIR X X X 

Table 23: Features of programs, part 2 

Let us now discuss the 'quality' of the various programs as determined by the features 
that they boast. 

• s' cu t : all programs under consideration allow for the tnuon pair invariant mass 
to be cut ofT at some value. As remarked this is not very surprising since a 
program without this feature would probably never figure in our considerations 
anyway. A number of remarks arc in order, however. In the first place, the s' 
cut can not always be put arbitrarily high, that is, arbitrarily close to .s. This is 
due to the fact that the energy of every generated photon is in practice always 
cut off from below, in 0(a) programs like HUONHC and BREH5 it is fundamentally 
limitied by the k0 problem to about 1 0 - 2 of the beam energy, and in FPAIR to 
about l O - 4 . In exponentiated Monte Carlos the cutoff is of a practical nature 
rather than a fundamental one, since allowing for an infinitely soft photon would 
mean allowing for events with arbitrarily high photon multiplicity, which would 
take just too much CPU time; another reason is the numerical stability of the 
programs, that typically start to run into trouble at photon energies of the order 
of 10~ 1 0 . Typically, a practical cutoir of about 10~ 7 is recommended, and this is 
of course perfectly allowed since a cut of s' > s ( l —10~6) will never be realistically 
imposed - however, a cut of s' > 0.99.S could be envisaged, and there the 0(a) 
Monte Carlos would run into trouble. In the second place, as mentioned before 
many programs arc not adapted to generating events with very low s' and a lower 
bound on s' of about 1 0 _ 2 s is usually recommended: note that in particular in 
hadron production this would cut out hadronic final states with masses lower 
than about 10 GeV, by which the problems in generating the wildly fluctuating 
behaviour of / î j , a j are conveniently avoided. For DYHU2 and HOE the lower limit 
on s' may determine the overall performance of the generator (in the newest version 
of DYHU2 this problem has been mitigated somewhat by a new treatment of the s' 
spectrum). The program FPAIR on the other hand allows to go to the kinematic 
limit (at least for muons). All in all, as far as the restrictions on s' are concerned 
none of the programs rule out realistic phenomenology. 

• F o r w a r d - b a c k w a r d a s y m m e t r y : all programs give this result, with the ex
ception of MOE (since no muon moment,!, are generated 2 1 ) and ZSHAPE (which is 

2 1 A new version of HOE docs generate these momenta and should be released very scon: however wc 
have not had the possibility of studying this version. 
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scmianalytical and only gives 0"tot). Some earn should be taken, however: the semi-
analytical programs usually only present the AFB under no or only very general 
cuts, whereas the Monte Carlos allow realistic cuts to be imposed: any property of 
the angular distribution, also other ones than just / l f / j , wil be described by these 
programs. It should be noted that other programs like COMPACT and MUCUTCQS 
also give Am but we have left them out from the table because they have not 
been included in the quantitative comparison of the programs made in the next 
sections. For more information, sec [2]. Another point is that EXPOSTAR only 
gives the angular distribution under the assumption that all photons go along the 
beams: this may bias its predictions to a presently unknown extent. In fact, at the 
Z peak, all predictions for the asymmetry, made under very different assumptions 
(and also using different definitions of Afu f ° r hard bremsstrahlung, see [2]) give 
essentially the same results - this just implies that not much hard bremsstrahlung 
is present at the Z peak, which we already knew. 

• H i g h e r - o r d e r Q E D : most programs have this implemented to some extent: the 
exceptions are HUONHC and BREH5 which arc for that reason not to be taken seri
ously for LEP100 phenomenology. All programs adopt the strategy of exponen
tiation in one form or another [3], with the exception of FPAIR which uses a full 
two-loop treatment of initial-state radiation. 

• M u l t i p h o t o n k i n e m a t i c s : every Monte Carlo program that goes beyond O(a) 
includes the kinematics of more than one photon, with the exception of MMGE92 
where ad-hoc exponentiation of the single-photon result has been used. As we 
will see MHGE92 is not at present the best program available. We would like to 
mention again that the multiphoton generators come in two subgroups: 

— HOE and KORALZ which can generate any number of photons, depending on 
the cutofr used: however these photons only come from the initial state. 
Final-state radiation is implemented in KORALZ but only at the single-photon 
level. 

- DYHU2 and FPAIR restrict themselves to 2 photons at most from the initial 
state, and 1 photon at most from the final state. 

As the third, fourth • • • hardest photons tend to have very low energy [4], the 
restriction to two initial-state photons is not very crucial: in practice the event 
topologies from all these four programs appear to be equally rich. 

• I n t e r f e r ence b e t w e e n ini t ia l - a n d final-state r a d i a t i o n : here is the tricky 
part! No serious program treats these effects adequately. It should be noted that 
HUONMC and BREM5 always include the interference effects, but since they arc 0(a) 
this is not much help; the other programs include interference but only at the cost 
of exponentiation. At present, one can have cither interference or exponentiation, 
but not both at the same time. As stated above, this reveals a present lack of 
expertise rather than physics. For loose cuts interference is not so important at 
the Z peak (fortunately) but the Monte Carlo authors have to face this problem 
sooner or later. 

• C o m p l e t e E W l i b r a r y : the stand-alone programs all have their own library, 
whereas the QED dressers obviously don't. The EW library of FPAIR is in Tact 
identical to that of ZSHAPE and hence the weak efTects should be completely iden
tical in those programs. A special case here is KORALZ where not one but two 
EW libraries are included, the one due to Hollik. the other one due to Stuart. 
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These libraries give slightly different results (sec later on, in the discussion of the 
line shape predictions) and one can switch from one to the other by setting the 
appropriate flag in KORALZ (see the section with the description of KORALZ ). It 
should be stressed, however, that this is not a satisfactory situation: since both 
libraries claim to describe the same standard model, at least one of them must be 
wrong. This discrepancy should not be considered as a 'theoretical uncertainty' 
of the type that is so familiar in QCD predictions (choice of structure functions, 
choice of scale, etc.) inside which one can pick one's favorite number with some 
justification: in the. near future it rvill have to be decided what is the correct re
sult, and what isn't. Finally it should be remarked that the stand-alone programs 
KORALZ and FPAIR also allow for a QED dresser option in which the weak pa
rameters arc only computed during initialization, and in the event generation the 
modified Born approximation is used in one way or the other. 

• Generat ion of muon momenta: With the exception of HOE all Monte Carlo 
programs include this (see, however, the footnote in the AFD item of this list). The 
EXPOSTAR program also generates muons, however the caveat made above should 
be kept in mind. It is in all cases relatively trivial to feed the muon/quark momenta 
into, say, the LUND Monte Carlo to proceed, after generating the momenta, with 
fragmentation and so on. 

• B e a m polarization: this is only implemented in EXPOSTAR and BREH5 (not sur
prisingly since these are programs written with the SLC in mind), and KORALZ . 
As mentioned before, inclusion of beam polarization should be relatively trivial (at 
least in FPAIR ) but it does not seem to have the highest priority. Some care has 
to be taken with the hard bremsstrahlung matrix elements for polarized beams 
but these are known [5]. 

• Generat ion of quarks: every serious Monte Carlo can do this in principle but at 
the moment is is only available in BREM5 , KORALZ and FPAIR . This will change 
in the near future with a quark version on DYHU2 and HOE becoming available. 
It can be expected, however, that for any well-written Monte Carlo which gives 
reliable results for muon pairs also the quark option will be quite good. As usual, 
the fragmentation of the quarks, as well as gluon radiation from the final state, 
were considered to be outside of our scope, and not studied: we refer to [6]. 

• Bhabha scattering: at present, the only program with a Bhabha option is 
HUONHC; unfortunately, this is only 0(a) . A Bhabha version of the more serious 
programs would be extremely interesting (note that although both KORALZ annd 
BHLUHI use in principle the same kind of YFS2 algorithm to simulate multiple 
photon effects, in practice the two codes are so different as to constitute really 
different programs). 

• Tau lepton decays: these are in fact only treated by the KORALZ authors (and 
also included in CALASY ). The KORALZ program contains an exceptionally com
plete treatment of r decays and its corresponding library could be considered more 
or less definitive. Note that to treat the tau decay correctly, also the helicity of the 
tau must be generated, which is done in KORALZ . Not much improvement seems 
to be necessary for this feature (apart from the continuous updating of branch
ing ratios, and the possible inclusion of more matrix elements when these become 
available). The only alternative Monte Carlo program for r decays in the EURODEC 
package [7]: we have not attempted any comparisons of the two. For more details 
we refer to [8]. 



• S u p p o r t : although not formally a part of any given program, an adequate amount 
of support, preferably by the authors themselves, is as usual essential for the func
tionality of a program. The programs EXPOSTAR , BREH5 , HHGE92 and MUONHC 
are not really supported. For I1MGE92 , BREH5 and MUOKMC this is because (as 
mentioned above) they are no serious candidates for a good Monte Carlo anyway. 
The situation for EXPOSTAR is different, since it is supported but not by the au
thors themselves - this is not felt to be a good thing. Again, it must be stressed 
that at this moment the situation in the field of Monte Carlos for EVV precision 
physics is still too fluid to allow one to 'finalize' an 'definitive, authorized' version 
of any given Monte Carlo program. 

Another aspect of interest is the speed with which the various Monte Carlos generate 
their events. As stated in the introductory part of this contribution, speed is important 
if event sample arc to be so big that a statistical error of 0.1% becomes attainable. 
W'c have been able to make comparisons by putting all programs on the CERN CRAY 
and running them under the same circumstances. In table 24 we have listed the average 
time taken to generate an event. Since this generally depends on the relative amounts of 

program 88 GeV 92 GcV 9C GeV 
EXPOSTAR 0.41 0.40 0.41 
HOE 0.19 0.19 0.19 
HMGE92 0.17 0.17 0.18 
BREH5 0.30 0.29 0.30 
MUONHC 0.09 0.10 0.11 
DYHU2 1.3 0.28 0.75 
KORALZ 49. 11. 30. 
FPAIR 3.8 3.1 4.9 

Table 21: Speed of Monte Carlos for different energies, in msec per generated event 
(CRAY units) 

events with and without brcmsstrahlung, which in turn depends on the centre-of-mass 
energy (little radiation at the Z peak, much radiation at higher energies) we have listed 
the speeds at 88, 92," and 9C GeV (taking the Z mass to be 92 GeV). Note that the 
speed given is in milliseconds per event on the CERN CRAY: this is about a factor of 
5 to 7 faster than what can be expected on the IBM system. Apart from EXPOSTAR 
no scrnianalytical programs occur in this table since they do not generate events and 
CPU time is not a consideration for the quality of their results. The fastest program 
appears to be MUONMC , due to the fact that always at most one photon is generated, 
and the weak effects arc implemented as tables so that after initialization not much time 
is spent in getting values for these corrections Tor a generated event. The QED dressers 
are in general somewhat faster than the stand-alone Monte Carlos , again for the same 
reason. It also appears that KORALZ is exceptionally slow when used in the stand-alone 
mode: probably this is due to the time spent in the YFS2 part of the program, although 
we have not studied this in detail. The second slowest program is FPAIR ; since this 
program is relatively recent much room is open for improvement of its speed by some 
rcprogramming. When KORALZ would be finally improved by a speed factor of about 5 
or 10 (which seems also feasible) the two programs should come out at about the same 
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speed. Il must be stressed that these numbers are only indicative: fur different options, 
energies, or cuts, the speed may vary somewhat. We feel, however, that table 2-1 gives 
an adequate idea of the relative overall performance of the programs for the generation 
of large event samples. 
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4.2 Comparison strategy for fermion pair production 
We now come to the more quantitative part of the comparison of muon/fcrmion pair 
production software. Here a remark is in order on the strategy to be adopted. If 
one wants to compare two programs that compute the same number this is easy: run 
them, and sec if the results agree: if not, find out what is wrong with which program. 
In fact this approach has worked extremely well for tiiosc semianalytical programs that 
compute the Z line shape, since their only result is the number for the total cross section 
at a given centre-of-mass energy. Moreover, since the results of semianalytical software 
is essentially error-free, these comprisons can be made to many decirncals. In [1] the 
results of such comparisons arc presented. It should be remarked that these are the 
final results, obtained after the programs have been carefully debugged and improved 
under the direct influence of the work done in that study group itself. Similar remarks 
hold for the results in [2]. 

In our case however the situation is not so simple. First of all, the Monte Carlo 
programs under consideration generate not a single number but event samples from 
which an infinity of distributions and numbers can be obtained: it is hopeless to try to 
compare all of those results systematically between all programs, and one has to look for 
a set of relatively simple numbers that (one hopes) incorporate important information 
on the performance of the Monte Carlos . In the second place, since we are dealing with 
Monte Carlo programs the results contain an inherent statistical error so that two. in 
principle equally adequate, programs may nonetheless give different answers. In this 
context it might be remarked that the error estimate obtained from the Monte Carlo 
should be considered as an indication for the true error, but not a rigorous determination 
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of il; in it, the shape of the event weight distribution, and the quality of the random 
number generator play a. rôle which may be minor but is generally unknown. That two 
programs differ by more than 2rr does not necessarily mean that they are incompatible. 
From the work done in the study group it appears that a. true feeling for the quality 
<>r a given Monte Carlo can only be obtained in practice, by running the program for 
a realistic experimental setup, and looking at as many distributions as possible (sec, in 
this context, also the remarks made in ref.[3] on the assessment of quality of random 
number generators). 

The strategy for which the study group has chosen in order to compare the various 
Motile Carlos is the following: 

• We have fixed a unique set of input parameters, to wit: 

- The Z° mass Mz is 92 GcV; 
- The top (mark mass J U 1 O . , is GO GcV; 

- The lliggs boson mass Mi[jggS ' s ^ GcV; 

- The QCD coupling a , ( i l / | ) is O.J2; 
- no new families arc present. 

Of course there is nothing unique to this choice of a minimal standard model; in 
particular the Z mass seems to be too high. However, the idea is that the Monte 
Carlo have no particular preference for any set of input parameters, and should 
function equally well for a Z mass of, say, 91.2 GeV. 

• Using this input, all programs are required to compute the following two quanti
ties: 

- the Z line shape f ^ ^ s ) for muon pair production; 

- the forward-backward asymmetry Am for muons. 

• The following cut is imposed: 

- the muon/fcrmion pair invariant mass v * ' is required to be larger than 0.2 x 

We have chosen to st'ady the total cross section and the asymmetry for two reasons. 
In the first place, these quantities arc the most inclusive ones one can think of and 
hence have a minimal statistical error associated with them. In the second place, and 
a strategically much more important reason, for these quantities there exists reliable, 
scmianalylical calculations. This way we can compare the Monte Carlo result with a 
semianalytical one and we avoid the need of choosing one Monte Carlo as a favorite, in 
order to gauge the others against it. 

It should be noted that not all programs treat the strong (QCD) corrections in the 
same way. We have tried to put in the effect of having a , ( i l / | ) ~ 0.12, which leads to 
a correction of the Z width of about 4%. In ZSHAPE , QCD is implemented to second 
order. Using ALPHAS=0.12 this gives a correction of 4.02471%. In EXPOSTAR one has 
instead to give AQCD which is then translated into a QCD correction, treated to first 
order. We have assumed AQCD = 0.34 which leads to a strong correction of 3.997%. In 
KORALZ , a, is not a free parameter: internally, a value of 0.12 is used. MUONMC on the 
other hand has no strong corrections at all (remember that it is a O(a) program). 

For the QED dressers, we have to supply a value for sin 2 6W as well: this was taken 
from EXPOSTAR , and is the starred value, which should optimize the prediction for 
the wcak-EM mixing in the vector couplings of the fermions to the Z. The result of 
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EXPOSTAR for sin 2 9"w, with the parameters given above, is 0.2278 2 2 This value lias been 
put in into CALASY , HOE , and DYHU2 . In MMGE92 the older result 0.2296 has been 
used; however a change from 0.2200 to 0.2278 did not not lead to a significant change. 

Also, the QED dressers have to have Vz as input: for this \vc took 2.5G2 GeV in all 
cases. 

The stand-alone Niotite Carlos have, of course, to compute everything by themselves. 
In table 25 we give their results for Vz and sin 2#,„: note that this last value is in this 
case the on-shcll value, defined by the mass ratio of IT and Z. 

Program r z(GcV) sin2 Gu. 
EXPOSTAR 2.557 .2299 

KORALZ (Stuart) (2.371) 
2.5575 

.23001 

KORALZ (Uollik) 2.56198 .22955 
ZSHAPE 2.561 G .22956 
HUONHC (2.3071) 

2.4869 
.2298 

Table 25: Results from the stand-alone programs. 

Note that in the cases of KORALZ (Stuart) and MUONMC , two values for Y z arc given. 
The first one is the value printed by the program itself, which may appear puzzling. 
One can in fact obtain the second one by computing the A r in each case from the 
printed value of M\v, in that way including the correction due the the wavefunction 
rcnormalization of the Z width. These values (which arc in fact the ones used internally) 
are then to be compared to the other ones in the table. Additionally, as mentioned above 
in the MUONHC the 4% QCD correction is also absent. 

In the next subsections we shall discuss the various results. 
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4.2.1 The Z line shape 

Having implemented the rninimal-standard-modcl input as described above, we have 
computed the line shape of the Z from 88 GeV to 96 GeV, which is the most important 

î 2Note that we could also have used the 'bar' definition according to [4]: in practice the two are 
completely interchangeable. 



Q I I I I I I I I I I I I I I I t I I I I I I I I I I I I I I I • I I I I I I I I I I • I I t 

88 B9 90 91 92 93 94 95 96 

W in GBV 

Figure 12: The line shape of the Z in nanobarns (parameters as discussed in the text). 

region for the scan to be made in the near future. In fig. 12 this line shape is presented 2 3 . 
At this scale the results look quite nice: even the 0{a) programs give a qualitatively 
correct description of the cross section, including the suppression at the peak and the 
high-energy tail of the resonance. However, the scale of this plot is much larger than 
the «iceuracy aimed for at LEP100. In the next plot, therefore, wc h«avc divided the 
results of the line shape by that of the semianalytical program ZSHAPE which we have 
adopted «is the 'canonical, exact' result against which to gauge all other ones. These 
ratios arc given in figure 13. The first thing that becomes clear is that at this scale, of 
a few percent, the two 0{a) programs MUONMC and BREH5 are inadequate. The reason 
for this is completely clear: the lack of exponentiation (or, more generally, higher-order 
QKD effects) forces these programs to underestimate the cross section just below and 
at the top of the pc«ik, while the high-energy radiative tail is overcstirnjitcd by quite a 
lot. Ideally, however, MUONMC and BREM5 should still agree with each other: clearly this 
is not the case but we have decided against trying to bring them into agreement since 
their results are useless anyway. In figure 11 we h.ive magnified the scale of figure 13. 
It is seen that now the program MMGE92 is off the mark on the percent level (we have 
suppressed the useless results of BREM5 and MUONMC in this plot). On the one hand it 
might be argued that the ad-hoc exponentiation as performed in MMGE92 is still not 
completely adequate; on the other hand, however, there are well-known problems with 
the choice of a in this Monte Carlo for which we refer to the description in section 3. In 
fig. 1.5 we have again refined the scale of the plot. Wc are now left with only programs 
that include higher order in QfOD: this plot should be considered as our most stringent 
comparison. The following features arc in evidence: 

2 5AU the pictures in this and the following two sections, as well as all their previous versions were 
prepared by H. Burkhardt. 
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Figure 13: Cross sections of the previous figure, divded by the ZSI1APE result. 
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Figure M: Results of figure 13, finer scale. 
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Figure 15: Results of figure 13, still finer scale. 

• All programs agree with each other and ZSHAPE to within 0.5%. 

• The results of ZBATCH and ZSHAPE arc essentially indistinguishable, as already 
remarked before. 

• EXP0STAR agrees with ZSHAPE to about 0.25%, being always a little bit on the 
High side. 

• The two versions of K0RALZ (with the two different E\V libraries) behave in the 
same way with respect to ZSHAPE , but differ from each other by about 0.25%, 
especially at the high-energy end. 

• HOE is in qualitative agreement with ZSHAPE with a hint of being low at the edges 
and high in the middle of the plot. 

• DYMU2 agrees with ZSHAPE to about the same extent as does M0E . 

• A similar agreement is evident for FPAIR . However, it should be noted that since 
FPAIR is not exponentiated we have compared it not to the exponentiated mode 
of ZSHAPE but to the non-exponentiated, second-order QED mode. This is of 
course not completely fair to the other programs! We have included its results by 
courtesy since an exponentiated version of FPAIR should be availabale soon, with 
a similar agreement to the exponentiated version of ZSHAPE . 

Note also the relatively large error bars from K0RALZ and FPAIR which arc due solely 
to their relatively low speed. 
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4.2.2 T h e f o r w a r d - b a c k w a r d a s y m m e t r y 

After the line shape, the next quantity of interest that our group has looked at is the 
forward-backward asymmetry Am. We have played the same game as before. 

_ Q 4. I l I I I I • I I I I • i I I I • • I • I • I I • • I I I I t • I I I I i t I • I I t I • I 
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Figure LG: The forward-backward asymmetry Apn (parameters as discussed in the text). 

In fig. 16 the forward-backward asymmetry is plotted over the same energy range 
as was considered for the line shape. Again, at this scale the agreement between the 
various programs looks even more satisfactory than that for the line shape. However, 
again, we arc interested in a much finer scale. The choice of a good semianalytical result 
to compare the Monte Carlos with is less straightforward than in the line-shape case: 
there, the program ZSHAPE has been established beyond resonable doubt as the most 
accurately known predictor. For the asymmetry several competing programs exist. The 
programs EXPOSTAR , CALASY , COMPACT all predict some asymmetry under a number 
of Ansatze which arc more or less justified around the peak. The only first-princple 
calculation is that of ZBIZON /HUCUTCOS : however, there the exponentiation is still not 
complete. We have chosen to subtract from all our results that given by CALASY . This 
may not be the ultimate, correct prediction in the sense of ZSHAPE but it allows us. as 
before, to take the gross features of the asymmetry out of the comparison. In the ideal 
case, then, all the programs should lie on the same curve (which may not be a straight 
line at zero). 

It is seen in fig.17 that in the asymmetry case the predictions of the various programs 
are not in such good agreement as in the line shape case. To itemize: 

• The predictions lie in a band of about 1% (absolute) around that of CALASY . 

• Except at the lowest energies, the predictions of both KORALZ and DYMU2 are in 
good agreement with that of CALASY . 
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Figure 17: The forward-backward asymmetry with the results of CALASY subtracted 

• FPAIR appears to be always about 0.6% (absolute) above that of CALASY . 

• MUONMC ,BREH5 and HMGE92 are all too low at the high-energy end. This can be 
understood from the fact that these programs overestimate by some extent the 
high-energy tail, which means that at high energies they admix too many rnuon 
pairs that arc at resonance (with a correspondingly small asymmetry). 

It is clear that it is not very useful to refine the scale of fig.17 as we have done for the 
line shape. We can draw the conclusion that the error on the prediction of Apo can 
probably be of the order of 0.2% (using KORALZ or DYHU2 ), or 0.5% (using FPAIR ). 
The 0{a) Monte Carlos are not doing terribly bad in this case, but we will still have to 
rule them out because of their behaviour in the line shape case. 

4.2.3 The influence of cuts 

In the previous sections we have studied the line shape and the asymmetry under only 
a very loose cut on s'. The reader may wonder of course how useful this is. After all, in 
a realistic experimental situation other cuts, for instance on the energies and scattering 
angles, will be imposed. As already stated before, taking into account more and more 
cuts will make the resulting quantity more and more exclusive and the corresponding 
Monte Carlo error will tend to increase: also, the number of additional possible cuts 
that can be imposed is so large that no particular setup that we could imagine, would 
be universally valid: therefore we have restricted ourselves to this single, very loose cut. 
In order to get an idea for the behaviour of the programs under the influence of this 
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cut, we have plotted in fig.18 Uic effect of this cut on the total cross section, that is, 
the fraction of events left after imposition of the single cut v V > 0.2 x ^/s on an event 
sample corresponding to the complete phase space. 

1 ri i | i i i i | i i i i | i i i i | i i i i | i i i i | i i i i | i i i i | i i { i | i i 
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Figure 18: The fractional effect of an s1 cut on the total cross section. 

What we sec is what was to be expected: there is a differential behaviour of the cuts 
with energy, which is different for different programs. Again, taking the ZSHAPE result 
to be the most reliable (dotted line in fig. 18) wc see the following: 

• all programs show the same qualitative behaviour which indicates nothing more 
than that the cut is sizeable at low energies, relatively unimportant at the peak, 
and grows again at high energies, although not so much as at low energies. These 
qualitative features can be completely explained by considering the amount of 
hard brcmsstrahlung expected in the various circumstances. 

• Somewhat surprisingly, the O(a) Monte Carlo MUONHC predicts the same be
haviour under the cut as ZSHAPE . This indicates that MUONMC in fact does quite 
well in predicting the photon spectrum for hard photons. It is only the total cross 
section at each given energy that is predicted poorly by O(a) programs. However, 
for tighter cuts the situation may be much worse! 

The above picture does not, by itself mean terribly much. It should be taken as an 
indication of the fact that even if the programs agree on totally inclusive quantities 
like the line shape, they may start to disagree when particular pieces of phase space are 
selected: the more exclusive a quantity is, the more disagreement can be expected. 
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4.3 Small-angle Bhabha scattering 
After having discussed muon/fcrmiuii pair production, \vc now have to deal with Bhabhn 
scattering. Lot us start with some qualitative remarks. It is obvious thai Bhabha 
scattering contains the same physics as inuoti pair production: indeed, the s-channcl 
diagrams in Bhabha scattering are identical to those in muon pair production. Con
sequently, one expects Bhabha scattering to behave in a similar way as inuon pair 
production, at least at large scattering angles. At small scattering angles (in this case, 
smaller than, say, 20 degrees) Bhabha scattering is dominated by the QED cfTccts of 
photon exchange in the ^-channel (Coulomb scattering). Therefore, Bhabha scattering 
is from a technical point more diflicult (but also more challenging). Experimentally, it is 
of course more difficult to separate the interesting weak effects (even at the Born level) 
from the not-so-intcresting QK1) effects in Bhabha scattering than in muon pair pro
duction, even at resonance: note that the fact that the Bhabha cross section is always 
larger than the muon one is no help since for the larger event samples the experimen
tal error due to statistics is also growing (as the square root of the sample size itself). 
Nonetheless it seems to be feasible to use Bhabha scattering as a quite good probe of 
the properties of the /?. One nice way to proceed would be to use the fact that at 
fixed energy the relative contributions ofQEI) and Z exchange vary with the scattering 
angle, and so a study of these effects is possible without the point-to-point luminosity 
uncertainty entering: indeed, a kind of 'line-shape scan' at fixed energy seems to be 
possible [l]. 

A drawback of the complications due to the /-channel exchange is the apparent 
fact that Bhabha scattering has not, in recent years, been receiving an amount of 
theorists' attention in proportion to that given to muon pair production. This is of 
course understandable, since when one can not write even the total cross section in a 
simple form, it becomes harder to get a good qualitative feeling for the various effects of 
higher-order clectroweak phenomena and so on. Nevertheless it has lead to a situation 
where at p resen t t h e t h e o r e t i c a l information on Bhabha scattering is really 
i n a d e q u a t e . In particular this can be seen from the situation in the Monte Carlo field 
which we shall now discuss. 

Let us first present an inventory of the programs relevant to Bhabha scattering at 
1.EP100. 

• BABAHC: this is the only stand-alone Monte Carlo for Bhabha scattering in our 
set. It is in principle valid for all experimental setups where both electrons scatter 
over a nonzero angle (this minimum angle can be put to a few millirad.ia.ns without 
problems). However, it is only 0(a) and is therefore not reliable at large angles. 
Moreover, as already said before, the QCD corrections arc absent in the width. 

• OLDBAB : this is a pure QED generator, written originally for P E T H A / P E P en
ergies. The Z is not implemented adequately, only the 7 — Z interference being 
present in the original version, and that only at the Born level. At small angles, 
however, where QED dominates anyway, it is still considered to be reliable enough. 
This program is also 0(a) only. 

t HOWLEEG is an exponentiated update of OLDBAB , where ad-hoc exponentiation as 
in MHGE92 has been used, and the effects of the Z put in more realistically. 

• BHLUHI is a program written specifically for small angles and luminosity measure
ments (hence the name), and aims at including full-scale YFS exponentiation. No 
Z effects are implemented at all. 

http://millirad.ia.ns
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• TEEGG is a second-order program specialized to situations where one of the elec
trons can scatter over zero angle: this is important to for instance neutrino count
ing background studies. No exponentiation is included, and of course no Z ex
change. 

As one can sec from this list, the overlap between the various programs is quite limited! 
No scmianalytical program is present, because no calculation? of a quality comparable 
to that of ZBATCH / ZSHAPE is known to us at present (a recent attempt in this direction 
is described in [2]). Again, this should be seen as a. lack of cfFort on the theoretical side. 
We have drawn the following conclusions: 

• It is not useful at the moment to make any comparisons of programs at large angles. 
Even good agreement between BABAMC and the programs in [3] would only mean 
that we can get a consistent prediction, but we know already in advance that it 
will be the wrong one. 

• It is useful to make comparisons at small scatcring angle: there, we have a few-
programs that should in principle agree (BABAMC , HOWLZEG , and BHLUIII ). The 
other two programs arc not considered in that comparison: the results from OLDBAB 
arc identical to those ofHOWLEEG in its non-exponentiated mode (it being the same 
code), and TEEGG is extremely inefficient to use in a setup where both electrons 
have to scatter over at least a few milliradians. 

• Tn order to be consistent, we have to decide cither to switch off the weak sector in 
BABAMC , or argue that at small angles the Z effect is indeed negligible. 

Concerning this last point, there is not much of a problem, except the following observa
tion: in a stand-alone Monte Carlo like BABAMC , one has to be quite careful in switching 
off the weak sector. The reason for this is the following. In stand-alone programs, the 
usual input parameter is the Z mass: given that, the program computes the II' mass, 
s i n 2 ^ , and the couplings of the fermions to the Z. For simplicity restricting ourselves 
to the Born relations between these quantities, we have the following expression for M2

V 

and sin 2 9W: 

Ml- = 

• i n ' » . = i ^ l - ^ j , (124) 

where A is the famous number 37.281 GeV. One could envisage letting the Z mass Mz 
go to some very large value, in order to supress Z exchange. In doing so, however, the 
usual initialization of stand-alone programs would lead to 

All- ~ Ml - A' , 
A7 

s'm79w ~ —y — 0 , (125) 
J\J z 

with the result that when Mz —• oo, the couplings of the Z to the fermions also go to 
infinity: the resulting effect of the Z exchange would then go to a constant value. In 
order to suppress the weak effects by a factor F it is therefore necessary to replace Mz 
by F x Mz, and at the same time A by F x A, in the code. Some additional care is 
necessary for the efTccts oCthis on the weak effects, and in particular for the self-energy 
and boxes with Z exchange. In the limit Mz —* oo these effects will contain a factor 



log 2(jUz), and tlic total effect of 'switching off the Z is therefore expected to go as 
log 2 ( /Uz)/ iU| in the one-loop corrections. This is quantified in table 2G. In table 2(j 
we have computed the cross section at 92 GeV, between 3 and 6 degrees, for a number 
of values of Mz. Given arc the resulting values of M\v, sin 2 9W, the Z width, and the 
Horn and first-order corrected cross section, together with its error, all in nanobarn. It 
is seen that the effect of the Z in this case is at most about 10 - ' 1 of the cross section: we 
conclude that at these small angles we do not have to worry about the Z effects even 
including radiative corrections. Note also that when the Z mass becomes really large, 
the results become numerically unstable (this can be traced to enormous cancellations 
in the radiative corrections). 

Mz M\v s i n 2 ^ Tz fo V\ error 
92. 80.74 0.2298 2.3074 33.6077 33.1427 0.0272 
1000. 873.0 0.2378 27.12 33.6011 33.0392 0.0225 
10000. 8660. 0.2489 200.5 33.6010 33.0400 0.0225 
30000. 25898. 0.2548 765.1 33.0455 33.0455 0.0225 
100000. 85929. 0.2G1G 2190. 33.6010 33.0686 0.0224 

Table 26: The effect of 'switching off the Z' as discussed in the text. 

Let lis now discuss the results of our comparisons. Wc have decided on the following 
set of experimental parameters: 

• The energy is not very important in this case, since no resonant structure appears: 
in the following results, we have varied it between 88 and 96 GcV, as in the rnuon 
case. 

• The values of the various weak parameters (-^top Hig^s) a r c a ' s o irrelevant. 

• The e + e~ were required to come out with an energy of at least 0.5 x Eb: this 
was necessary since this cut is built into BHLUHI (and this caused quite a deal of 
confusion at the start!). 

• For the scattering angles of the e + e~ we have taken two sets of restrictions: 

C u t 1: Both particles must come out between 10 and 100 rnrad (a reasonable mimick 
of most LI'JP luminosity monitors); 

C u t 2: One particle at least must come out between 10.5 and 99.5 mrad: when this 
is the case, the other one can be produced between 10 and 100 mrad. 

The motivation for the second cut is, on the one hand, that it allows for better 
control over systematic errors due to small errors in the vertgx position, and on the 
other hand the hope that higher-order QE1) effects can be brought under better 
control (this is dealt with at length in Appendix 3 of this contribution). 

In tables 27 to 30 we present the results of respectively the Born prediction, BABAHC , 
HOWLEEG , and BHLUHI . 
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^ Cut 1 Cut 2 
88 1332.4 1207.4 
90 1274.2 1154.4 
92 1218.6 1104.2 
94 1166.4 1056.8 
96 1118.8 1013.6 

Tabic 27: The results in Born approximation, in nb. 

v ^ Cut 1 Cut 2 
88 1302.93 ± 0.75 1205.43 ± 1.05 
90 1245.92 ± 0.72 1152.69 ± 1.01 
92 1192.19 ± 0.68 1103.04 ± 0.96 
94 1141.08 ± 0.66 1055.62 ± 0.92 
96 1094.25 ± 0.63 1012.61 ± 0.85 

Table 28: The results from BABAHC , in nb. 

NA Cut 1 (No cxp) Cut l(cxp) Cut 2 (No expï Cut 2 (exp) 
88 1302.88 

± 0.53 
1301.08 
± 0.37 

1206.34 
± 0.49 

1200.39 
± 0.3 t 

90 1245.79 
± 0.51 

1244.23 
± 0.35 

1153.59 
± 0.47 

1148.10 
± 0.32 

92 1192.16 
± 0.49 

1190.90 
± 0.34 

1103.87 
± 0.45 

1098.93 
±0.31 

94 1142.25 
± 0,17 

1140.94 
± 0.32 

1057.73 
± 0.43 

1052.99 
± 0.30 

96 1095.09 
± 0.45 

1093.98 
± 0.31 

1014.37 
± 0.41 

1009.56 
± 0.2S 

Table 29: The results from HOWLEEG , in nb. 

V^ Cut 1 (No exp) Cut l(exp) Cut 2 (No exp) Cut 2 (exp) 
88 1299.71 

± 3.02 
1284.08 
± 4.59 

1200.95 
± 2.79 

1186.62 
± 4.23 

90 1234.38 
± 2.89 

1232.99 
± 4,10 

1141.64 
± 2.67 

1137.04 
±4.04 

92 1190.48 
± 2.78 

1178.34 
± 4.43 

1100.23 
± 2.56 

1088.11 
± 4.07 

94 1139.81 
± 2.66 

1127.81 
± 4.04 

1054.50 
± 2,16 

1010.36 
± 3.71 

96 1090.40 
± 2.56 

1093.50 
± 8.50 

1006.91 
± 2.36 

1010.78 
± 7.66 

Table 30: The results from BHLUMI , in nb. 
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From the tables the following observations appear: 

• No resonant structure is, of course, apparent. This means that the radiative 
corrections are to a large extent independent of energy in the Z region. 

• The first-order correction is seen to be quite modest for both Cut 1 and Cut 
2. There is general agreement between BABAMC, HOWLEEG, and BHLUHI as to this. 
The errors in the case of BHLUHI arc slightly larger than for the other programs, 
due to its lower speed and its non-optimal internal weight distribution (as can 
be seen from fig.6). The smallncss of the corrections can in fact be understood 
qualitatively: this is discussed in some detail in appendix 6.3. 

• For Cut2 (the asymmetric case) the corrections appear to be even smaller (i.e. a 
little bit closer to zero) than for Cut 1 (the symmetric case). Also this feature is 
explained qualitatively in appendix G.3. 

• When higher-order corrections are taken into account, as is done in the exponenti
ated modes of HOWLEEG and BHLUHI, the agreement becomes a bit worse: whereas 
HOWLEEG predicts an exponentiation effect at the 0.1-0.2% level, the higher-order 
clTccts as given by BHLUHI arc generally around 1-2%. In view of the smallness of 
the first-order correction it would appear that the HOWLEEG results are more trust
worthy, notwithstanding the fact that the YFS exponentiation built into BHLUHI 
is more rigorous. However, the problem of the magnitude of the higher-order cor
rections in small-angle Bhabha scattering is far from cleared up, and a definitive 
judgment on the quality of the Monte Carlos has to wait till a reliable scniiana-
lytical calculation is available. 

\Yc have presented the results of our comparison also graphically, in figs.19 to 21. In 
all, we have concluded that an agreement below the 1% level exists between the various 
Monte Carlo programs: again, due to lack of a really reliable scmianalytical calculation, 
an 'absolute' calibration of the Monte Carlos of the type that we have been able to 
perform in the case of muon pair production is not yet possible. It should be noted, 
moreover, that this agreement was only achieved after a number of improvements on 
the code were made, to wit: 

• In BHLUHI a cut is imposed internally on the energies of the outgoing e + e ~ : these 
have to be larger than, say, half the beam energy. The effect of this is a lowering of 
the cross section by about 0.5%: unfortunately, this energy cut was not explicitly 
indicated so that it was only applied to the other programs after a degree of 
confusion had arisen. The lesson one should draw from this is that any cut that 
is applied internally should be stated clearly, at least in the program output. 

• Another non-negligible effect is seen to come from the different ways the hadronic 
vacuum polarizatfon was implemented in the programs: again, this can lead to 
0.5% difference in the cross sections that we have studied. This is discussed in 
great detail in appendix 6.2. It shoud be noted that a paramctrization of the 
hadronic photon self-energy in terms of effective quark masses, which is quite 
succesful in fermion pair production, is unacceptable in Bhabha scattering since 
there exists no single set of quark masses that describes well both the s-channel 
and ^-channel vacuum polarization. Fortunately, an excellent paramctrization of 
the vacuum polarization in terms of a few shape parameters is available, and the 
above results were obtained by implementing this formulation in all the programs. 
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Figure 19: Ratios of the predictions of BABAHC, HOHLEEG, and BHLUÎÎI to O(a) , for 
symmetric cuts. 
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Figure 20: Ratios of the predictions of BABAHC, H0WLEEG, and BHLUKI to O(a) , for 
asymmetric cuts. 
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Figure 21: Ratios of the prodictions of H0WLEEG and BHLUHI with and without exponen
tiation, both for symmetric and asymmetric cuts. 
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5 Conclusions and recommendat ions 
In this section, we make an at tempt at formulating our findings, and making a number 
of recommendations. First, let us summarize the accuracy that has been obtained using 
Monte Carlo programs. 

• The line shape of the Z resonance, at least in the case of muon pair production 
(and, ;by inference, that for more general fcrmion pairs) appears to be quite well 
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described by the Monte Carlo programs: the best and most serious programs arc 
seen to agree to an amount which comes close to our original goal of 0.1%. For 
this agreement, exponentiation appears to be essential. 

• The muon forward-backward asymmetry is computed with a slightly larger error: 
generally, an agreement in the order of 0.5% seems to be possible. This may 
be due partly to the fact that at the resonance the interference between initial-
and final-state radiation is essentially absent, at least for the very loose cuts that 
we have made. At both lower and higher energies, larger errors may occur: it 
should be remembered that up to now there exists n o program that includes both 
exponentiation and initial-final-state interference at the same iimt. 

• A differential behaviour of the influence of our s'-cut with beam energy is observed, 
indicating that the details of at least the radiation spectra arc slightly different 
in different programs. Generally, it is observed that programs will deviate more 
and more in their predictions when more arid more exclusive quantities arc being 
studied. 

• The cross section for small-angle Bhabha scattering can apparently be controlled 
to a level of below 1%: this will probably be acceptable for the luminosity mea
surements at LKP100 using this process. The efTcct of higher orders in QED, 
however, seems to be still not well understood under these circumstances. 

It is now time that we make some recommendations, and specify the quality of 
the various programs as we have come to understand them. An amount of educated 
prejudice is of course unavoidable in such circumstances: however, we believe that the 
following remarks can fairly be made. 

• For fcrmion pair production, the 0(a) Monte Carlos are seen to be hopelessly 
inadequate, and we recommend not to use them for studies of the line shape and 
related topics. However the program BREH5 may still be useful since it allows 
switching between various fcrmion types, and could in principle be used to study 
differences between different quark flavours in hadron production. 

• The program MHGE92 is a little better at describing the total cross section, but 
falls short of the mark. It can not be recommended for that reason. However, 
since it is fast and short it can be used for studies aimed at obtaining a qualitative, 
rather than quantitative, undestanding. 

•• The HOE Monte Carlo, is potentially very interesting, since it applies most fully the 
technology of structure functions. Since, however, the presently available version 
does not generate fcrmion monenta we can not recommend it for studies that 
involve the fcrmion angular distribution, like that of AFB-, 

• The program FPAIR is potentially very good, since it contains an exact treat
ment of the first two orders of perturbation theory for the initial-state radiation. 
However it can only be considered a serious candidate for precision physics when 
exponentiation has been included. Also the speed of the program could be im
proved upon. 

• DYMU2 has a lot to recommend it: it is quite fast and elegant, and lends itself very 
well to comparisons with other programs and semianalytical results. However, 
since it is a QED dresser it can of course not be the final answer for precision 
physics. It will mainly be useful for quick fits of line-shape formulae and the like. 
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• The program KORALZ appears to be the most complete Monte Carlo to date. 
Criticism involves mainly its size and speed. These, however, may be not very 
important, certainly when a full detector simulation is added to the radiative 
correction simulation. On the other hand, the appearance of two (incompatible!) 
clcclrowcak libraries can be interpreted as a weakness: it should certainly be 
established soon which of the two gives incorrect answers. 

» Where large-angle Bhabha scattering is concerned, we can be short: there exis ts 
no a d e q u a t e M o n t e Carlo program. We like to stress again that this should be 
considered the most dramatic gap in our understanding of radiative corrections at 
IiEI'100. The only generally available program that includes the full weak effects 
is BABAHC , but that is not expected to do better than its sister program MUONMC 
docs in the muon pair case, i.e. not good at all. 

» For small-angle Bhabha scattering the situation is somewhat better, since most 
available programs give compatible results. From the point of view of including 
higher-order corrections both HOHLEEG and BHLUHI should be superior to OLDBAB 
which is only 0(a) . At this moment, the higher-order effects in HOHLEEG look 
a bit more reasonable than thos in BHLUHI : however, when more information 
becomes available, BHLUMI may turn out to be the correct one after all. BHLUMI 
has as its main disadvantage its low speed. In the intermediate-angle range of 
around 10 degrees, BABAHC can probably be trusted if it is used carefully. 

This finishes our quality assesment of the Monte Carlos. Again, we like to stress that 
an amount of personal taste is involved here in addition to more objective criteria: 
moreover, with an update of any of the programs mentioned, like the release of a muon-
generating version on HOE or the implementation of exponentiation in FPAIR , the whole 
picture may change. 

Let us finish by making a number of recommendations of subjects that, in our 
opinion, need to be studied further. In order of increasing importance, these arc the 
following. 

• The whole field of four-fcrmion production, which we have hardly discussed in this 
report, is in much worse shape than we would like. The only available programs 
that can generate all possible event topologies appear to be quite slow, and com
parisons are very difficult. A good and fast Monte Carlo for these processes would 
be very useful, at least for the studies of many background processes to interesting 
physics. 

• From the theoretical point of view, a lot of development is still possible, and would 
be very useful, on the theory of exclusive exponentiation as pioneered by Jadach 
and Ward, and (maybe to a lesser extent) on the theory of structure functions. 
This is closely related to the next item: 

• The interference between initial- and final-state radiation may be small at the top 
of the Z resonance but it is imperative that we be able to exponentiate it on an 
event-by-event basis. The present situation, where exponentiation and interference 
are imcompatiblc, is highly unsatisfactory. 

• There is an urgent need for a much belter analytic and algorithmic understanding 
of Bhabha scattering. Without this, one of the potentially most useful processes at 
LEP100 will be measured to a much higher accuracy than that it can be predicted 
with! 
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6 Appendices 

6.1 A remark on the influence of the pseudorandom number 
algorithm on the quality of distributions 

The importance of the (pscudo) random number generators for E\V Monte Carlo simu
lation can not be emphasized too much. Here, we wish to illustrate this importance as 
we have seen it in the development of our Monte Carlo realizations of the Y F S method 
in the programs YFS2 and BHLUHI . 

Specifically, in the multi-photon Monte Carlo methods which we have developed, 
complicated distributions are reduced to those of the uniform ones on (0.1) in such a way 
that the desired distribution may be recovered by the rejection method. The resultant 
uniform distributions arc then realized via the (pseudo) random number generators on 
the attendant machine. Such generators then allow us to realize the simplest phase 
space values, such as the azimuthal angle of a 4-niomentum via 

^ = RN * 2D0 * PI, (126) 

where RNe(Q, 1) is a random number, distributed (hopefully) uniformly in (0,1), or the 
more intricate Poisson distribution of photons via r,e(0,1) with 

N 
rt/v+i = - X > g r , - , l < N < n - l , (127) 

i 

where n-1 is the value of N for which RN+2 first exceeds h — 0 \og{c/Kmax), for 3 = 
(2tt/7r)(log -*7 — 1), where e is the total energy in the n photons whose energies A*,- are 
given by k\ = ee*'/He*> if 

z{ = loge - (loge - log Kmax)Ri/h . (128) 
Here, it is understood that the requirement kn > Kmax must itself be imposed at the 

end of the generation step for these £,-. Thus, what quality of (pseudo) random number 
we require is dependent on the distribution it is to be used to generate. 

Specifically, since we have removed the large variations in the matrix elements 
squared in YFS2 and BHLUMI to rejection steps or by changes of variables, the qual
ity of the random number source in (12C) is not so crucial; any reasonably random 
number sequence, such as RNDH, will suffice. For the r,- in (127) the situaaon appears to 
be somewhat different. Indeed, any deviation of r,- from strict uniformity in (0,1), let us 
call it 5,-, will correspond to a deviation of our n photons from the desired Poisson be
havior. This may lead to weight fluctuations of an undesirable amount: for the weights 
arc computed assuming the n photons are Poissonian. It is natural then to look into 
the quality of the available (pseudo) random number sequences. 

Accordingly, in table 31, we show some simple tests we have made on RNDM and the 
more modern RNFIOO(M), with H=-7. We ask for the number of calls .V out of Ar calls 
for which the generated random number exceeds .5, for ever increasing values of A* for 
RNDM. 

We see that the excess over ^N is an increasing function of .V; for 10' calls, 6RHDH = 
1.67x10"''. In comparison, we show that after 357,002 calls, 5RHFIOO = 1.12x 1 0 - 5 . Hence, 
the RNF100 sequence would be expected to produce a much better representation of the 
distribution in (127) than would RNDH. And, indeed, by substituting FJIDM for RNF100 
(and its equivalents) it has been observed [I] that the frequency of unusual weights in 
BHLUMI 1.1 is noticeably higher for a complete use of RNDM as compared to a mixed 
use of RNDM on simple distributions like (6.1) and RNF100 on complicated distributions 



no. of calls RNDM RNF100(-7) 

10K 5059 
100K 50,302 
1000 K 500,321 
10'K 5,000,833 

357,002 178,503 

Tabic 31: Number of pseudorandom numbers larger than 0.5 for various sample sizes. 

like (127). It should be noted, however, that it is quite easy to produce different runs 
of RÏÏDII that are more evenly distributed: an amount of luck seems to be important, 
indicating that the subtleties in the interplay between the random number generator 
and" the resulting distributions are not at all well understood even in this relatively 
simple case. In fact, the above discussion should be considered a warning rather than 
a demonstration. However, it is clear that, in all Monte Carlo work, users should not 
substitute for pseudo-random number sequences in complicated programs without the 
consultation of the respective program «authors. The quality of the (pseudo) random 
sequences varies. 
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6.2 Note on the implementation of vacuum polarization 
An important part of the virtual electroweak corrections is due to fermion loops that 
modify the boson propagators [1]. In particular the correction from the photon self 
energy is rather large and equivalent to a change of the QED fine structure constant 
a from its low energy value to the LEP energy scale by about 6 %. The rcnormalized, 
gauge invariant fcrmion part of the photon self energy can be written as: 

P{>,™) = I - i ± ^ F ( - l m ) m ) , (129) 
o s 

with 

. , ,m\ — ml m? + mî., mi HT R — T ,,„«x 

s m[ — ni2 mi s R + T 

and 

R = \Js — (mi + m 2 )
2 

T = sjs - (m t - m 2 ) 2 . (131) 

Both R and T can be real or imaginary. Nc is the number of colors (3 for quarks, 1 for 
leptons). IL^ has an imaginary part if s > (mi + m 2 ) 2 through log(—|x|) = log |x| + iir. 
Since mi = m 2 in the photon self energy, the function F can be simplified to 
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F(s,m,m) = 2 + £ log 

0 = f ^ - • (132) 

For \s\ > m 2 (in the limit \0\ -> 1) we get 

/ >a Symp.(«,m) = - - + l o g ^ - — ) . (133) 

For Mz = 92 GeV, we find from the full formula: 

P{-Ml,mr) = 6.2213 
P{Ml,mT) = 6.2168-0.99999915 I T (131) 

«and from the a s y m p t o t i c formula : 

P(-Ml,mT) = 6.2191 
P{M2

z,mT) = 6.2191-tTT (135) 

We sec that the approximation is correct to better than 4 • 1 0 - 4 . Due to.their smaller 
masses, the e,/i arc approximated even better. We conclude, that the asymptotic for
mula is sufficient to calculate the e,fi,r vacuum polarization in the s-channcl at Z-
encrgics. 

Luminosity determination relies on small angle Bhabha scattering that is dominated 
by t-channcl exchange with much lower four momentum transfer. At Z-encrgy and 20 
mrad scattering angle for example, wc have t = — £(1 — costf) = — 0.01 : s ss — 1 GeV 2 . 
The results from the full and asymptotic formula for P(s,m) are now very difTcrcnt: 

/>(-(0.01 Mz)\mr) = 0.0608 , 
/ W m p . ( - ( 0 - 0 1 M z ) 2 , m T ) = - 2 . 8 2 4 . (136) 

A number of programs (for example OLDBAB and BHLUMI ) made incorrect use of the 
asymptotic formula in all cases in a function REPI . This resulted in an underestimate 
of the Bhabha cross section by about 0.5 % at small scattering angles. To correct this, 
wc changed REPI to use the full expression for P(s,m) in case \s, l\ < ](i3 m 2 . 

Let us now turn to the contributions from light quarks (u.d,s,c,b). It is known, 
that this contribution to the hadronic vacuum polarization is best calculated using 
a dispersion integration with as input the experimentally measured cross section of 
e + e ~ — hadrons [2]. The result in the s-channcl at Mz is 0.0288 ±0.0009 and 0.00376 ± 
0.00016 at t = — 1 GeV'2. There is a simple paramctrization that approximates the 
dispersion result well in the whole t-channcl, and in the s-channel above the T: 

II 7 7(.s) « H 7 7 ( - 0 « A + B log(l + C s) , (137) 

where the values of „4, B and C arc given in table 32. This paramelrization is available 
in program form and easy to interface. The imaginary part is calculated using the 
experimental cross sections in the relation I m l l 7 1 = —i*/?exp-

We found that many programs use instead the same formula for quarks and leptous. 
By tuning of the quark masses this can lead to the correct result, but only in a very 
restricted energy range. The original PIG routine for example, that was used to calculate 
the vacuum polarization in programs like MUONHC and BABAHC used mv = 0.032, m d = 
0.031, m, = 0.15, m e = 1.5, and r«t = 4.5 GeV which results in a value of 0.02919 at 
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Paramclrization for I l 7 7 from u,d,s,c,b quarks 

y/\s\ ( GCV) A B C 

0.0- 0.3 0.00000 0.00835 1.000 
0.3- 3.0 0.00000 0.00238 3.927 

3.0 - 100.0 0.00165 0.00299 1.000 
100.0 - oo 0.00221 0.00293 1.000 

Table 32: Paramctrization of the vacuum polarization. 

.5 = M}, that is compatible with the dispersion result. At t = - 1 GcV 2 , on the other 
hand, \vc get a (u.d.s,c,b) contribution of 0.00711 which is almost twice the dispersion-
integral result and which leads to an overestimate of the small angle Bhabha cross section 
by 0.7 %. To correct this, we wrote a new version of PIG that uses the paramctrization 
given above. 

The results of REPI and PIG for the lepton plus hadron vacuum polarization arc now 
identical and the agreement of the results of various Bhabha programs was substantially 
improved. REPI has been written for pure QED programs to be used at effectively smail 
energies (like small angle Bhabha scattering). Only the real part of I l 7 7 is needed in 
that case and the top and W loops can be neglected. PIG instead gives the full complex 
result including top and (gauge dependent) W contribution. At ^fs = Mz = 92 GcV 
and for Msv = 80.7-1 GcV, mtop = 60 GeV the result of the full PIG is therefore slightly 
modified to a value of 0.06005. The imaginary part remains unchanged (note that we 
arc below the pair production threshold for either Ws or top quarks). 

Results for the e,/i, r + u,d,s,c,b 

vacuum polarization 
s,t [GeV 2] RcII-r, Imlï 7 7 

-(92.0) 2 0.0602-1 0.00000 

-(50.0) 2 0.05375 0.00000 
-(10.0) 2 0.03677 0.00000 

-(1.0) 2 0.01653 0.00000 

(2.3)2 0.02222 -0.01143 
(6.0)2 0.03073 -0.01690 

(10.0)2 0.03617 -0.01618 

(92.0)2 0.06024 -0.01665 

Table 33: Values of the vaccurn polarization for several Q2 values. 
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6.3 Magnitude of corrections in small-angle Bhabha scattering 

In this appendix we want to give a qualitative discussion of the magnitude of the various 
radiative corrections to be expected in small-angle Bhabha scattering. For some time 
there has been discussion of the question of whether the corrections fo the Born cross 
section at very small scattering angles arc actually large or not, and if they are large, 
whether higher-order corrections and exponentiation are needed to obtain reliable pre
dictions. For a discussion of the relevance of this point to the situation at the SLC, see 
for instance rcf.[l]; the present discussion is in fact an extension of the one presented in 
[2]. First we shall discuss the situation for the 'symmetric cuts'/'full acceptance' case, 
and after that the case of'asymmetric cuts ' / ' restricted acceptance'. 

Symmetr ic cuts 

For definitivencss let us consider a luminosity monitor setup, where each of the e + e ~ 
is required to have a scattering angle between some 0 m j n and 0max- 1° the Markll 
experiment at the SLC the following values arc relevant: In the so-called Small Angle 
Monitors (SAM), 0m\n = 50mrad and 0 m a x = HOmrad, and in the so-called MiniSAM, 
<?rnin = 15rnrad and #max = 25mrad. The SAM values seem to be more or less what 
the LEP experiments have, as well. 

In the calculation of radiative corrections for such a setup one will have to take these 
angular restrictions into account very carefully, since the cross section peaks enormously 
at these small angles, the total Born cross section being given by 

^ 8JTO^_ / 1 1 

s \\-cos6mm l - c o s 0 m a x 

A first estimate of the total radiative correction could in principle be otained from the 
observation that under the above-mentioned angular cuts the e+e~ pair is required to 
have an acollincarity angle of at most #max — ^min- ^ u r s r n a l l values of #max this is 
indeed a small angle! As mentioned in scc.2.2.1, an acollincarity can be translated into a 
number for the bremsstrahlung energy: a single brcmsstrahlung photon with an energy 
E-, = kE\iQ&m can generate an acollinearity angle between the outgoing e + e~ of about 
k radians. This means that for the SAM setup, a photon with energy k ~ 0.09 can 
generate an acollincarity which puts the e + e ~ outside of the acceptance, and for the 
MiniSAM a photon with energy k ~ 0.01 can do the same. If we interprète these values 
as an upper limit on the brcmsstrahlung energy, we can use the result in scc.2.2.1 for 
the correction to write 

^ ) ~ 4 ^ 1 o g ( ^ ) - l + 2 1 o g t a n ( ^ ) j l o g ( i 1 ) , (139) 

where ky = (0 m ax — ^min)' s o * , n a ' ; a correction of about -35.A% results for the SAM, 
and -57.3% for the MiniSAM! Admittedly these are only the approximate values based 
only on the terms with l og t 0 , but they would certainly indicate that the first-order 
correction is big and higher orders are essential to a precise prediction. 

Fortunately, the situation is not that bad in reality. As mentioned in our discussion 
of Bhabha scattering, and also indicated in [3], at small angles the correction is actually 
quite small! We shall now discuss how this seeming discrepancy comes about. 

The estimates made above rest on the assumption that the values of E^ obtained 
from the acollinearity argument are indeed valid indicators of the maximum brems
strahlung energy loss that is allowed. However, one should realize that this argument 
concerns only the maximum acollinearity that can be generated by a photon of a given 
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energy: this maximum acollincarity obtains when the photon is generated at right angles 
to both the outgoing electrons (in the limit of small acollinearity). When the electrons 
arc scattered over small angles, this implies that the brcrnsstrahlung photon, in order 
to generate its maximum acollincarity, has to be emitted at more or less right angles to 
all the charged particles in the process - a very improbable event, since we know that 
the photons go preferentially along one of the charged particles. Stated differently, the 
limits of 0 . 0 9 £ ' ^ e a m and 0 . 0 l ^ j , c a n i arc in fact only limits on that piece of phase space 
where the photons can be emitted isotropically. In order to compute the actual total 
cross section, we will have to add the contribution from the phase space regions where 
the photon can be emitted only in certain directions. This region has a complicated 
shape (see, for instance, the well-known discussions in [4]), but here we can do with a 
more qualitative treatment. Lot us consider the most important contributions. 

When the photon is emitted along one of the outgoing e + e ~ (this is called 'final 
slate radiation' in the jargon, although in the case of Bhabha scattering this concept is 
not strictly gauge-invariant and should be avoided), there is obviously no acollincarity 
generated: hence, since the outgoing system of (electron 4- photon) is not well distin
guished from a single electron in the relatively unsophisticated lumuinosity monitors, 
the actual limit for 'final-state radiation' is close to 1 instead of 9ma,x

 — ^min-
The case of radiation along the incoming beams ('initial-state radiation', with the 

same caveat as above) is more complicated, since such a photon docs indeed generate 
a nonzero acollinearity for the outgoing e + e~ pair. There is, however, a little-known 
but useful relation that we can apply. If we denote the scattering angle of the e f by 9+ 

and that of the e~ by 9- (so that both arc close to 0 in our case), and we assume the 
photon to be along the incoming e+ direction, the photon energy is determined by the 
two scattering angles: 

tan(fl_/2) 9. 
k = l ~ i^?J2) ~ ^ ' ( l 4 0 ) 

where the first equality is exact at all angles (for m e ~ 0) and the second holds in 
our small-angle case 2 4 . Obviously, when the photon is produced along the incoming e~ 
direction, we have to interchange 8+ and 0_. This means that for 'initial-state radiation' 
the photon energy is limited not by k = ( 0max-0 m i n ) o u t rather by (^max-^ m in ) /^max, 
i.e. about 0.61 for the SAM, and about 0.-1 for the MiniSAM. 

For the 'interference between initial- and final-state radiation' a simple limit can not 
be obtained. However, we know that its contribution comes mainly from those photons 
that are emitted 'inbotwccn'_thc incoming and outgoing particles: in the small-angle 
case, that means those photons will have angles between zero and 9+ or 9— It stands 
to reason that their energy will be limited by a number between 1 — 0 m in/^"iax a » d 1: 
let us take 1 - 0 m i n / 0 m a x a s a conservative upper limit. 

All other photon directions are of course possible, with the limit on the energy 
decreasing as the angle increases, until the abovernentioncd value of 0max — ^rnin 1S 

reached at 90 degrees. However, as we have tried to make clear, ike effects of these 
photons are not related to any of ike large logarithms in Eq.(139). Therefore they can 
not alter the qualitative picture presented here. 

We sec that to the correction 8^\ which in fact represents the 'isotropic' correction, 
we have to add at least the following, 'anisotropic' correction: 

**> ~ >f ( ( M ^ ) - i) io 8 ( i ) + (log(^) -1) M^) + 4togu.(|)i<*(£)) . 
(Ml) 

2 1 This relation can easily be derived from the transverse and longitudinal momentum balance. 
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where Ara == 1 — 0 n un/^'" a x> n n ( i the separate contributions from 'initial-state radiation', 
'final-state radiation' and the interference can be recognized. For the SAM this addi
tional correction amounts to +33.6%, for the MiniSAM about +55.8%. The results are 
summarized in table 34. It is seen that the isotropic and anisotropic corrections cancel 

0m i n(mrad) 0m a x(nirad) *1 * 2 $(!)(%) 5(2)(%) 

50 MO 
15 25 

0.090 0.6-13 
0.010 0.010 

-35.36 +33.63 
-57.33 +55.79 

Table 34: Isotropic and anisotropic corrections in small-angle Bhabha scattering (ap
proximate). 

almost completely. We conclude that the resulting corrections arc by no means so large 
and negative as suggested by (139). Of course, a realistic number can only be obtained 
by including all nonlcading (i.e. infrared-finite) terms, but the arguments presented 
here indicate that in small-angle Bhabha scattering the terms with log(E,), which arc 
so important in large-angle pair production, arc essentially absent! The fact_ that the 
realistic correction at small angles comes out to be small and positive should therefore 
not come as a surprise. 

A s y m m e t r i c cu t s 

Let us now consider the case of asymmetric cuts. The motivations for such a setup have 
been discussed for instance in [I]: it is well-known that when the scattering angles be
come very small, uncertainties in the position of the vertex (and, at the SLC, for instance 
a possible imbalance in the beam momenta) may lead to a situation where a Bhabha 
pair is produced back-to-back in its CM frame, but nonetheless a small acollinearity is 
faked because of the kinematics of the beams. In that case, it seems better to employ 
acceptance criteria like the following: an e + e " event is accepted if one of the electrons 
comes out between 0 , n i n and 0max : if this is satisfied, the other one can come out 
betwccn,say, 6m-in - 6 and 0 m a x + 6 where 8 is a small angle, of order 1 mrad or so. 

An idea of how the radiative correction will behave under these circumstances can 
be obtained by again looking at Eq.(140). It is seen that if the photon is emitted in 
the direction of the incoming (and outgoing) e + , the scattering angle of the e + will 
have to be larger than that of the e", and vice versa. This we can translate into the 
following picture: 'originally', the Bhabha pair is produced at some angle 0_: the e + 

(incoming and outgoing) emits the photon: if this happens to go out at zero degrees 
the e + has to make up for its energy loss by 'taking on' a larger scattering angle, so 
that the transverse momentum is balanced. Admittedly, this is a naive chronological 
and Ideological picture, but it helps us to understand what in fact is going on: since 
most events are produced at as small a scattering angle as the cuts will allow, emission 
of an 'initial-state radiation' photon will tend to kick the e + or e~ to larger scattering 
angles, hence deeper into the acceptance region! In fact, the name 'restricted acceptance' 
(which has arisen historically because of other reasons, which we shall mention below) 
should rather be 'enlarged acceptance': obviously, the Born cross section inside the 
restricted acceptance contains only events with both scattering angles (back-to-back!) 
between 9m-m and #max- Upon the emission of bremsstrahlung , we have to add to these 
events those that were 'originally' produced at 8m-m - <5, and where one of the outgoing 
electrons has been 'kicked' by the above-mentioned effect such that its scattering angle 
has become just 0 m ; n or larger. As has been stated above, the- radiative correction 
where both e + and e~ arc inside (0 m i„ ,0max) is essentially zero, or at least very small. 
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Therefore, the radiative correction for the restricted acceptance is made almost entirely 
of these 'spill-over' events. Since these events 'originally' come from scattering angles 
around 0 m i l , - 5, where the cross section is again much larger, the amount of 'spill
over' can be quite sizeable. 1'hercfore, one expects in this case a positive correction, 
which grows with increasing 5. It has been estimated [5] that for 0 m ; n = 20 mrad, 
0m<ix = 90 mrad, and 5 = 10 mrad, the correction could be as large as +20%. In 
practice at LEP, one will probably use a smaller value for 6 of about 0.5 or 1 mrad, 
in which case the correction is quite small. However, suppose that 8 is not so small, 
and the correction is largish: would one then have to exponentiate? The answer to this 
question is not completely clear yet, as no higher-order calculation exists for this case, 
but one should keep in mind that the original, YFS exponentiation scheme is valid for 
infmilcsimally soft photons: this is reflected in the fact that exponentiation is supposed 
to be a good idea when soft photon effects are the most important ones, i.e. when the 
radiative correction is large and negative. On the other hand, in the present case the 
correction is large and positive, and the photons that cause it arc very explicitly nol 
soft indeed, their energy (in units of #hoam) c a n ^ e comparable to Q2/sy where Q2 is 
the momentum transfer in the exchanged virtual photon. It is not clear at all that the 
original exponentiation procedure can go through under such circumstances. It appears 
that if the correction is large and positive as in this case, only a rather complete 0(a2) 
calculation can give a reliable answer. 

A second motivation for restricting the acceptance is the following. If one looks at 
the angular distribution in some detail, one will notice that close to the edges of the 
acceptance there appears an 'edge effect': this is illustrated in fig.(22)25. This edge effect 
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Figure 22: The angular distribution in small-angle Bhabha scattering, normalized to 
the Born result. 
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is of course due to events that were very close to the edge of the acceptance, and where 
breinsstrahlnng has kicked one of the electrons outside. It has been known for a long 
time that when such very small acollinearity angles arc involved, first-order perturbation 
theory may not be reliable [1]. Ft is then hoped that by making a fiducial cut on one 
electron angle one suprcsscs this edge cITect to some extent: hence the name 'restricted 
acceptance'. One should, however, realize the following: if events are 'dangerously' close 
to the edge of allowed phase space, so that a very soft 'second-order bremsstrahlung 
photon can make the difference between an event being accepted or not, it is of course 
the smallest of the two scattering angles that one should look at: if a photon would 
by coincidence kick an angle towards smaller values, this is the angle that would most 
easily end up outside the acceptance. In fig.23 we have plotted the minimum angle 
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23: The distribution of the smallest scattering angle, normalized to the Born 

of the two possible ones. In this plot, no edge effect appears. It therefore not to be 
assumed straightaway that restricted acceptances arc necessary to get the higher-order 
QED corrections under control (of course, the above-mentioned experimental problems 
will still necessitate the use of restricted acceptances). 

We arrive at the following tentative conclusions: 

• In small angle Bhabha scattering, symmetric cuts generally lead to a radiative 
correction that is very modest (as borne out in the discussion on the program 
results). No real need for higher-order calculations is apparent, at least in view of 
the experimentally feasible precision of luminosity measurements. 

• If a resticted acceptance is used, the correction will generally be positive, and if 
the restriction angle S is not too large, it is expected to be modes;. 



• Restricted acceptances do not seem to be essential to moderate the effect of higher-
order QED corections: at any rate, if higher-order effects do appear to be impor
tant, it should not be taken for granted that they can be approximated by YFS 
exponentiation. 

References 

[1] P. Rankin, in "Radiative corrections for e + e " collisions", Proceedings of tiie 
Jlingbcrg Workshop, April 3-7, 1989, II. Kiihn, ed. (Springer Vcrlag, 1989). 

[2] R. Klciss, ibidem. 

[3] F.A. Bcrends, R. Klciss and W. Hollik, Nucl.Phys. B301(1988)335. 

[1] F.A. Bcrends, K..I.F. Gaemcrs and R. Gastmans, Nucl.Phys. B68( 1971)511. 

[5] YV. dc Boer, private communication. 

6.4 Possible limitations to the structure-function approach 

In the main body of this report quite a lot of attention has been given to Monte Carlo 
programs in the form of QED dressers that use the structure-function approach. The 
idea behind this approach is that the cross section for a process in which one or more 
photons arc radiated is described by the cross section for the same process rvilhoul 
photon radiation, which is then 'dressed up' with expressions representing the emission 
of the photons by the incoming e + e~ beams. The cross section is typically written as 
something like 

^ l - / ^ l l b l D + ( x i ) D . ( l , ) ^ , ( 1«) 
where the xlt2 are the bremsstrahlung energy (and possibly angular) variables, and D± 
are structure functions describing the emission of bremsstrahlung from the positron 
and electron beam, respectively. The actual cross section is denoted by <x, and the 
nonradiative cross section by <r0. The quantities 5 and s' denote the total invariant 
mass of the system before and after the radiation of the bremsstrahlung , respectively. 
The variables $ stand for any set of phase-space variables decribing the final state, for 
instance the scattering angle of a produced muon pair. The superscript ' lab' indicates 
that the variables (ï> have to be evaluated in the laboratory frame, and likewise 'CM' 
means that the variables are to be evaluated in the ccntre-of-mass frame of all final state 
particles apart from the bremsstrahlung photons . In other words,-in the lab frame we 
have 

p + + p_ = 0 , (143) 

while (if n photons were radiated) we have in the CM frame 

p+ + p- - kv ~ k2 kn = 0 . (Ml ) 

Here, p+ and p_ denote the positron and electron momenta, respectively, and &,- is 
the momentum of photon i. The expression (112) should be understood only as a 
generic one: there are many versions, some of which combine D+ and D_ into a single 
structure function, while others use one structure function for each radiated photon. 
Also exponentiated and non-exponentiated versions occur. All these variations have in 
common that they lead immediately to a simple layout of a Monte Carlo algorithm to 
generate events: 
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1. First the photon variables arc generated using appropriate mappings etcetera. The 
resonant structure of the Z exchange makes in particular the generation of the 
photon energies a quite nontrivial task, with which we shall not concern ourselves 
here. 

2. Secondly, the CM frame is constructed, and the so-called effective energy, namely 
s', is computed. 

3. Finally, the variables $ C M arc generated, according to the nonradiative distribution 
do~$. The resulting four-momenta arc then boosted back to the lab frame 

This type of algorithm has the advantage of simplicity: the : Q E D ' effects (the multi
ple bremsstrahlung) arc nicely separated from the actual 'hard ' scattering described by 
dcr0, in which one can put in as much of the 'purely weak' corrections as is felt to be 
appropriate. In fact approaches like these have been applied for many years already 
in the context of pcrtubative QCJ) predictions for e.g. hadron-hadron collisions, with 
satisfactory results. In the context of precision tests of the Standard Model of elec-
troweak interactions, however, the demands on the precision of such methods arc much 
more stringent than in QCI), and it remains to be seen whether the strategy embodied 
in Eq.(142) can give results that arc precise to the desired level of a few tenths of a 
percent. 

For the integrated cross section o~ it has been shown that (142) holds to arbitrary pre
cision provided the structure function(s) D arc chosen correctly. The various structure-
function results for the Z line shape agree to very high accuracy with a the more 
straightforward computation in [1]. This is in fact not so surprising since the integrated 
nonradiative cross section (TQ(S') is a function of one variable only, and it is of course 
alway possible to factorize such a simple scalar expression. The more subtle problems 
appear when we want to apply (112) to multidifTerential distributions, which is unavoid
able if an event generator is called for. In that case the above-mentioned agreement 
just tells us that one can get the overall normalization correct, but says nothing about 
for instance the angular distribution of the muon pair. 

To illustrate this let us consider more closely steps (2) and (3) of the algorithm 
outlined above. We have to generate, say, a muon scattering direction. To do this we 
need to have a 'beam direction' with respect to which to orient the muon direction. 
Naively this would be the direction of the beams, evaluated in the CM frame. But, if 
the bremsstrahlung photons have any finite amount of transverse momentum . the two 
beam directions arc no longer back-to-back in the CM frame, and the orientation of the 
muons becomes ambiguous. At this point, some authors choose to pick one of the two 
beam directions at random, while others just take the z-axis (assuming the beams are 
along the z-axis in the lab frame). Alternatively, in DYHU2 always the e + direction is 
chosen. In many cases these choices practically coincide since the transverse momentum 
of the bremsstrahlung tends to be small - but for precision simulation it is unacceptable 
to have a possibly small but generally unknown bias in the distributions due to this 
effect. In fact for the case of single bremsstrahlung it has been shown several years ago 
how to deal with this problem [2]: one has to pick either one of the beams, with a well-
defined probability depending (as we shall sec) on the helicity of the bremsstrahlung 
photon. A similar result has also been derived for final-state radiation [3]. 

Let us now discuss to which extent these results can be extended to the case of 
multiple brcmsstrf-ihlung. As we shall see, for double bremsstrahlung with equal photon 
helicitics we can in fact find a rule to choose an effective beam direction similar to the 
above-mentioned one. However, if the two photons have opposite helicity it turns out 
to be impossible to define an effective beam direction such that Eq.(142) holds exactly. 
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This can be shown by applying a simple algebraic criterion. It follows that algorithmic 
approaches arc bound to be non-exact as far as differential cross sections are concerned, 
which in turn implies that also the total cross section under some set of experimental 
cuts cannot be given exactly. 

N o n r a d i a t i v e and radiat ive ampl i tudes 

One can derive reasonably compact forms for the amplitude describing production of an 
(off-shell) boson V in e + e ~ collisions, with up to 2 photons. Since we do not consider 
they way in which this boson decays into a final state (say, a muon pair) we keep a 
free Lorentz index /i in the amplitude, to which any decay current can in principle 
be connected, thus allowing for, say, production of a Z-Iliggs boson pair, heavy quark 
production, final state radiation, and so on. Neglecting the electron mass as compared 
to s, the amplitude for the nonradiative process can be written as 

Mo = i ûXt(p+) (u + a 7 5 ) 7 '
1 u A e ( p _ ) 

= i ( v - A e a ) . / £ ( p + , p _ ) , (145) 

where 

^(Pi ,Pa) = *A.(j 'ih"«A.(p 3) • (146) 

Here, v and a denote the vector and axial-vector couplings of V to the electrons (for 
V" = 7, we have a = 0 and v = Qe, the electron charge). The electron and positron 
hclicity is denoted by Ae (note that we use a convention in which fermion helicity is 
conserved along each ferrnion line). The current JQ contains the information on the spin 
structure of the inital slate, and all differential cross sections are completely determined 
by its product with the final-state current. We can write down the amplitude Ml for 
single brcnisstrahlung in the same way. Neglecting an irrelevant overall complex phase 
we have for the two possible hclicities of the photon: 

Aff(A = AB) = N(k)Qe(v-\ea)J?(+) , 

M'l{\ = - A e ) = N(k)Qc(v - A e a)Jf ( - ) , (147) 

with 
| N(k) | " 2 = 4(p + -p_)(p + -A)(p_-*) = 2 s (p+-k){p..k) , (148) 

and where the singlc-bremsstrahlung analogon Ji of J0 is 

JÏ(-) = fi».(p+)ytf.-w+«».(p-). (M9) 
Again, the current Ji completely determines all distributions of the final-state particles 
(e.g. the muon pair). 

The amplitude M% for double brcmsstrahlung with photon momenta & l i 2 and hclic-
itics A 1 ] 2 reads 

y ^ ( A t = A e , A 2 = Ae) = N(kl)N(k2)Ql(v-\ea)J$(+,+) , 

A<!f(A l =A e > A 2 = - A e ) = N(kl)N{k2)Ql{v-X.a)J^[+,-) , 

M^(A l = - A e , A 2 = Ae) = N(kl)ff{k2)Ql{v-Xea)J^{-,+) , 

M^{Xl=-Xe,X7 = -Xe) = Ar(A 1 ) /V(A: 2 )Q e

2 (v-A e a) .7^(- , - ) , (150) 

where for equal photon helicities we have 

ja"(+,+) = sùXt(p+)^(h-^-h)r^.(p-) , (i5i) 
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while for unequal photon hclicitics 

"£ = «) ,Wf( / - -M 2 )W + ^A,( f - ) , 
"£ = fiA.(p+)MjW1)VG*--Wi' + «A.(p-) , 

# ( - +) = W(+,-)]*,-*, • (153) 
Having written the amplitudes for single and double bremsstrahlung in as compact a 
form as possible, we shall now turn our attention to the problem of finding effective 
beam directions a discussed in the previous section. 

Effective beam directions 

Once the phase space variables for one or more bremsstrahlung photons have been 
generated in a Monte Carlo procedure, the CM frame is fixed and in principle <ï>, the 
rest of the final state variables, can be generated as well: all relevant distributions 
arc given by contracting the radiative amplitudes My2- wi th ' the appropriate current 
describing the production of the final state. In the algorithmic approach, however, one 
prefers to generate the variables $ using the same prescription as holds for the lowest-
order cross section. Let us now concentrate on single bremsstrahlung. Since at lowest 
order the information on all final-state distributions is contained in the vector M$ the 
relation between the radiative and nonradiative cross sections implied by Eq.(l l2) can 
be satisfied if and only if there arc some masslcss four-vectors qi>2 such that 

MÎ = CiùXt{<li)YvxM2) (15-0 

for some complex constant Ci which may depend on the photon momenta and hclicitics 
but may not depend on any other final-state momentum or helicity. If furthermore we 
have 

rf+j£-** = rf + rf (155) 
(which can always be arranged by rcscaling of the 7's) it is seen that in the radiative 
amplitude the vectors 7! and q2 play exactly the same role as do the vectors p+ and 
p_, respectively, in the nonradiative one. In particular they are back-to-back in the 
CM frame, and together make up the correct CM energy s'. The conclusion is that // 
effective beam momenta qlt2 can be found, then the algorithmic approach will give the 
correct answer for every possible distribution of the final state particles. A similar result 
holds of course also for M2. 

It should be noted that Eq.(l5 I) is nontrivial since it is a complex vector equation 
due to the occurrence of the index /i. If.in contrast, one is only interested in,say | M | 2 

the requirement (15-1) reduces to just having two momenta with total invariant mass 
s', which is trivial — this is precisely the case for the total cross section , for which a 
factorization like 142 is expected to hold to great precision. It has been shown in [2] 
how to find effective beam momenta qii2 for the case of single bremsstrahlung: one can 
in fact to generalize and extend this result. 

It turns out that there is a quite simple criterion by which one can check whether 
a solution for q^<2 '

s m f a c t possible. To check whether any amplitude M* can be 
reduced to an effective 'Born' amplitude with given helicities one looks at the vector 
product M'^Mft (note that this is the complex square, not the more familiar absolute 
value squared). This square has to vanish, i.e. if of a given amplitude the square is 
nonzero, it is impossible to write it in the form of Eq.(154). This follows quite trivially 



froin the fact that the square is zero For the amplitude M'a, which can easily be proven 
by simple Dirac algebra. If the square vanishes, one can also determine the form of the 
effective beam directions in terms of the electron, positron, and photon momenta: this 
is discussed in more detail in [•!]. 

Let us now apply this to the radiative amplitudes of the previous section. For the 
single bremsstrahlung case, it turns out that 

J 1 ( ± ) " J l ( ± ) / 1 = 0 . (156) 

It follows that the algorithmic approach can in principle give the exact result for all 
distributions in single bremsstrahlung. To this end eiïective beams have to be chosen 
carefully in a way which depends on the bremsstrahlung hclicity. As discussed in [2,-1], 
the probabilities for having a + or - hclicity are in a ratio of {p--Q)7 to (p+-Q) 2 , 
respectively. The effective beams coincide with the direction of pt for hclicity + and 
with that of p+ for hclicity - in the CM frame. 

Wc now turn to the case of double bremsstrahlung. If the two photon hclicitics 
arc equal, the currents J% arc essentially the same as J[\ except for the replacement 
k —» ky + k2

 2 6 , and wc sec that we can immediately write these J% using effective 
beams. Wc conclude that also for double bremsstrahlung the algorithmic approach will 
work if the photon heliciiics are equal. 

The case of opposite photon hclicitics is more problematic. The three subcurrcnts 
7/['2|3 have indeed zero square: 

11,11, = lh-lh = Ihlh = 0 . (157) 

However the products oT different 7/'s do not vanish: and the result is that 

J? {+>-)">2,l{+,-) = I"-? 7 r TTF7T7 1 E~« 
{p+ - k { - k7)[D{p- - la - k2y 

x { « A . ( P + ) ^ « A . ( P - ) H « A > + ) & « A . ( P - ) } • (158) 

We conclude that in general the algorithmic approach will not work in the case of double 
bremsstrahlung. 

Some remarks are in order here. In the first place, there is a quite simple physical 
picture behind all this. Although not strictly gauge-invariant by itself, it is borne out 
by a more careful treatment. For the nonradiative case, the two fermion helicities 
must be equal: in a mnemonic notation, we only have (+ +) and (- -), where the first 
sign stands for the positron, the second for the electron. Upon emission of a single 
photon by, say, the electron, the hclicity of the electron can be flipped if the radiation 
is hard and acollinear. The helicity structure of the amplitude with + hclicitics for the 
incoming electron and positron then goes from (+ 4-) to, say, (+ (+,-)), where the (+,-) 
denotes the fact that in the electron after photon emission now two helicilies propagate. 
However, at the interaction vertex we still have conservation of hclicity, and from the 
two combinations (+ +) and (+ -) only the (4- -t-) survives. In the double bremsstrah
lung case things are different: if one photon comes from the electron, and the other one 
from the positron, a structure like ((+,-) (+,-)) is built up: from this, both (+ + ) and 
(- -) survive, and the resulting amplitude is in general a complex linear combination of 
hclicity amplitudes, describing something like & transversely polarized state. It is not 
surprising that this additional polarization information can not be accomodated in a 
description in terms of the purely longitudinally polarized amplitudes. In the second 

2 6 In fact it lias been proven by the CALKUL collaboration that this simple form persists for an arbitrary 
number of bremsstrahlung photons if they all have the same hclicity. 
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place, although the algorithmic approach breaks down for general two-photon events, 
a look at Eq.(158) reveals that the square docs go to zero whenever any photon is 
cither soft or collincar. Hence, at the two-loop level, all terms with large logarithms in 
any distribution can still be generated correctly by a structure-function Monte Carlo: 
the 'finite' terms will be wrong. So for practical purposes, there are no problems at 
LEP100. At higher energies, where at least one hard photon will usually be emitted, 
we will have to be more careful. Finally, it should be noted that in the HOE program 
the authors have adopted a slightly different approach where the effective beams for 
single brcmsstrahlung arc just cither the positron or electron direction, with fifty-fifty 
probability. That they can still come up with the correct result depends on the fact that 
in their choice they also have to take into account the muon momenta, i.e. the choice 
is made after a complete event has been generated, and the result is used to weigh the 
generated event. This is not a purely algorithmic approach in the sense described above. 
It remains to be seen whether such a strategy can work for double bremsstrahlung. 
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The current report contains an overview of QCD-related software that could be of 
interest for LEP physics studies. The main emphasis is on programs for the simulation of 
matrix elements, parton showers, fragmentation and decays. A number of Monte Carlo 
event generators are presented, mainly with respect to their physics contents. Overviews 
are given on the main concepts used in generators, and on comparisons between models 
and data. A standard set of common blocks for information interchange between event 
generators is presented. 

1 Introduction 
The Z° dominantly decays into multihadronic final states. The experimental objectives 
will be to use multihadronic events to extract information on the electroweak (QFD) 
theory and on the strong (QCD) one, and to search for new particles and interactions. 
The complex structure of multihadronic events makes the detailed analysis more com
plicated than in purely leptonic/photonic final states. Good and reliable models are 
therefore needed to describe the transformation of primary quarks into the observable 
hadrons. 

QFD is a theory which is solvable, at least in principle, through order-by-order 
perturbative calculations, given a set of input parameters. Not so for QCD. The frag
mentation process (i.e. the process which transforms an initial set of partons into a 
final set of hadrons) has not yet been understood from first principles, but only in 
terms of vaguely QCD-inspired models, with many issues unsolved. Even in the large 
momentum transfer regime, where perturbative calculations can be used to describe 
jet production, the strong coupling constant a$ is large enough that yet uncalculated 
higher order corrections could well shift current results by a factor of two. 

There will therefore be no lack of QCD-related subjects to be studied at LEP. The 
list includes: 

.• exploring the three-gluon vertex, checking the running of as, and performing other 
fundamental tests of QCD; 

• studying multijet production (as a probe of perturbative QCD); 
• looking for QCD coherence effects; 
• gaining a better understanding of the fragmentation process; and 
• finding signals for new physics or, at least, improving existing limits. 

While it is important not to underestimate the opportunity for QCD studies at LEP, 
one should also remember that QCD is a subtle theory with few simple answers. One 
example: to determine the value of as to high precision would certainly be nice, but 
such a quantitative answer does not teach us anything qualitative about QCD, or about 
anything else. In this sense, the electroweak theory is much easier to explore, since 
e.g. Z° mass and width determinations have direct implications for the top and Higgs 
masses, and the number of neutrino species. 

Several event generators have been developed to cope with QCD physics in e + e~ 
annihilation. Due to the less well understood nature of the underlying theory, and to 
the larger variety of physical processes at play, the differences between the predictions of 
these generators is considerably larger than is the case for electroweak event generators 
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[1]. That is fine; we do not strive to have every generator agree on the 1% level, since 
any such agreement would be entirely artificial and in no way reflect the underlying 
uncertainties. 

Cross-sections vary rapidly, as a function of CM energy, around the Z°. How
ever, once a primary qq pair has been produced, the evolution into a hadronic final 
state follows the same basic rules, independent of CM energy. As a consequence, we 
can directly harness the experience which has been accumulated in the course of the 
PETRA/PEP/TRISTAN programs. This includes detailed experimental studies based 
on several of the generators described in this section. Of course, these programs evolve 
with time, so some studies will have to be repeated using the latest versions of the codes. 

The multifaceted nature of multihadronic event generators makes writing a review 
of this kind rather challenging. Each of the major generators comprises a world of its 
own. Similarities exist, but differences abound. This will become apparent in reading 
the report. The similarities will be emphasized in section 2, where a general overview 
is given. The event generators themselves are described in sections 3 and 4. 

In section 3 we describe the event generators which produce events with a limited 
number of partons according to given matrix elements, i.e. programs specialized to 
a very specific part of the full event generation. The main reason for this special 
attention is the rather confusing situation that has existed in the domain of full second 
order matrix elements. The main section of this report is section 4. Here a description 
is given of all multipartonic and/or multihadronic event generation programs we have 
found, which were not already discussed in section 3. This includes some programs 
which cover the full range of electroweak and perturbative QCD physics, fragmentation 
and decay, but also programs which specialize in only one or in a few aspects. 

Past experience in the comparisons of event generators with experimental data is 
summarized in section 5. Here we also cover some of the main unresolved issues for 
the future. Work on trying to standardize the user interface to generators is covered 
in section 6. The final summary, in section 7, contains some value judgements of the 
programs on the market, as requested in the instructions for this Workshop. 

Apologies to anyone who has been overlooked; one way of selling a program to the 
world, even outside Workshop times, is to submit it to the CERN program library. 
Obviously, all the programs described in this report either already are or soon will be 
included in the library - references to private files, where present, should hopefully be 
obsolete by the time this is read. 

Finally, we remind the reader that a companion volume on 'Physics at LEP' is 
available. In particular, the two sections on QCD Tests [2] and Heavy Flavours [3] 
contain a wealth of information not covered in this report. In specific cases, references 
are given to these reports, but a full cross-reference at every point is clearly not possible. 
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(i) (ii) (in) (iv) 

Figure 1: Schematic illustration of an e +e~ annihilation event. 

2 Physics Aspects of QCD Event Generators 
The structure of a typical multihadronic event in e + e" annihilation is shown in Fig. 1. 
A few introductory paragraphs, based on this figure, follow. A number of complications 
are here swept under the carpet, and only covered (if at all) in the subsequent, more 
detailed discussion. 

In a first phase, an e +e~ pair annihilates into a virtual f/Z° resonance, which pro
duces a primary qq pair. Before the annihilation, initial state QED bremsstrahlung may 
occur, so that the mass of the hadronic final state is reduced from the naive value. For 
the precision needed for Z° line shape studies, also higher order (loop) corrections to 
the basic graph are important. 

In the second phase, the initial qq pair may radiate gluons, which in their turn may 
radiate. While the primary production is mainly given by electroweak perturbation 
theory, strong perturbation theory must be used to describe this second stage. The 
strong coupling constant being larger than the electroweak ones, the degree of accuracy 
is less, in particular for soft parton emission. 

In the third phase, the coloured partons fragment into a number of colourless 
hadrons. Although we believe this process to be given by QCD, it is not perturba-
tively calculable, and therefore it is an area where phenomenological models have to be 
invoked. 

In a fourth phase, unstable hadrons decay into the experimentally observable par
ticles. This includes everything from 7r° -+ 77 decays to long decay chains of charm 
and bottom hadrons. The underlying theories are QCD and QFD, but this is again 
a region for which QCD predictions are primitive. The main input here comes from 
experimentally determined branching ratios. 

It is only at this stage that detectors can be set up, to catch the produced particles, 
and from them reconstruct the primary hard process. This is an area not to be covered 
by the current report. 
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2.1 QED and Electroweak Aspects 
The electroweak aspects of LEP experiments are covered by several theory working 
groups [1], and electroweak event generators appear in a separate report [2]. We here 
therefore only reproduce some of the main formulae actually used in QCD event gener
ators, and comment on shortcomings. 

2.1.1 Cross-section Formulae 

Most QCD event generators do not include initial state radiation, and therefore events 
are generated at a fixed CM energy. The total cross-section is then irrelevant, and 
only the relative flavour composition need be known. This can be found without using 
particularly detailed formulae. As a rule of thumb, cross-sections obtained directly from 
QCD programs should therefore not be used for precision tests. Fortunately, it is usually 
possible to interface QCD generators with programs which give cross-sections and initial 
state photon radiation. 

To lowest approximation, the cross-section for the process e + e" —» 7 / Z 0 —> / / , at 
given 5 = ECM, m a v be written as 

cAs) = ^^Rj(s), (1) 

where Rj gives the ratio to the lowest order QED cross-section for the process e + e~ —» 

Rf(s) = NcRQCDhf(s). (2) 

The factor of Nc = 3 counts the number of colours. The RQCD factor takes into account 
QCD loop corrections to the cross-section. For the case of five effective flavours 

RQCD « 1 + ^ + 1.41 ( ^ ) ' + 64.84 ( ^ ) 3 (3) 

in the MS renormalization scheme [5,6]. The large factor in front of the a | term has 
caused some worry [3]. Note that RQCD does not affect the relative flavour composition, 
and so is of peripheral interest in event generators. Extrapolations from lower energy 
data to LEP gives RQCD = 1-046 ± 0.005 [4]. 

The physics specific to Z° production is contained in the hj factor. 

hJ(s) = qlq2

/ + 2qeveq/vj^x(s)+(vl + al)(v} + a2

f)\x(s)2. (4) 

Here x(s) i S the ratio of Z° and 7 propagators, 

1 s 
X ^ = 4sin 20n,(l - sin2dw) s-m2

z + imzTz' ( 5 ) 

and 3?x(5) t n e r e a l P ^ °f x( 5)- As usual, mz and Tz are the mass and width of the 
Z° resonance, and sin20;v the weak mixing parameter. The electric charge qj is 2/3 
for / = tx,c,i, and —1/3 for / = d, s,b. In the standard model, the axial and vector 
couplings of quarks to the Z° are 

aj = sign(ç/), 
vj = aj — 4g/sin2#vv- (6) 



Corrections to the above formulae come from several sources. Quark mass effects 
have been neglected. Expressions also for finite quark masses are available [7], and are 
often used in programs. Given that the currently known quarks all are light compared 
to the scale of the Z°, this is no main issue. More important are the electroweak loop 
corrections, which have been calculated and are available in a number of muon pair 
event generators [2], but generally not in QCD event generators. 

2.1.2 Angular Orientation 

While pure 7 exchange gives a simple 1 + cos2 9 distribution for the q (and q) direction in 
qq events, Z° exchange and j/Z° interference results in a forward-backward asymmetry: 
for unpolarized incoming e + and e~ 

— ^ — oc hf(s)(l + cos26/) + 2h'J(s)Ccs6I, (7) 
a{cosaj) 

with h/(s) as given above and 

h'f(s) = 2qeaeq}aj'5lx{s) + 2veaevJa/\x(s)\2. (8) 

Corrections to the asymmetry mainly come from higher order QCD effects, such 
as gluon emission. Quark mass effects also appear but, as for the cross-section, are 
relatively unimportant at LEP. The QCD corrections have been calculated to first order 
in the context of j/Z° exchange [8], while second order results are available only for 
pure 7 exchange [9,10]. The formulae are lengthy; their main effect is to smear the 
lowest order result, i.e. to reduce any anisotropics present in two-jet systems. These 
effects are usually explicitly included in matrix element programs, while only the initial 
qq axis is determined in parton shower programs. The subsequent shower evolution then 
de facto leads to a smearing of the jet axis, although not necessarily in agreement with 
the expectations from multijet matrix element treatments. 

2.1.3 Initial and Final S ta te QED Radiation 

The most important correction to the picture above is due to initial state photon radi
ation. By a lowering of the effective CM energy, the cross-section may be significantly 
changed, downwards below the Z° peak and upwards above it. One of the main objec
tives of electroweak generators is to describe this correctly [2]. Many QCD programs 
do not include initial state radiation at all, and even when it is included, it is often not 
state of the art. It therefore makes sense to interface QCD generators to one of the 
electroweak generators for obtaining an accurate description. Some caution is neces
sary, since electroweak generators normally are set up to generate only one flavour at a 
time, while actually up- and down-type quarks have different line shapes, due to their 
different patterns of 7 and Z° couplings. 

Electroweak generators usually also include, to first non-trivial order, final state 
QED radiation and interference between initial and final state radiation. For lepton 
pair production this is unambiguous, while the physics is not well understood for quark 
production: contrary to leptons, quarks are not asymptotically free states, but hadronize 
at typical distances of a few fm. Hard final state photon emission, which takes place 
at short timescales, should not be affected by this. It is perfectly feasible to combine 
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hard photon with hard gluon emission, either in a matrix element or a par ton shower 
picture, although most programs do not do so. It is, however, less trivial to say what 
phase-space region should be allowed for emission: smaller, the same, or larger than 
that allowed for gluons [11]. As for the interference terms, the static is even more 
uncertain, although plausibility arguments have been raised as to why the corrections 
should be small at the Z° peak (but not necessarily away from it) [12]. 

In practice, final state radiation-induced corrections to the inclusive cross-section are 
usually small, first, since the QED analogue of RQCD is small. RQED = 1 + 3or e m /4- = 
1.0017, and, second, since most final state photons are soft or collinear, and thus are 
buried inside jets, without affecting experimental triggers. Nevertheless, the peak of the 
Z° resonance is an interesting place to study final state radiation from quarks, since the 
hard photons from initial state radiation are strongly suppressed at the peak. 

2.2 Perturbâtive QCD 
The modelling of perturbative QCD is, together with the fragmentation modelling, the 
central objective of QCD event generators. While the hard electroweak interaction 
provides a description of the production of a primary qq pair, the perturbative QCD 
description sets out to describe the emergence of multijet events. As the CM energy 
is increased, hard QCD emission plays an increasingly important role, relative to frag
mentation, in determining the event structure. At LEP, three-, four-, and five-jet event 
structures are expected to abound. 

Two traditional approaches to the modelling of perturbative QCD exist. One is the 
matrix element method, in which Feynman diagrams are calculated, order by order. In 
principle, this is the correct approach, which takes into account exact kinematics, and 
full interference and helicity structure. The only problem is that calculations become 
increasingly difficult in higher orders, in particular for the loop graphs. The calculations 
have therefore only been carried out, in full, up to 0(as). At PETRA/PEP energies, 
this approach has been shown to be insufficient to account for event structures (see, 
however, the paragraphs on optimized Q2 scales below), and we have strong reason to 
believe it will fail even more spectacularly at LEP. However, the perturbative expansion 
by itself will be more well-behaved at LEP, due to the smaller a s value, so inclusive 
measurements may well yield more reliable results [3]. 

The second possible approach is the parton shower one. Here an arbitrary num
ber of branchings of one parton into two (or more) may be put togeiher, to yield a 
description of multijet events, with no explicit upper limit on the number of partons 
involved. This is possible since the full matrix element expressions are not used, but 
only approximations derived by simplifying the kinematics, and the interference and he
licity structure. Parton showers are therefore expected to give a good description of the 
substructure of jets, but in principle the shower approach has no predictive power for 
the rate of well-separated jets (i.e. the 2/3/4/5-jet composition). In practice, shower 
programs may be patched up to describe the hard gluon emission region reasonably 
well. Nonetheless, these programs cannot be used for absolute as determinations, even 
if they can be used to study the running of as with CM energy. (Not everybody may 
agree with this conclusion, see e.g. the NLLjet description.) 

Unfortunately, we are therefore faced with a choice between matrix elements and 
parton showers, a choice as delicate as that between Scylla and Charybdis - whichever 
you pick, you lose some important physics aspect. 
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As a guess, the following is what might de facto occur. The standard generators will 
be of the parton showers kind, for everything from total hadronic cross-sections (i.e. 
detector acceptance estimates), to new particle searches, to fragmentation studies. For 
as determinations, full second order matrix elements will be compared with measures 
which are sensitive to the emergence of a hard third jet, but not so much to the internal 
structure of the three main jets. For studies of the three-gluon vertex, again matrix 
elements will be used, certainly four-jet ones and maybe even five-jet ones. Since the 
absolute jet rate will likely be wrong, either separate as values will be determined for 
each jet class, or comparisons will be on a 'per 4(5)-jet event' normalization basis. 

In fact, the scenario described above may be too simplistic. It may, e.g., become 
necessary to combine matrix elements with parton showers in more or less contrived 
manners, just to have a realistic description of jet substructure when looking at four-jet 
events. Other approaches to studying the data may also be introduced, as discussed 
in the QCD report [3]. We should finally remind our readers of the experience from 
PETRA/PEP, where different fragmentation models turned out to yield different as 
values. The connection between perturbative and non-perturbative QCD might well 
hold further surprises. 

2.2.1 Matr ix Elements 

For the discussion in this section, we will use the word 'jet' also for properties on the 
partonic level, almost interchangeably with the word 'parton'. However, while a 'parton' 
is any quark or gluon appearing in the process description, a 'jet' is one or several nearby 
partons, lumped together according to some jet resolution criterion (see below). The 
'true' number of partons in an event is thus an ill-defined concept (and may well be 
infinite), while the number of jets is unique (for a given jet definition). 

Three-jet matr ix elements: 
The Born process e + e " —• qq is modified in first order QCD by the probability for the 
q or ~q to radiate a gluon, i.e. by the process e +e~ —* qqg, Fig. 2a. The matrix element 
is conveniently given in terms of scaled energy variables in the CM frame of the event, 
x-i = 2Eq/ECM, x2 = 2Ej/ECM, and x3 = 2Eg/ECM, i.e. xx + x2 + x3 = 2. For massless 
quarks the matrix element reads [13] 

dx\dx-i 2n (1 — Xi)(l — X 2 ) ' 

where CTQ is the lowest order cross-section, Cp = 4/3 is the appropriate colour factor, 
and the kinematically allowed region is 0 < x; < l , i = 1,2,3. By kinematics, the xjt 
variable for parton k is related to the invariant mass rriij of the remaining two partons 
i and j by y{j = m ^ / J S ^ = 1 - x f c. 

Jet resolution criteria: 
In order to separate two-jets from three-jets, it is useful to introduce jet resolution 
parameters, either (e, <5) or y. 

• (e, <5) : a three-parton configuration is called a two-jet event if min(x,) < c or if 
min(0,-j) < 6 (where dij is the angle between partons i and j in the CM frame of 
the event). 
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Figure 2: Feynman graphs for three- and four-jet production. 
(a) The two graphs which contribute to three-jet production. 
(b) A few of the graphs which contribute to four-jet production (the ones left out 
can be obtained by symmetry). 
(c) A few of the loop (vertex and propagator) graphs which contribute to three-jet 
production in second order. 

• y : a three-parton configuration is called a two-jet event if 
min(y 0) = min(m? i/.E£A /) < y. 

In the discussion which follows, we will mainly refer to the y cut case, since this is the 
simpler one. 

The cross-section in eq. (9) diverges for xx —> 1 or i 2 —+ 1 but. when first order 
propagator and vertex corrections are included, a corresponding singularity with op
posite sign appears in the qq cross-section, so that the total cross-section is finite. In 
analytical calculations, the average value of any well-behaved quantity Q can "therefore 
be calculated as 

(Q) = — lim f Q(2parton)a2parton(y) + I Q(xux2)d^ton d i ^ , (10) 
&tot.v—° \ Jy„>v az1dx2 J 

where any explicit y dependence disappears in the limit y —• 0. 
In Monte Carlo programs, it is not possible to work with a negative total two-jet 

rate, and so it is necessary to introduce a fixed non-vanishing y cut-off in the three-jet. 
phase-space. Experimentally, there is evidence for the need of a low y cut-off, i.e. a large 
three-jet rate. For LEP applications, the recommended value is y = 0.01, which is about 
as far down as one can go and still retain a positive two-jet rate. With as = 0.12, in full 
second order QCD, the 2 : 3 : 4 jet composition is then approximately 11% : 77% : 12%. 
Note, however, that initial state QED radiation may occasionally lower the CM energy 
significantly, i.e. increase a$. and thereby bring the three-jet fraction above unity if y is 
kept fixed at 0.01 also in those events. (At PETRA/PEP, y values slightly above 0.01 
were needed.) 



T h e s t r o n g coupling constant: 
The strong coupling constant as is in first order given by 

2 12TT 

° r s ( Q ) = ( 3 3 - 2 n / ) l n ( Q V A 2 ) - ( U ) 

The number of flavours nj is 5 for LEP applications, and so the A value determined is 
A 5 , while e.g. most deep inelastic scattering studies refer to A 4 , the energies for these 
experiments being below the bottom threshold. 

In higher orders the result depends on the renormalization scheme; we will use MS 
throughout. In addition, several approximations have been in use: one can define the 
higher order contributions in terms of the first order coupling constant, i.e. by an 
expansion in l / l n ( Q 2 / A 2 ) [14], 

s U } ( 3 3 - 2 n / ) l n ( Q V A f e ) [ (33 - 2nsf WQ2/^) 
(12) 

or one can sum the leading logarithms in this expansion, i.e. terms proportional to 
an

s\nn(Q2/A2), to obtain 

2 12rr 

~ (33 - 2nj) MQVAfe) + ̂ ^ ^ HHQV^hs» ' 
Both definitions have been widely used. Numerically they give somewhat different 
results, e.g., for a$ = 0.15 and nj = 5, the A values from the two definitions differ by 
14%. If one includes the next higher order term in eq. (12), the difference with eq. (13) 
becomes almost negligible. 

Instead of using a series expansion in as, one can solve the renormalization group 
equation, which yields [6,15] 

Q7 12TT 153 - 19n, 
' % " (33 - 2 n , ) a s ( 3 3 - 2 n ; ) * n 

12TT 153 - 19n , 
- — +6- - - '--( 3 3 - 2 n / ) o ; s ( 3 3 - 2 n , ) 2 

(14) 

The numerical solution to this formula yields A values in between the ones from eqs. 
(12) and (13). The third order term, not included above, is numerically insignificant, 
which is a nice feature compared with the approximate series expansion in as, where 
the third order term changes A by about 7%. 

Four- je t m a t r i x e l ements : 
Two new event types are added in second order QCD, e + e~ —• qqgg and e + e ~ —• qqq^q'., 
Fig. 2b. The four-jet cross-section has been calculated by several groups [9,16,17,18], 
which agree on the result. The formulae are too lengthy to be quoted here. In one of the 
calculations [9], quark masses were explicitly included. The original calculations were 
for the pure 7 exchange case; recently it has been pointed out [19] that an additional 
contribution to the e + e " —+ qqq'~q' cross-section arises from the axial part of the Z°. 
This term is not included in any program so far, but fortunately it is finite and small. 

Second order three-jet correct ions: 
As for first order, a full second order calculation consists both of real par ton emission 
terms, and of vertex and propagator corrections, Fig. 2c. These modify the three-
jet and two-jet cross-sections. Although there was some initial confusion, everybody 
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Figure 3: A four-parton 
event, with two nearby 
partons that are to be re-
combined. Construction 
of momentum sum q + g 2 

is shown, but that gives 
a composite parton with 
non-zero mass. 

soon agreed on the size of the loop corrections [17,20,21]. In analytic calculations, the 
procedure of eq. (10), suitably expanded, can therefore be U5ed unambiguously for a 
well-behaved variable. The second order corrections will also modify the first order as 
expression, as described above; this is mainly of interest in relating an experimentally 
measured value of as to a A value. 

For Monte Carlo event simulation, it is again necessary to impose some finite jet 
resolution criterion. This means that four-parton events which fail the cuts should be 
reassigned either to the three-jet or to the two-jet event class, see Fig. 3. It is this area 
which has caused quite a lot of confusion in the past [22], and where full agreement 
does not exist. Most likely, agreement will never be reached, since there are indeed 
ambiguous points in the procedure, related to uncertainties on the theoretical side. 
This is illustrated in the following paragraphs. 

For the y-cut case, any two partons with an invariant mass m]- < yJE^ should be 
recombined into one. If the four-momenta are simply added, the sum will correspond to 
a parton with a positive mass, namely the original 7n,j. The loop corrections are given in 
terms of final massless partons, however. In order to perform the (partial) cancellation 
between the four-parton real and the three-parton virtual contributions, it is therefore 
necessary to get rid of the bothersome mass in the four-parton states. Several procedures 
are used in practice; the following two are probably the most frequently used. 

• The ~p~ recombination scheme: keep the constructed three-momentum sum p- = 
Pi + Pj 0 n the CM frame of the event), and redefine the energy of the recombined 
parton as being Eij = |pt- + Pj\. Since E{j < E{ + Ej, the total CM energy of 
the event has been reduced, which can be compensated by repealing the three 
four-momenta by a common factor. 

• The E recombination scheme: require E,: = E{ + Ej. The three variables Xi,x 2 

and x 3 are then easily obtained, but the three-momenta have to be modified in a 
non-trivial manner to keep momentum conserved. 

The E scheme obviously gives more energy to the recombined jet than does the p 
one. Since the typical situation is that the recombined jet still is the lowest-energy 
one (two soft gluons recombined into a medium soft one), the E scheme gives more 
three-jetlike topologies than the p one, and so has a larger second order correction to 
the three-jet rate. Differences need not be negligible. 

Within each scheme, a number of lesser points remain to be dealt with, in particular 
what to do if a recombination of a nearby parton pair were to give an event with a 
non-gqg flavour structure. 
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If the situation is complicated enough for the y cut, it is even worse for the (c, S) 
alternative. Separate recipes need to be specified for what to do when a parton fails 
the e cut, when a pair fails the S cut, and when both happen in the same event. In 
particular, for the e cut, one could either discard the soft parton outright, or choose 
between several possible recombination algorithms. 

The physical spread, in terms of final effective three-jet rate, i.e. in terms of as values 
found for given data, has therefore always been larger in the (e, 8) alternative. (If soft 
partons always are recombined, like in the y cut alternative, the two approaches become 
more comparable, however.) This is the reason why, in section 3, we will concentrate on 
programs based on y cuts. This is not a completely unambiguous decision: the y cut-off 
approach is less well suited for giving the second order corrections to the energy-energy 
correlation and its asymmetry, for example. 

Optimized per turbat ion theory: 
Theoretically, it turns out that the second order corrections to the three-jet rate are 
large. It is therefore not unreasonable to expect large third order corrections to the 
four-jet rate. Indeed, the experimental four-jet rate is much larger than second order 
predicts (when fragmentation effects have been folded in), if as is determined based on 
the three-jet rate [23]. 

The only consistent way to resolve this issue is to go ahead and calculate the full 
next order. This is a tough task, however, so people have looked at possible shortcuts. 
For example, one can try to minimize the higher order contributions by a suitable choice 
of the renormalization scale [15] — 'optimized perturbation theory'. This is equivalent 
to a different choice for the Q2 scale in as, a scale which is not unambiguous anyway. 
Indeed the standard value Q2 = s = E2

CM is larger than the natural physical scale of 
gluon emission in events, given that most gluons are fairly soft. One could therefore pick 
another scale, Q2 = y's, with y' < 1. The O(as) three-jet rate would be increased by 
such a scale change, and so would the number of four-jet events, including those which 
collapse into three-jet ones. The loop corrections depend on the Q2 scale, however, and 
compensate the changes above by giving a larger negative contribution to the three-jet 
rate. 

Implementing a different scale in a Monte Carlo program can be done easily as 
follows. Suppose the three-jet rate is given in a certain renormalization scheme and for 
a given Q2 scale [15,24] 

J28 = r ,a5 + r a a | + 0 ( a | ) . (15) 

When the coupling is chosen at a different scale, Q'2 = y'Q2, 

Rz = r[a's + r'2a1^0{a1). (16) 

If one neglects the terms of 0(a3

s), the two should be the same, 

R3-R3 = dR3 = ridas + «s^n + a2

sdr2 = 0 (17) 

(note that das is of 0(as)). Since each of the powers of as have to vanish separately, 
r[ = r l 7 and (after calculating das from eq. (11)) 

. 33 — 2rit . , , . . 
r'2 = r2 + r i Mny'. (18) 
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Figure 
4: Je: cross-sections 
as a function of the 
scale parameter y', for 
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QCD scale (0.1 and 
0.5 GeV) and the 
cut-off parameter y 
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The procedure above, while given for the total three-jet rate, could equally well be 
carried out for the differential cross-section in a phase-space point (r^a^)? with the 
same result. 

Since we only have the Born term for four-jets, here the effects o: a scale change 
come only from the change in the coupling constant. Finally, the two-jet cross-section 
can still be calculated from the difference between the total cross-section and the three-
and four-jet cross-sections. Fig. 4 shows this procedure applied to the cross-sections in 
JETSET. 

In a few studies [25,26,27,28], it has been concluded that a y' value around or even 
somewhat below the y matrix element cut-off value gives significantly improved agree
ment with the data. In particular, the four-jet rate is directly proportional to a | , and 
so is larger for smaller y'. A manipulation of the y' scale is thus one way to change 
the relative rate of four- to three-jet production. As a by-product, it is also possible to 
reduce the A scale by about a factor of 2, which brings it in better agreement with deep 
inelastic scattering values. (A similar conclusion holds for the energy-energy correlation 
asymmetry, for which the higher order corrections are rather small [27j. 

The success of describing the jet rates should not hide the fact that one is dabbling in 
(educated, hopefully) guesswork, and that any conclusions based on this method have 
to be taken with a pinch of salt. (For example, the exact third order expression for 
RQCD is not in agreement with expectations of optimized perturbation theory applied 
to the second order expression.) However, in principle one should be better off at LEP 
than at PETRA, see [3]. 

Higher order matrix elements: 
In the last year, several groups have calculated the five-jet Born term [29,30]. This is 
certainly impressive, and could be useful in studying e.g. the three-gluon vertex. It is 
very likely that the results will not be included in standard Monte Carlo programs, for 
a number of reasons. First, the formulae are lengthy; generation of unweighted events is 
therefore going to be slow. Second, the actual rate of five-jet production is small, even 

08 

0.6 

04 

0.2 

0 

0.8 

06 

0.4 

0.2 

— i — j — i — i — i — i — I - 1 — i — i — r — | — • — i — » — ' — | — ' — i — i — r -

Agi «ai GeV 

y *O02 

crt21 

• • i i • • i i • • • i i > i • • i i 

A^ =05 GeV 

y *a02 
0-13) 

cr(3) 

ff(4) 
i i 1 i i i • I i • i i I i i i i i 

a(2) 

a(4) 

i i i i i i i i i • i i i i i i i i i i i i 

Afiî =0.1 GeV 
y *a012 

a(3) 

0-13) 

ffl2) / 
Ajj^aSGeV 

y =0012 

<r|4) 
. . . i . . . . i . 

V(2) 
» i i i i > i i i t i • i • I i t . i I i • 



when increased by the use of an optimized scale as described above. Third, inclusion 
of five-jets will not help at all for as determinations so long as loop corrections to the 
same order are not available. Furthermore, given the large third order corrections to 
RQCD, eq. 3, there is no reason to expect those corrections to be small. 

The techniques developed not only make it possible to calculate five-jet matrix ele
ments, but also processes of the type qq(ng),n > 0, i.e. with an arbitrary number of 
gluons [30]. Matrix element evaluation is slow for many gluons, but simpler approximate 
expressions exist [31], which preserve the full pole structure, and numerically seem to 
agree with the exact results on the 10% level. These could come in very handy for 
topological studies. 

Energy dependence: 
Finally, one should note that fragmentation parameters determined at lower energies, 
for models based on matrix elements, are not expected to give a good description at 
LEP energies, since typically a cut-off more or less fixed in y is used. Therefore the 
actual minimum invariant mass between partons increases with CM energy. This means 
that an increasingly large region of soft to medium soft gluons is excluded, not because 
we believe this is the correct thing to do, but because including them would give a 
negative two-jet (or three-jet) probability, which is technically excluded. To compensate 
somewhat for the effects of neglected gluon emission, it is therefore expected that one 
must use energy-dependent fragmentation parameters, by which jets become softer and 
broader at higher energies. 

2.2.2 Par ton Showers 

The parton shower picture is derived within the framework of the leading logarithm 
approximation, the LLA. In this picture, only the leading terms in the perturbative 
expansion are kept and, where need be, resummed. Subleading corrections, which are 
down in order by factors of InQ 2 or lnz (ln(l — z)), or by powers of 1/Q 2, are thus 
neglected. Different schemes have been devised for taking into account some subleading 
corrections; they appear under names like MLLA (M for modified), DLLA (D for double) 
or NLLA (N for next-to-) [32]. The overall theoretical picture is rather encouraging: 
there is reason to believe that neglected subleading effects are small, and the predictive 
power of this approach is increasing year by year. 

Phenomenologically, the main reason for the LLA success is its ability to be formu
lated in terms of a probabilistic picture, suitable for event generation. The approach is 
based on simplifications in kinematical variables, however, so the predictive power for 
hard, wide-angle parton emission remains limited. 

The evolution equations: 
Most parton shower algorithms are based on an iterative use of the basic branchings 
9 —* ç<7, g —> gg, and g —+ qq, Fig. 5. A probabilistic picture is used to describe these 
branchings, as follows. 

The probability V that a branching a —• be will take place during a small change 
dt = dQlvol/Q]vol of the evolution parameter t = ln(Qj U o //A 2) is given by the Altarelli-
Parisi equations [33] 
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Figure 5: Schema:ic picture of 
parton shower evolution in e + e +«-
events. 

dVa^bc r , <*s(Q2) 
dt J dz- 2x Pa-bc(z). (19) 

Summation over all possible final state flavour combinations b and c is implied for gluon 
branchings. The Pa_<,c(z) are the Altarelli-Parisi splitting kernels 

1 + z 2 

Pq-ig(z) = CF 

P9.gs(z) = NC 2 ( 1 _ 2 ) 

P,-rf(z) = T«(Z2 + (1 - Z)% 

1-z' 
(l-z(l-z)Y 

(20) 

with CF = 4/3, Nc = 3, and TR = n/ /2, i.e. TR receives a contribution of 1/2 for each 
allowed qq flavour. The z variable specifies the sharing of four-momentum between the 
daughters, with daughter b taking fraction z and c taking 1 — z. Usual]" the first order 
a s is used, eq. (11); as we shall see, the Q2 scale of as need not agree with the evolution 
scale Q]vol. 

Persons familiar with analytical calculations may wonder why the "— prescriptions' 
and 8(1 — z) terms of the splitting kernels in eq. (20) are missing. These complications 
fulfil the task of ensuring flavour and energy conservation in the analytical equations. 
The corresponding problem is solved trivially in Monte Carlo programs, where the 
shower evolution is explicitly traced, and flavour and four-momentuci are conserved 
at each branching. The legacy left is the need to introduce a cut-on on the range 
of the z integral in the Altarelli-Parisi equations, so as to avoid the singular regions 
corresponding to excessive production of very soft gluons. Typically, this is achieved by 
introducing an effective (fictitious) gluon mass (in programs usuallv denoted bv Q0 or 
Qo/2). 
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Also note that Pg^gg(z) is given here with a factor 3 in front, while it is sometimes 
shown with 6. The difference of a factor of two comes from either considering the 
number of gluons that branch or the number of gluons that are produced. 

The Sudakov form factor: 
Starting at the maximum allowed virtuality t m a x for parton a, the t parameter may be 
successively degraded. (This does not mean that an individual parton runs through 
a range of t values: each parton in the end is associated with a fixed t value, and the 
evolution procedure is just a way of picking that value. It is only the ensemble of partons 
in many events that evolve continuously with t, cf. the concept of structure functions.) 
The probability that no branching occurs during a small range of t values, St, is given 
by (1 — St dV/dt). When summed over many small intervals, the no-emission probability 
exponentiates 

-J dt' *"• c 1 . (21) 

Thus the probability for a branching at a given t is the naive probability for a branching, 
eq. (19), multiplied by the probability that a branching has not already taken place, 
eq. (21). This is nothing but the exponential decay law of radioactive decays, with a 
^-dependent decay probability. 

It is customary to introduce the Sudakov form factor, i.e. the probability that a 
parton starting from a maximum virtuality t will reach the fixed lower cut-off t m t n 

(related to the effective gluon mass Q0) without branching 

S a(i) = exp - / dt' dz-*£Llp^bc{z)\ (22) 

The no-emission probability above is then just Sa(tmax)/Sa(t). Since the Sudakov form 
factor only depends on one parameter, t, it is easy to pretabulate, for each flavour a, at 
the beginning of a Monte Carlo run. Many programs use this as part of the generation 
strategy. 

With R a random number uniformly distributed between 0 and 1, the t value for a 
branching may be found by solving the equation 

rno—emiasion\^maxi *•) — •"» \^") 

i.e. 
Sait) = ^ f ^ - (24) 

The products b and c may be allowed to branch in their turn, and so on, giving a 
treelike structure. The branching of a given parton is stopped whenever the evolution 
parameter is below t m ,„ , i.e. when an R < Sa(tmax) is chosen. 

Coherence: 
Very valuable input for model builders is provided by the theoretical studies of correc
tions beyond leading log, like coherence effects [34,35]. These come in two kinds. 

• The intrajet coherence phenomenon is responsible for a decrease of the amount 
of soft gluon emission inside jets. It has been shown that an ordering in terms 
of a decreasing emission angle takes into account the bulk of soft gluon interfer
ence effects. Programs which contain angular ordering are loosely called coherent 
showers, while those without are called conventional ones. 
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• The interjet coherence phenomenon, responsible for the flow of panicles in between 
jets, with constructive or destructive interference depending on colour configura
tion ('colour drag phenomena'), cf. [35]. This form of coherence is not a direct 
consequence of the ordering of (polar) emission angles mentioned above, but rather 
requires that azimuthal angles of branchings be properly distributed. 

Further, theoretical studies of loop corrections [32] strongly suggest the use of a scale 
Q2 = z(l — z)m\ « p\ as the argument of as, i.e. the scale is set by the transverse 
momentum of a branching, rather than by the mass of the decaying parton, as might 
naively have been expected. 

On theoretical grounds, there is no doubt that coherence phenomena have to be 
present in nature. However, the enthusiasm over the coherence phenomenon has led 
to the emergence of a folklore, which is sometimes too simplistic. One myth is that 
coherence is already experimentally proved by the 'string effect' of JADE [36]. At 
the energies so far explored, all the effects could be fully explained (ar.d were actually 
predicted [37]) based on non-perturbative dynamics. Only with increased energy, and 
hence an increased number of soft gluons, would perturbative effects be expected to 
dominate. Therefore coherence effects could be a main subject for LEP QCD studies; 
see also section 5.7. 

Another piece of folklore is that coherent parton showers predict a slower growth of 
(parton) multiplicity with energy than do conventional ones. Specifically, in coherent 
showers, the multiplicity is expected to have an energy dependence (neglecting sublead-
ing effects) of the form [38] 

whereas an additional factor of 2 should appear in the exponential in the conventional 
case (also c would be modified). The expected difference comes from comparing the 
allowed range of z values for branchings in the two approaches. This range should 
naively be smaller in coherent algorithms. However, in several conventional shower 
programs (like the one in [39]), additional kinematics-related cuts on r are introduced. 
These cuts are not equivalent to those of coherent showers, but are still severe enough to 
give a slow growth at current energies. The expected difference in multiplicity growth 
will then be visible only when as is truly small. 

S h o w e r p r o g r a m s , t h e basic a p p r o a c h e s : 
A wide selection of shower algorithms have been developed (those in section 4, and 
more [39,40,41]), which mainly differ in the interpretation of the variables t (or Q]voi), 
Q2 and z. Many of the variations are formally of a subleading character, and therefore 
are not constrained by theoretical leading log analyses, while others indeed imply quite 
different physics, at least at higher energies. The actual algorithms used are sufficiently 
different that it would be difficult here to give an overview of them all. For details we 
instead refer to the program descriptions in section 4, and to the QCD theory report 

[3]. 
While z generically expresses the sharing of energy and momentum between the two 

daughters, the exact definition varies from program to program. It is possible to define 
z in terms of energy E, in terms of light-cone momentum E + />£,, in terms of E + \p\, 
or in terms of some other combination of energy and momentum. The definition chosen 



affects the allowed region of z values, i.e. the z m ;„(i) and zmax(i) functions of eq. (22). 
The introduction of angular ordering actually constrains the allowed z range, compared 
to the kinematically allowed one. Since the details of the z interpretation are most 
significant at low z values, angular ordering as a 'fringe benefit' introduces a reduced 
dependence on the z choice made. 

One should note that none of the z definitions given above are fully Lorentz covariant, 
and hence neither are most shower algorithms. From a theoretical point of view, this is 
related to the need to fix a gauge before the branching probabilities can be evaluated (it 
is e.g. possible to have an algorithm where only one of the initial two partons radiate). 
The general belief is that this is a rather minor point, with no experimentally observable 
consequences, but it is worth bearing in mind. 

The best known coherent shower algorithm is probably the Marchesini-Webber one, 
where angular ordering is built in from the onset. Here Q\vol — E2( with f ss 1 — cos 0. 
E is the energy of the branching parton and 0 the opening angle between its decay 
products. At each branching, an actual Q\voi is selected from tabulated Sudakov form 
factors, using eq. (24). The Q\vol defines the allowed z range, within which a value is 
picked. Q]vol gives the £ a value of the branching, z the sharing of energy, E\> = zEa,Ec = 
(1 — z)Ea. Because of the requirement of ordering in angle, the maximum Q\vol scale of 
the two daughters is now given by E2£a and E2(a, respectively. These daughters may 
be degraded in their turn, to find fj, < £ a and £ c < £ t t, etc. 

The Marchesini-Webber algorithm is different from others in several respects. One 
is that parton masses are not defined during the evolution stage. Only afterwards 
are parton masses constructed from the final on-shell partons backwards to the shower 
initiator, by using the opening angle variable, and only after that is the actual kinematics 
of the shower found. Most other programs construct the kinematics in parallel with the 
shower evolution proper. Another difference is that the Marchesini-Webber algorithm 
makes use of an evolution variable which explicitly involves angles, and which thereby 
automatically incorporates angular ordering. 

In a more typical algorithm, such as those implemented in JETSET and CALTECH-
II, the evolution variable is defined to be Q\vol = m 2 , i.e. the mass of the decaying 
parton. This means that angular ordering is not automatically included, but must be 
imposed as an additional constraint on the combination of m 2 and z values which are 
allowed for a particular branching, given the m2 and z values of the preceding branching. 
Even if the actual phase-space in the end comes out the same as in HERWIG (which is 
true to the level of approximation to which we can trust the leading log picture anyway), 
and even if the naive probability for a given branching is the same, the end result will 
be different due to the difference in the Sudakov form factor, which reflects the choice 
of evolution variable. In the HERWIG case, emission angles close to the preceding ones 
will be slightly favoured, since they will be considered 'first' and therefore correspond 
to a negligible Sudakov damping, while m2 evolution programs for the same reason will 
favour large masses (all other things being equal). 

Shower programs, possible improvements : 
Since showers are so important for phenomenological studies at higher energies, a steady 
evolution is taking place in the field. Three main approaches can be distinguished for 
this improvement. One is to refine the standard leading log picture as such, by includ
ing further corrections and effects. This is the line of HERWIG and other programs. 
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Another is to go beyond leading log, and to also include higher order effects, as is done 
in NLLjet. The third is to strive for an alternative (but equivalent) formulation of the 
shower process, where a number of non-trivial effects are included automatically. This 
is exemplified by ARIADNE. A few words about each of these. 

One way to improve on the basic leading log picture is to include ~on-isotropic azi-
muthal angles. This is particularly well explored by HERWIG, in which the following 
three sources of anisotropy are included: 

• Gluon polarization, leading to a correlation between production and decay planes 
of a gluon. 

• Gluon polarization, also giving correlations between non-adjacer.: branchings, i.e. 
of the 'Bell inequality' type [42]. 

• Soft gluon interference, related to the fact that the soft gluon emission probability 
is actually obtained by summing emission amplitudes from a number of separate 
hard partons. 

Another possible improvement, found e.g. in JETSET, is to constrain the first 
branchings of the shower to agree with the explicit three-jet matrix element form. This 
is an at tempt to modify the shower formalism in the region where the kinematical 
approximations involved are known to be least reliable, while still preserving concepts 
of the LLA such as the Sudakov form factor and the Q2 « p\ argumec: in as- To date, 
it has not been shown whether this feature helps improve agreement Trith data or not. 
It certainly does not improve the ability to use the program for as determinations, since 
so many uncertainties remain anyway. 

As the name suggests, NLLjet is a program which tries to go beyond leading order, 
to Next-to-Leading-Logs. The most apparent consequence is the introduction of 1 —+ 3 
parton branchings: q —* qgg,q —* qq^q'iÇ —> ggg, and g —» gq~q. The ordinary 1 —• 2 
branchings are also modified, in analogy with the second order three-je: matrix element 
modifications. Since loop graphs are explicitly involved in calculating the corrections, 
the Q2 scale definition is under better control. From that point of vievr, NLLjet should 
be superior for A determinations. Unfortunately, as for leading logs, the whole approach 
is really only valid for collinear kinematics. A number of additional assumptions are 
needed for extrapolations to the interesting region of well separated jets. One past study 
demonstrated rather large differences between the next-to-leading-log four-jet topologies 
and the explicit four-jet matrix elements [43]. While these results do not necessarily 
carry over to NLLjet, the question of non-collinear kinematics remains a crucial one. 

An alternative to parton shower algorithms is the dipole formulation, of ARIADNE, 
suggested by the Leningrad group [44], and studied in detail by the Lund people. The 
picture is based on identifying the string pieces between partons with colour dipoles or 
colour antennae, so that the emission of a gluon corresponds to the breaking of a dipole 
into two. This breaking is simple and well-defined in the rest frame of a dipole, and yet 
it automatically includes angular ordering and non-trivial azimuthal effects when the 
boost back to the overall CM frame is taken into account. The picture has a number of 
appealing features, e.g. an explicitly Lorentz covariant formulation, and may well come 
closer to describing nature as it really is than do the other algorithms. This does not 
mean it is a unique recipe. While angular ordering is built in, the transverse momentum 
of a dipole branching is a priori not required to be smaller than the pj of the branching 
in which it was produced; the model is rather sensitive to what is assumed on this 
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count. Additional degrees of freedom in branchings come from the angular orientation 
of daughter dipoles with respect to the mother one. 

2.3 Fragmentation 

The fragmentation process has yet to be understood from first principles, starting from 
the QCD Lagrangian. This has left the way clear for the development of a number of 
different phenomenological models. Being models, none of them can lay claims to being 
'correct'. The best one can aim for is a good representation of existing data , plus a 
predictive power for properties not yet studied or results at higher energies. 

All existing models are of a probabilistic and iterative nature. This means that 
the fragmentation process as a whole is described in terms of one (or a few) simple 
underlying branchings, of the type jet —» hadron + remainder-jet, string —• hadron + 
remainder-string, cluster —• hadron -f hadron, or cluster —+ cluster -f cluster. At each 
branching, probabilistic rules are given for the production of new flavours, and for the 
sharing of energy and momentum between the products. 

Three main schools are usually distinguished, independent fragmentation (IF), string 
fragmentation (SF) and cluster fragmentation (CF) [45]. These need not be mutually 
exclusive; it is possible to have models which contain both cluster and string aspects, 
or models which interpolate between independent and string fragmentation. 

While the evolution of fragmentation models was rapid in the early eighties, no really 
new algorithms have been introduced in the last five years, and only a modest amount 
of refinement of the existing approaches has been performed. New concepts, like local 
parton-hadron duality, and new experimental features, like intermittency, have recently 
led to a resurgence of fragmentation studies outside the framework of the existing pro
grams. While very interesting, these studies have not yet led to fully-fledged programs 
of the kind needed to describe LEP events in full, and maybe they never will. A few 
examples of new ideas will appear later in this report, as a reminder for users to keep 
an open mind, given that nobody knows the ultimate t ruth. 

2.3.1 Independent Fragmentat ion 

The independent fragmentation (IF) approach dates back to the early seventies [46], 
and gained widespread popularity with the Field-Feynman paper [47]. Subsequently, IF 
was the basis for two programs widely used in the early P E T R A / P E P days, the Hoyer 
et. al. [4S] and the Ali et. al. [49] programs. These programs have not been updated since 
their conception, and are therefore not well suited for LEP physics studies. Among the 
programs covered in this report, EURODEC is a descendant of the Ali et. ai. program, 
CO JETS uses a special IF approach, and JETSET has as (non-default) options a wide 
selection of independent fragmentation algorithms. 

In the IF approach, it is assumed that the fragmentation of any system of partons 
can be described as an incoherent sum of independent fragmentation procedures for 
each parton separately. The process is to be carried out in the overall CM frame of 
the jet system, with each jet fragmentation axis given by the direction of motion of the 
corresponding parton in that frame. 
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Figure 6: The iterative ansatz for flavour, transverse momentum, and light-cone 
energy-momentum (W+ = E + pi) fraction. 

The i terative ansatz: 
Both in independent and string fragmentation, the fragmentation of a jet can be de
scribed iteratively, as follows. Assume that a quark is kicked out by some hard inter
action, carrying a well-defined amount of energy and momentum. This quark jet q is 
split into a hadron çç : and a remainder-jet çj, essentially collinear with each other. 
The sharing of energy and momentum is given by some probability distribution f(z), 
where z is the fraction taken by the hadron, leaving 1 — z for the remainder-jet. The 
remainder-jet is assumed to be just a scaled-down version of the original jet, in an ave
rage sense. The process of splitting off a hadron can therefore be iterated, to yield a 
sequence of hadrons, Fig. 6. In particular, the function f(z) is assumed to be the same 
at each step, i.e. independent of remaining energy. If z is interpreted as the fraction of 
the jet E + PL, i.e. energy plus longitudinal momentum w.r.t. the jet axis, this leads to 
a flat central rapidity plateau dn/dy for a large initial energy. 

The normal z interpretation means that a choice of a z value close to 0 corresponds 
to a particle moving backwards, i.e. with pi < 0. It makes sense to allow only the 
production of particles with pi > 0, but to explicitly constrain z accordingly would 
destroy longitudinal invariance. The most straightforward way out is to allow all z 
values but discard hadrons with PL < 0. Flavour, transverse momentum and E + pi 
carried by these hadrons are 'lost' for the forward jet. The average energy of the final jet 
comes out roughly right this way, with a spread of 1 - 2 GeV around the mean. The jet 
longitudinal momentum is decreased, however, since the jet acquires an effective mass 
during the fragmentation procedure. For a two-jet event this is as it should be, at least 
on average, because also the momentum of the compensating opposite-side parton is 
decreased. 

A number of different fragmentation functions f(z) have been proposed. 
• The Field-Feynman parametrization, 

f{z) = l-a + 3a(l-z)\ (26) 

with default value a = 0.77, is frequently used for ordinary hadrons. 
• Since there are indications that the shape above is too strongly peaked at z = 0, 

instead a shape like 
/ (z ) = ( l + c ) ( l - z ) c (27) 

may be used. 



• Charm and bottom da ta clearly indicate the need for a harder fragmentation 
function for heavy flavours, see section 5.6. The best known of these is the Peterson 
et. al. formula [50] 

/CO oc (i-i—S-
- l 

(28) 

where eg is a free parameter, expected to scale between flavours like eq oc 1/mn. 

Each splitting corresponds to the production of a q^q' pair. The flavour of this pair 
is chosen at random according to the relative probabilities uû : dd : ss = 1 : 1 : j a , 
typically with the parameter 7, = 0.3. It is also possible to allow for the production 
of diquark-antidiquark pairs, with corresponding probabilities to be given. While the 
flavour content of each hadron is thus uniquely specified by the flavours of two adjacent 
splittings, it is still possible to generate different spin and orbital angular momentum. 
Normally only the lowest-lying pseudocalar and vector meson multiplets are included, 
with relative probability given by a parameter. For diagonal flavour combinations, like 
uû, it is necessary to specify the mixing between ir° — rj — rf and p° — u> — <j>. 

In addition to local flavour conservation in q'~q' splittings, it is also assumed that 
transverse momentum is locally conserved, i.e. the net p? of the q1^ pair as a whole is 
assumed to be vanishing. The pr of the q is taken to be a Gaussian in the two transverse 
degrees of freedom separately, with the transverse momentum of a hadron obtained by 
the sum of constituent quark transverse momenta. 

Gluon j e t s : 
Within the IF framework, there is no unique recipe for how gluon jet fragmentation 
should be handled. One possibility is to treat it exactly like a quark jet, with the initial 
quark flavour chosen at random among u ,û , d, d, s and ~s, including the ordinary s quark 
suppression factor. Since the gluon is supposed to fragment more softly than a quark 
jet , the fragmentation fuction may be chosen independently. Another common option is 
to split the g jet into a pair of parallel q and ~q ones, sharing the energy, e.g. according 
to the Altarelli-Parisi splitting function in eq. (20). The fragmentation function could 
still be chosen independently, if so desired. Further, in either case the fragmentation p r 
could be chosen to have a different mean. 

Conservat ion and Lorentz Covariance Issues: 
The concept of IF inevitably leads to the total flavour, energy and momentum not being 
exactly conserved in the fragmentation process proper. At the end of the generation, 
special algorithms are therefore used to patch this up. The choice of approach has major 
consequences, e.g. for event shapes and a$ determinations. 

Little attention is usually given to flavour conservation. Typically, tha t aspect is 
solved by reassigning the flavour content of centrally produced particles, without chang
ing their three-momenta, so that the net number of each flavour is vanishing. 

Several different schemes for energy and momentum conservation have been devised. 
One [4S] is to conserve transverse momentum locally within each jet, so that the final 
momentum vector of a jet is always parallel with that of the corresponding parton. 
Then longitudinal momenta may be rescaled separately for particles within each jet, 
such that the ratio of rescaled jet momentum to initial parton momentum is the same 
in all jets. Since the initial partons had net vanishing three-momentum, so do now the 
hadrons. The rescaling factors may be chosen such that also energy comes out right. 
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Figure 7: A uniform colour flux tube stretched between a q and q endpoint — one 
possibility of visualizing the linear confinement property. 

Another common approach [49] is the one used in EUROJET, in which a generated 
event is boosted to the frame where the total hadronic momentum is vanishing. After 
that, energy conservation can be obtained by rescaling all particle three-momenta by a 
common factor. 

A serious conceptual weakness of the IF framework is the issue of Lorentz invariance. 
The outcome of the fragmentation procedure depends on the coordina:e frame chosen, 
a problem circumvented by requiring fragmentation always to be carried out in the CM 
frame. This is a consistent procedure for two-jet events, but only a technical trick for 
multisets. 

It should be noted, however, that a Lorentz covariant generalization of the inde
pendent fragmentation model exists, in which separate 'gluon-type' and 'quark-type' 
strings are used, the Montvay scheme [51]. For a three-jet event, the three string pieces 
are joined at a junction. The motion of this junction is given by the composant of the 
string tensions acting on it. In particular, it is always possible to boost an event to 
a frame where this junction is at rest. In this frame, much of the standard naive IF 
picture holds for the fragmentation of the three jets; additionally, a correct treatment 
would automatically give flavour, energy and momentum conservation. Unfortunately, 
while the scheme is perfectly valid also with several gluon jets present, it is then very 
complicated to write an event generator based on it, and nobody has ever done so. 

A second conceptual weakness of IF is the issue of collinear divergences. In a parton 
shower picture, where a quark or gluon is expected to branch into several reasonably 
collimated partons, the independent fragmentation of one single parton or of a bunch of 
collinear ones gives quite different outcomes, e.g. with a much larger hacron multiplicity 
in the latter case. It is conceivable that a different set of fragmentation functions could 
be constructed in the shower case in order to circumvent this problem (local parton-
hadron duality would correspond to having f(z) = 6(z-l)), but so far no explicit model 
has been constructed along these lines. 

2.3.2 Str ing Fragmentation 

The first example of a string fragmentation (SF) scheme was given by Artru and Men-
nessier [52]. With the elaborate string model developed by the Lund group in the years 
around 1980 [53], SF became more or less synonymous with the Lund model. This is 
perhaps less true than it used to be: string ideas are nowadays often used in cluster 
fragmentation, while the firestring model of EPOS represents another related concept. 

The string concept: 
In QCD, a linear confinement is expected at large distances (neglecting the effect of 
string breaks). This provides the starting point for the string model, most easily il-

166 



167 

lustrated for the production of a back-to-back qq jet pair. As the partons move apart , 
the physical picture is that of a colour flux tube (or maybe colour vortex line) being 
stretched between the q and the q, Fig. 7. The transverse dimensions of the tube axe 
of typical hadronic sizes, roughly 1 fm. If the tube is assumed to be uniform along its 
length, this automatically leads to a confinement picture with a linearly rising poten
tial. In order to obtain a Lorentz covariant and causal description of the energy flow 
due to this linear confinement, the most straightforward way is to use the dynamics of 
the massless relativistic string with no transverse degrees of freedom [54]. The mathe
matical, one-dimensional string can be thought of as parametrizing the position of the 
axis of a cylindrically symmetric flux tube. From hadron mass spectroscopy the string 
constant, i.e. the amount of energy per unit length, is deduced to be K SS 1 GeV/fm. 
The expression 'massless' relativistic string is somewhat of a misnomer: K effectively 
corresponds to a 'mass density' along the string. 

If several partons are moving apart from a common origin, the details of the string 
drawing become more complicated. For a qqg event, a string is stretched from the q 
end via the g to the q~ end, i.e. the gluon is a kink on the string, carrying energy and 
momentum. As a consequence, the gluon has two string pieces attached, and the ratio 
of gluon/quark string force is two, a number which can be compared with the ratio of 
colour charge Casimir operators, NC/CF = 2 / (1 — 1/-V<~) = 9/4. In this, as in other 
respects, the string model can be viewed as a variant of QCD where the number of 
colours Nc is not 3 but infinite. Note that the factor 2 above does not depend on the 
kinematical configuration: a smaller opening angle between two partons corresponds to 
a smaller string length drawn out per unit time, but also to an increased transverse 
velocity of the string piece, which gives an exactly compensating boost factor in the 
energy density per unit string length. 

In an event with several gluons, these will still appear as kinks on the string between 
the q and ~q ends. With several gluons present, the full string evolution may become 
rather complicated, in particular when two partons connected with a string segment 
have a small invariant mass. The net effect, however, is that two such nearby partons 
together drag out a string very much like what would have been dragged out by one 
single parton with the summed momentum. A soft gluon, on the other hand, does not 
affect the string evolution significantly. These properties of the string motion are the 
reasons why the string fragmentation scheme is 'infrared safe' with respect to soft or 
collinear gluon emission. 

T h e fragmentation process: 
Let us now turn to the fragmentation process, and for simplicity consider a qq two-jet 
event. As the q and ç move apart, the potential energy stored in the string increases, 
and the string may break by the production of a new ql}' pair, so that the system splits 
into two colour singlet systems q~q' and q^q. If the invariant mass of either of these string 
pieces is large enough, further breaks may occur. 

• In the Lund string model, the string breakup process is assumed to proceed until 
only on-mass-shell hadrons remain, each hadron corresponding to a small piece of 
string. 

• In CALTECH-II, on the contrary, the breaking is stopped at a string piece mass 
of a few GeV, and these pieces are identified with clusters. 
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In order to generate the quark-antiquark pairs q'T? which lead to string breakups, 
the Lund model invokes the idea of quantum mechanical tunnelling. In terms of the 
transverse mass m^ of the q', the tunnelling probability (i.e. the probability that the 
q^q' will appear) is given by 

e x p J_^j . e x p (_!£) exp (-2*) . (29) 
The factorization of the transverse momentum and the mass terms leads to a flavour-
independent Gaussian spectrum for the pT of q'q' pairs. Since the string is assumed to 
have no transverse excitations, this pj is locally compensated between the quark and the 
antiquark of the pair, just as in IF. In a perturbative QCD framework, a hard scattering 
is associated with gluon radiation, and further contributions to what is naively called 
fragmentation p? comes from unresolved radiation. This is used as an explanation why 
the experimental (pr) is somewhat higher than obtained with the formula above. 

The formula also implies a suppression of heavy quark production u : d : s : c « 
1 : 1 : 0.3 : 1 0 " 1 1 . Charm and heavier quarks are hence not expected to be produced 
in the soft fragmentation. Since the predicted flavour suppressions are in terms of 
quark masses, which are notoriously difficult to assign (should it be current algebra, or 
constituent, or maybe something in between?), the suppression of 57 production is left 
as a free parameter in the program. At least qualitatively, the experimental value agrees 
with theoretical prejudice. As for IF, it is necessary to invoke an algorithm to choose 
between pseudoscalar and vector mesons. Here the string model is not particularly 
predictive. Qualitatively one expects a 1 : 3 ratio, from counting the number of spin 
states, multiplied by some wave function normalization factor, which should disfavour 
heavier states. Again, the relative composition is therefore left as a free parameter in 
Monte Carlo implementations. 

A tunnelling mechanism can also be used to explain the production of baryons. This 
is still a poorly understood area. One possible approach is described in the JETSET 
section. 

In contrast, the CALTECH-II model possesses no mechanism to generate transverse 
momenta for the q' and q~' produced in string breakups. All pj- comes from shower 
evolution and cluster decays (see below); all flavour suppression comes from phase-space 
effects. 

Fragmentat ion functions: 
In general, the different string breaks are causally disconnected. This means that it is 
possible to describe the breaks in any suitable order, e.g. from a quark end inwards. 
What was just an ansatz in the independent fragmentation approach is thereby given 
some underlying physical justification. 

A fragmentation process described in terms of starting at the q end of the system and 
fragmenting towards the q~ end should be equivalent to doing it the other way around. 
This 'left-right' symmetry constrains the allowed shape of fragmentation functions f{z), 
where (for two-jets) z is once again the fraction of E + pi, along the jet axis chosen. 
With some simplifying assumptions, the left-right symmetric fragmentation function 
takes the form 

/ (*) oc z~\\ - z)a exV(-bm2

T/z), (30) 

with the two free parameters a and b. 



If the objects produced during string breakup are not on-shell hadrons, as is the 
case for CALTECH-II, the logical recipe is to have a constant probability for the string 
to break per unit of (invariant) area swept out by the string. This gives an exponential 
area decay law, and also ensures left-right symmetry. The specification of adjacent 
breakups in the two-dimensional sheet of the string can be translated into a simultaneous 
probability distribution in the mass-squared and the z of the produced cluster: 

&> _ 1 / , 2 / v 

-j^Tj-Kz exP(-bm/z), (31) 

with b a free parameter proportional to the probability of breakup per invariant unit of 
string area. The mass-spectrum can be obtained by integrating out z, and is propor
tional to Ei(6m 2), i.e. it posseses a logarithmic divergence at small masses (in programs 
often removed by a minimum cluster mass requirement). With the m 2 given, the frag
mentation function can just be read off eq. (31), i.e. it is exactly the same as was 
obtained in the discrete mass case, eq. (30), except that a = 0. The similarity in 
the final result is all the more surprising, since a discrete mass spectrum implies that 
string breaks are only allowed along one-dimensional hyperbolae, rather than inside 
two-dimensional areas. 

The UCLA model for flavour composition: 
Perhaps the biggest weakness of the Lund string picture is its inability to predict par
ticle composition in terms of experimental observables, like hadron masses. Instead 
it predicts particle composition in terms of uncertain quantities like quark or diquark 
masses. The UCLA extension of the Lund model is an attempt to solve that problem, 
starting with the Lund symmetric fragmentation function in eq. (30). The standard 
Lund interpretation is to view this as the probability to pick a z value, once the choice of 
hadron and pr has already been made; i.e. to fix the normalization to unit probability 
separately for each hadron. In the UCLA picture [55], the normalization is assumed to 
be common, which means that the relative probability to produce a hadron with given 
mass is proportional to the integral over allowed z and pr values: 

V(m>) a [ dzjdp\\{l - zf exp ̂ J^±M^ . ( 3 2 ) 

Besides the integral above, the only additional weight factors are trivial Clebsch-Gordan 
coefficients and spin counting factors. In particular, there is no quark level suppression 
of s quarks, c quarks (!), or diquarks. 

With this framework, it is indeed possible to get a surprisingly good description of 
the flavour composition in e+e~ events, only using the standard a and b parameters 
already present in the fragmentation function, plus a fudge factor to enhance baryon 
production in general. (In recent modelling, this fudge factor has been replaced by an 
extended baryon production scenario, more based on first principles.) This does not 
mean that agreement with data is perfect, so the picture may still be too simplistic. 

The UCLA model in principle also predicts the transverse momentum spectrum 
for hadrons, but without giving a recipe for how this transverse momentum should be 
globally conserved. To date, no consistent scheme is known for solving this problem, 
so the standard Lund recipe for generating pr on the part on level is probably to be 
preferred. 

169 



Figure S: The two different ways 
of stretching a string in a qqgg 
event. 

Interfacing to matrix elements and parton showers: 
For four-jet events (or events with more than four jets) which are generated using 
matrix elements, there are several possible topologies for the ordering of partons along 
the string. This is illustrated in Fig. 8 for qqgg events. A knowledge of quark and gluon 
colours, obtained by perturbation theory, would uniquely specify the stretching of the 
string [56], so long as the two gluons do not have the same colour. The probability 
for the latter is down in magnitude by a factor I/NQ, where Nc — 3 is the number 
of colours. Perturbative QCD gives no answer for how to handle these situations, but 
recipes have to be included in event generators. 

In leading log shower programs, where only 1 —• 2 branchings are included, the rules 
for colour flow in branchings are well-defined. If one goes beyond this approximation, as 
in NLLjet, the same problems will arise as in the four-jet matrix elements, and similar 
solutions have to be found. 

Whichever scenario is considered, matrix elements or showers, there is a tacit as
sumption that soft gluon exchanges between partons will not mess up the original colour 
assignment. Both theoretical and experimental arguments can be raised as to why this 
might be a fair approximation, but eventually this assumption is something which needs 
more rigorous testing [57]. 

2.3.3 Cluster Fragmentation 

While the Artru-Mennessier model [52] contained clusters, dedicated cluster models 
were first developed at CALTECH [41]. Today, cluster models are found in HERWIG 
and in CALTECH-II. The main difference between cluster fragmentation (CF) schemes 
is the extent to which string fragmentation ideas are incorporated. 

• In one extreme, a parton shower picture is used to produce a panonic configura
tion. At the end of the shower evolution, remaining gluons are forcibly split into 
qq pairs. With colour explicitly kept track of, the quark of one splitting may be 
combined with the antiquark from an adjacent one to form a colourless cluster, 
Fig. 9. These clusters subsequently decay into the final hadrons. This is, more or 
less, the HERWIG strategy. 

• In the other extreme, parton showers or matrix elements may be used to generate a 
partonic configuration, with string stretched in between the partons, as described 
in the SF section. These strings then fragment into clusters, which again decay into 
the final hadrons. Fig. 10 illustrates this approach, which is found in CALTECH-
II. 
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(i) (iiMiii) (iv) 

Figure 9: One cluster fragmenta
tion scenario: (i) shower evolu
tion, (ii) forced g —• qq branch
ings, (iii) cluster formation, and 
(iv) cluster decay. Occasionally, 
a cluster is associated with a sin
gle particle. 

T h e cluster concept: 
The concept of cluster fragmentation offers the great promise of a simple, local and 
universal description of hadronization. Gone are the long, ordered fragmentation chains 
present both in SF and IF. In their place appear simple clusters, which are assumed 
to be the basic units from which the hadrons are produced. A cluster is ideally only 
characterized by its total mass and total flavour content, i.e. unlike a string it does 
not possess an internal structure. If the shower evolution and/or string breaks are 
chosen such that most clusters have a mass of a few GeV, the cluster mass spectrum 
may be thought of as a superposition of fairly broad (i.e. short-lived) resonances. 
Phase-space aspects may then be expected to dominate the decay properties. This 

Figure 10: Another cluster frag
mentation scenario: (i) shower 
evolution, (ii) string evolution 
and breakup into (iii) clusters, 
(iv) cluster decay into a varying 
number of particles. 
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applies both for the selection of decay channels, and for the kinematics of the decay. 
Thus a decay is assumed to be isotropic in the rest frame of the cluster. This gives a 
compact description with few parameters. In particular, the separate longitudinal and 
transverse momentum fragmentation descriptions in SF and IF are here replaced by a 
unified framework, wherein parton showers and cluster phase-space decays give the full 
momentum distribution. As we shall see in the following paragraphs, there are some 
complications, however. 

Ideally, parton shower evolution should in itself give a cluster mass spectrum strongly 
damped at masses above a few GeV, so that two-body decays of clusters would give 
a sufficient description. This was the hope in the early days of CF. a hope founded 
on the concept of 'preconfinement' [58]. Unfortunately, despite the preconfinement 
property, there is no known way of avoiding a rather large spread of cluster masses. In 
programs, it is therefore necessary to introduce the possibility for a high-mass cluster 
to produce more than two hadrons. This is typically done by allowing branchings 
cluster —• cluster + hadron or cluster —> cluster + cluster. Usually, these decays are 
not performed isotropically, but as if the decaying cluster were a 'ministring' with a 
well-defined longitudinal direction. 

Flavour generation: 
Flavours are generated at several different stages. First, at the branchings g —• qq, 
alternatively at the string breaks, i.e. when the clusters are formed. In CALTECH-II the 
relative probabilities appear as explicit parameters, while they are given by the parton 
mass assignments in HERWIG. In the original Webber-Marchesini model, only quark-
antiquark pairs (or gluons) were created at branchings. This leads to some problems 
in the description of baryon production. The present model therefore also includes, 
as an option, the possibility that a gluon may branch into a diquark-antidiquark pair. 
This process is turned on below some scale in the shower evolution, with an arbitrary 
strength relative to ordinary qq production. 

A second stage of flavour production occurs when larger clusters decay into smaller 
ones. Typically, this means that a cluster q\q2 breaks, by the production of an inter
mediate q3q~3 pair, into clusters q{q3 and qzq~i- One of the two may, but need not, be 
directly associated with a hadron. In general, the symbol q may here represent either 
a quark or an antidiquark, but in HERWIG production of a new dicuark-antidiquaxk 
pair is forbidden at this stage. The third stage of flavour production is when a cluster 
decays into two hadrons. The flavour flow is as above, i.e. a new qzq3 pair splits the 
old cluster in the middle. Here quark, diquark, and even charm production is allowed 
in HERWIG, with relative probability dictated by phase-space alone. 

The phase-space assumption means that each allowed cluster decay channel is as
signed a weight proportional to the density of states, i.e. equal to (2sj + 1)(252 + 
l)(2p*/m). Here sx and s? are the spins of the two hadrons produced, and p* the com
mon momentum of the products in the rest frame of the decaying cluster (with mass 
m). The weight gives the relative probability of the choice being retained; in case of 
rejection a new q3 flavour is selected and the procedure repeated. 

It should be noted that the new q3 quark flavour is not associated with any dynamical 
properties, such as a mass or, for diquarks, a total spin. It is only the properties of the 
final, 'observable1 particles that can influence the relative production rate. Further, the 
'fragmentation' transverse momentum is determined by the average energy release in 



cluster decay, and in subsequent resonance decays, as opposed to the extra parameter 
needed in the Lund model. 

Heavy and light clusters: 
In the decay of a large cluster into two, the kinematics is usually handled anisotropically, 
along the 'string' direction. The same kind of phase-space weight may still be used, 
provided clusters are assigned suitable spins and a cluster mass spectrum weight is 
folded in. This is what is done in CALTECH-II, while the HERWIG breakup rule is a 
simpler phenomenological recipe. 

If all clusters are to decay into at least two particles, the probability of producing a 
single particle carrying a large fraction of the total jet energy is severely underestimated. 
Therefore cluster programs usually contain a mechanism, so that a sufficiently light 
cluster is assumed to collapse into a single particle. Four-momentum is shuffled to or 
from nearby clusters, so as to achieve overall energy and momentum conservation. 

2.3.4 Other Fragmentation Approaches 

As should be amply clear from the discussions above, the study of fragmentation is 
not a closed chapter, with one simple framework that does it all. In addition, none 
of the models discussed are able to describe some experimental features. This means 
that a broad spectrum of alternatives should be pursued, a few of which appear in the 
program descriptions. Many of these are toy models, useful for illustrating principles, 
but not for the detailed description of experimental data, although at least one, EPOS, 
is a fully-fledged program in its own right. Other models are not embodied in computer 
programs, but may still provide interesting insights. In the following paragraphs, we 
introduce a few interesting approaches, without any ambition of completeness. 

Local Parton-Hadron Duality: 
One of the most powerful approaches, and yet conceptually a simple one, is to assume 
that properties on the parton level are intimately related to the corresponding hadronic 
properties, to the extent that (some) quantities may be studied without making any 
reference at all to a fragmentation process. This idea of a local parton-hadron duality 
has been developed in particular by the Leningrad group [35]. 

In the 'hard-line' interpretation, a one-to-one correspondence is assumed between 
partons and hadrons, event by event, given only that the partonic cut-off parameter 
is suitably chosen. In the 'soft-line' interpretation, which most people seem to favour, 
there is no absolute correspondence event by event, but only in the average behaviour, 
and in the fluctuations around that average. This framework can e.g. be used to predict 
correlations of the ,.E o ril/ / ?C" kind, which means that one should fix a jet directions from 
the energy flow, and then consider M-particle multiplicity correlations, internally and 
with respect to the jet directions (thus the ordinary string studies would be E3MC, i.e. 
specifying three jet directions and then considering the inclusive particle flow) [35]. The 
procedure of normalizing to a given jet energy configuration will ensure that results are 
finite and well-behaved. 

EPOS: 
EPOS is not based on QCD, or at least not on QCD as we know it. Rather, its underlying 
assumption is that there are no dynamical gluons. Only qq (or qqq etc.) bound states 
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axe physical entities. Lower-mass states correspond to the ordinary hadrons, while 
higher-mass states are called fire-strings. The 'string' suffix is related to the fact that 
high angular momenta are generated for these states, which give them an anisotropic 
structure in their decays, just as for ordinary strings. In an e +e~ annihilation event, 
a fire-string is produced at the primary 7 /Z 0 vertex. This initial fire-string may break 
into two fire-strings, into a hadron plus a fire-string, or into two hadrons. By successive 
branchings towards smaller masses, a purely hadronic final state is obtained. The 
probability that fire-strings are 'tilted' with respect to their mother fire-string direction 
is what produces a non-two-jet structure, without ever resorting to the ansatz of gluon 
emission. 

Statistical models: 
The model of Ochs (DPSJET) is a purely statistical model, just based on the equipar-
titioning of energy in the fragmentation process. No QCD whatsoever is used, and yet 
multijet events do appear, and an effective a s value that is a prediction of the model. 
Since only pions can be created, and since there are some problems describing mul
tiplicity, DPSJET cannot directly be compared with data. Nonetheless, some of its 
properties could indeed be studied experimentally. 

An intermittency model: 
Another toy model is the program being developed by the Cracow group. The model is 
only implemented in one space dimension, which makes it unsuitable for comparisons 
with data, but the issue considered is the more important: to what extent could final 
state interactions mess up the fragmentation models described previously? To study 
this question, a string type fragmentation picture is invoked. The fragmenting string 
pieces are allowed to reinteract, should their paths cross. The central issue is whether 
this kind of reinteraction could reproduce intermittency phenomena. 

A baryon production model: 
One of the least well understood aspects of particle production is that of baryon for
mation. Most models treat this in the same spirit as meson formation, but maybe the 
underlying physics is quite different. In the model of Ellis and Kowalski, baryons are 
produced at topological defects [59]. These defects appear when chiral symmetry is bro
ken during the fragmentation phase, and adjacent domains (corresponding to the final 
mesons) have a mismatch in chiral directions. In this model, the baryon multiplicity 
should increase faster with CM energy than in conventional approaches, which should 
produce visible differences at LEP. 

2.4 Particles and Their Decays 
Particle content: 
All the main QCD Monte Carlos include the lowest-lying pseudoscalar and vector 
mesons, and most contain the lowest-lying spin 1/2 ('octet') and 3/2 ('decuplet') baryon 
states. Some programs also include mesons with orbital angular momentum L = 1, i.e. 
the scalar, pseudovector (2 of them) and tensor multiplets, as well as a few radial exci
tations, type \If'. Excited baryon states are usually not included. 

Normally all particles in the full three-generation standard model are included; some
times a fourth generation is also included. If any of these particles are found at LEP, the 
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expected lifetimes are long enough for hadrons to actually be formed. The full menagerie 
of possible mesons and baryons is extensive, and are usually t reated en masse for the 
heavier quark flavours, according to schematic rules. This applies both for masses and 
decays. 

M a s s e s : 
Known particle masses are taken from the Review of Particle Properties [14], while 
unknown masses are calculated according to simple mass formulae. 

Many particles are short-lived resonances, for which the mass value is not well-
defined, e.g. p, /if", or A. Some programs do include a Breit-Wigner type broadening 
for these resonances, but none includes the full machinery of correct threshold factors. 
The reason is that a correct treatment requires a coupled description of production and 
decay, while most programs are based on a sequential description, where the particle 
is first produced with some given mass, and only at a later stage decays according to 
fixed branching ratios. An (extreme) example to illustrate why sequential treatment 
is not correct in general: the scalar meson fo has a nominal mass below the K+K~ 
threshold, and therefore predominantly decays to - + 7r~ and 7r°7r°. The resonance is 
broad enough, however, for the more massive specimens to have a chance to decay to 
K+K~ or even K°K . The resonance shape is therefore not of the simple Breit-Wigner 
type, and branching ratios vary wildly with mass. 

In general, existing Monte Carlo programs should therefore only be used as a first 
guideline for what to expect in the search for a broad resonance. The detailed modelling 
is left to the experimenter, for the particular channel under study. 

D e c a y s : 
It is a general misconception that the treatment of decays is fairly routine, similar 
between programs. True, the differences are smaller in this area than they are in the 
perturbative QCD or fragmentation areas, but that does not make them negligible, as 
the following comments illustrate. 

Branching ratios are taken, where measured, from the Review of Particle Properties 
[14]. For light particles, experimental knowledge is fairly complete, and programs do 
not differ by much. Particles are assumed to decay isotropically, according to phase-
space. Some programs include additional matrix elements, which multiply the ordinary 
phase-space weights. This may include 7r° and 77 Dalitz decays to 7 e + e ~ , u; and <f> decays 
to 7r+7T~7r0, and vector decays in the sequence pseudoscalar —• pseudoscalar + vector 
—+ 3 pseudoscalars. 

For heavier particles, the situation is more complicated. Experimental knowledge 
is no longer complete. This means that each program builder has to make educated 
guesses. One example is the r puzzle, i.e. that experimentally the sum of branching 
ratios for exclusive one-prong decays is lower than the inclusive one-prong branching 
ratio. Many brute force solutions are possible here, and users should not expect any 
two programs to agree. 

For D° and D+, established branching ratios sum up to roughly 80% [60]. With 
symmetry arguments and a few educated guesses, reasonably complete sets of decay 
channels and branching ratios may be obtained, but certainly with differences from pro
gram to program. These differences are even larger for D, and for charmed baryons, 
where few branching ratios are measured. It is still possible to enumerate a closed set of 
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decay channels. Some programs take this approach, while others make do with simpli
fied statistical models, whereby a multiplicity is picked according to some distribution, 
and the requested number of particles is constructed from an original flavour content, 
given by the weak decay process, plus a number of additional q'q' pairs produced at 
random. For bottom decays, the fraction of measured branching ratios is vanishingly 
small, while the set of possible decay channels is very large. Therefore all programs 
resort to statistical models, and the differences can be significant. 

For weak decays, in particular semileptonic ones, it would not do to distribute par
ticles entirely according to phase-space. On the parton level, the matrix elements are 
known. For a charge +2/3 quark decay Q —• q + 1+ + u, 

\M\2 oc (pQpi)(pvp,), (33) 

while for a charge -1/3 quark decay Q —• q + l~ + 77, 

\M\2 oc (pQPl>)(pipq). (34) 

The matrix elements above generalize to hadronic quark decay modes, and to r decays, 
with simple substitutions so as to preserve the weak isospin nature. 

In the end, it is again necessary to translate partons, distributed according to the 
matrix elements above, into hadrons. Often the decay product (q above) combines with 
the spectator quark to form a single hadron (in B decays, the modes B —» (D, D~) l~ v\ 
are known almost to saturate the semileptonic branching ratio). In hadronic B decays, 
it is therefore usual to assume the production of a single D or D*, plus a phase-space 
model for the decays of the quarks of the virtual W. 

Most programs do not worry about particle polarization. Such polarization could be 
present for a number of reasons: it could be inherited from the initial qq pair produced 
at the 7 /Z 0 vertex (particularly relevant for heavy flavours), it could be produced in 
the fragmentation process (as we know is the case with A baryons and other hyperons), 
or it could arise in weak decays (with r being the most interesting case). EURODEC 
and TIPTOP do contain helicity information, which is used, e.g., in r decays, and thus 
are more sophisticated with regard to their treatment of hadron decay phenomenology 
than are most models. 
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3 Matr ix Element Programs 
In section 2.2.1, we have given an introduction to the matrix element approach. On the 
Monte Carlo side, no standard implementation of these matrix elements has emerged: 
among the early programs, Hoyer et al. [1] and JETSET only contained first order QCD, 
and Ali et. al. [2], while containing four-jets, still did not include second order corrections 
to the three-jet rate. In later versions, JETSET did contain full second order matrix 
elements, but according to the GKS scheme [3], which is nowadays generally recognized 
to miss some non-negligible terms. Other programs, like COJETS or the Marchesini-
Webber or Gottschalk ones, were intended for shower evolution from the start, and 
never contained matrix element options. 

Instead, different generators have been developed by experimentalists. These have 
mainly been used inside the original collaborations, have often not been publicly avail
able, and not always well documented. In this section we will present some of these 
algorithms. More may exist that we are not aware of. 

Essentially all generators make use of some simplifications to the full problem. 
• When performing the cancellation between soft four-jets and virtual three-jets, the 

overall angular orientation of events (with respect to the beam axis) is neglected, 
and only the internal variables of the event are used. Here one in principle knows 
how to do better [4]. 

• Calculations of the second order three-jet matrix elements have only been per
formed for massless quarks. The best one can do here is probably to assume that 
the effective mass suppression factor (as a function of kinematics) of the first order 
three-jet matrix elements also carries over to the full second order expression. 

• In the qqcfq' matrix elements, the new pieces only allowed due to the axial nature 
of the Z° [5] are not included. 

• If the top quark is heavy, then 66 production receives non-negligible contributions 
from loops involving t quarks and W bosons. Programs have no provisions for 
this. The 66 rate can be enhanced by brute force, provided that the subsequent 
relative pattern of gluon emission is assumed to be unchanged. 

In practice, none of the limitations above are expected to cause any major uncertainties 
for LEP applications. 

While the approaches used will be discussed in general terms, and compared with 
each other, our working group have not had the time or the necessary background ma
terial to check the correctness of the algorithms used. In view of the very long matrix 
element expressions that are required (which often have to be typed in by hand), and 
the delicate cancellation between collapsed four-parton and virtual three-parton events 
(which is often achieved numerically by Monte Carlo integration), the possibility of 
errors must always be acknowledged. Quite apart from that, there are indeed ambi
guities in the cancellation process, which could well be the full reason why different 
implementations do give somewhat different results. 

3.1 ERT-based Generators (I) 
One of the earliest generators was the one implemented by R.-y. Zhu (CALTECH, 
BITNET ZHU@CITHEX.CALTECH.EDU) [6], which has been extensively used by 
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Mark-J (and CELLO, see section 3.3). This generator is based on the ERT matrix 
elements [7], with a Monte Carlo recombination procedure suggested by Kunszt [8] and 
developed by Ali [9]. It has the merit of giving corrections in a convenient, parametrized 
form. For practical applications, the main limitation is that the corrections are only 
given for discrete values of the cut-off parameter(s), y or (e,8). In the subsequent 
discussion, we will only refer to y. 

The basic approach is the following. Without any loss of generality, the full second 
order three-jet cross-section can be written in terms of the 'ratio function' R(X, Y; y), 
denned by 

1 da? = ^MX, Y) [l + ̂ -R(X, Y; y)} , (35) 
c0 dXdY 

where A' = Zj — i 2 = *<? — x^, Y — x3 = xg, o0 is the lowest order hadronic cross-
section, and A0(X, Y) the standard first order three-jet cross-section, cf. eq. (9). By 
Monte Carlo integration, the value of R(X, Y;y) is evaluated in bins of (X,Y), and the 
result parametrized by a simple function F(X,Y;y). Once this function is available, 
generation of Monte Carlo events is straightforward. 

In order to obtain the second order three-jet rate, a small cut y 0 = 1 0 - 7 was in
troduced. It was assumed that four-parton events which fail this cut can be (partly) 
cancelled analytically against the virtual three-jet events, to give a net 'regularized vir
tual' contribution to the three-jet rate. For a given choice of y cut, in the physical range 
y ~^> y 0, an additional 'soft' contribution comes from four-parton events which survive 
the y 0 cut but fail the y one. 

A large sample (9000000) of four-parton events was generated inside the yo cut 
region. For events which failed the more stringent y cuts, the parton pair with the 
smallest invariant mass was recombined into an effective jet, using the p recombination 
scheme. To recapitulate, this means that the individual three-momenta were added, 
fij — "Pi +Pj> the mass of the recombined pair set zero for the calculation of energy, 
Eij = |jp, + p j | , and finally all four-momenta were rescaled by a common factor so as to 
preserve the correct CM frame energy. 

In calculating the 0(a\) correction functions, care was taken to maintain the flavour 
signature of the jets in the recombination process. A quark and a gluon were recombined 
into a quark with the same flavuor as the original quark, two gluons were recombined to 
form a gluon, etc. In some cases the three jets of the final state were not in the standard 
qqg configuration. The probability for this to happen corresponded to less than 0.5% 
of the total cross-section, even for the most stringent cuts used. For these non-qqg final 
states, the assignment of g, ~q and g was done at random. 

The sum of 'regularized virtual' (1000000 three-jet events were generated, with 
evaluated second order weights) and 'soft' corrections, normalized to the first order 
three-jet cross-section, was tabulated in the (X,Y) plane, using bins of size 0.05 x 0.05. 
This estimated R function behaviour was then fit with a 12 parameter function F, 

F(X,Y;y) = P l + &X2 + p3X
4 + (p4 + PsX

2)Y + (p6 + p7X
2)Y2 + 

(pa + p9X
2)Y* + PïQ/(X

2 - Y2) + p „ / ( l - Y) + P n / Y (36) 

The parameters p,- are given in Table 1, for the y values studied. The x2 of the F fit to 
the R table is typically less than 1.1 per degree of freedom. 

There are different ways to make use of the parametrization above. The approach 
of the Zhu algorithm is the following. Three-jet events are generated according to the 
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Table 1: Coefficients pi - p12 (first line px - p4 etc.) of the parametrization in eq. 
(36), for different y cuts. 

y = 0.01 
0.1829E+02 0.8956E+02 0.4541E+01 -0.5209E+02 

-0.1098E+03 0.2490E+02 0.1163E+02 0.3683E+01 
0.1750E+02 0.2440E-02 -0.1362E+01 -0.3537E+00 

y = 0.02 
0.1142E+02 0.6299E+01 -0.2255E+02 -0.S915E+01 
0.5925E+02 -0.5855E+01 -0.3285E+02 -0.1054E+01 

-0.1690E+02 0.6489E-02 -0.8156E+00 0.1095E-01 
y = 0.03 

0.7847E+01 -0.3964E+01 -0.3583E+02 0.1178E+01 
0.2939E+02 0.2806E+00 0.4782E+02 -0.1236E+02 

-0.5672E+02 0.4054E-01 -0.4365E+00 0.6062E+00 
y = 0.04 

0.5441E+01 -0.5689E+02 -0.5027E+02 0.1513E+02 
0.1143E+03 -0.1819E+02 0.9705E+02 -0.1890E+01 

-0.1399E+03 0.8153E-01 -0.4984E+00 0.9439E+00 
y = 0.05 

-0.1765E+02 0.5144E+02 -0.5832E+02 0.7095E+02 
-0.2557E+03 -0.7899E+02 0.4769E+03 0.2965E+02 
-0.2393E+03 0.4745E+00 -0.1174E+01 0.6081E+01 

Born term cross-section, within the allowed phase-space region. Each event is assigned 
a weight, given by 1 + (as/^)F(X,Y\y). In a run, the total three-jet fraction can 
be obtained by averaging these weights, multiplied by the relevant Born term cross-
sections and phase-space factors. Four- and two-jets are generated with weight unity. 
With also the four-jet fraction kept track of, the correct relative two-jet fraction may be 
constructed at the end of the run, according to r2jet = 1 — r3jet — rAjet. Since r 2 j e t differs 
from the actually generated two-jet fraction, rf'"t, a common weight factor ^jet/r^t is 
applied to all two-jets. 

In practice, for each kinematical variable to be studied over a range of as values, it-
is convenient to use four separate histograms during event generation: 

1. 2-jet events, with weight unity, 
2. 3-jet events, with weight unity, 
3. 3-jet events, with weight F(X,Y\y), and 
4. 4-jet events, with weight unity. 

Once these histograms are available, with integrated rates (as functions of as) for the 
latter three, it is straightforward to mix the four histogram contents in the desired 
proportions. In particular, a global change in a$ can be trivially implemented, simply 
by changing the mix. A change of as event-by-event, as resulting from initial state QED 
radiation, is less easily taken into account but, since as varies slowly with CM energy, 
this is not a major problem. Also, y must be kept fixed within a run, and restricted to 
one of the values in the table. 
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Of course, it is also possible to use an algorithm along the J E T S E T lines (see section 
3.2). It is then not necessary to use separate histograms but , on the other hand, studies 
for different a$ values have to be based on separate runs. Actually, since the original 
Zhu generator was not available, an implementation into J E T S E T was arranged. It is 
this code which has been used in the comparisons presented below. 

3.2 FKSS/GKS-based Generators 

The only surviving generator from the FKSS/GKS school [10,3] is the one found in 
JETSET. It is based on the GKS calculation, where some of the original mistakes in 
FKSS had been corrected. The GKS formulae have the advantage of giving the second 
order corrections in closed analytic form, as not-too-long functions of Xj, x 2 , and the 
y cut-off. However, it is today recognized, also by the authors, that important terms 
were still missing, and that the matrix elements should therefore not be taken too 
seriously. There are two reasons for including the J E T S E T generator in this report 
anyway, first that it has been much used in the pas: and is still available, and second 
that the methodology chosen in JETSET has been the starting point for several other 
generators, to be described in the following. 

The program contains parametrizations, separately, of the total first order three-jet 
rate, the total second order three-jet rate, and the total four-jet rate, all as functions of 
y (and, in a trivial manner, as)- These parametrizations have been obtained as follows. 

• The three-jet matrix element is almost analytically integrable; some small finite 
pieces were obtained by a truncated series expansion of the relevant integrand. 

• The second order three-jet matrix elements were integrated for 40 different y cut 
values, evenly distributed in In y between a smallest value y = 0.001 and the 
kinematical limit y = 1/3. For each y value. 250 000 phase-space points were 
generated, evenly in <fln(l — x,) = dxi/(l — x:), i = 1.2, and the second order 
three-jet rate in the point evaluated. The sura of weights in each of the 40 y 
points, properly normalized, were then fitted to a polynomial in l n ( y - 1 — 2). 

• The four-jet rate was integrated numerically, separately for qqgg and qqq'q' events, 
by generating large samples (exact size lost to history) of four-jet phase-space 
points within the boundary y = 0.001. Each point was classified according to the 
actual minimum y between any two partons. The same events could then be used 
to update the summed weights for 40 different counters, corresponding to y values 
evenly distributed in In y between y = 0.001 and the kinematical limit y = 1/6. 
In fact, since the weight sums for large y values only received contributions from 
few phase-space points, extra (smaller) subsamples of events were generated with 
larger y cuts. The summed weights, properly normalized, were then parametrized 
in terms of polynomials in l n ( y _ 1 —5). Since it turned out to be difficult to obtain 
one single good fit over the whole range of y values, different parametrizations are 
used above and below y = 0.018. 

In the generation stage, each event is treated on its own, which means that the 
as and y values may be allowed to vary from event to event. The main steps are the 
following. 

1. The y value to be used in the current event is determined. If possible, this is the 
value given by the user, but additional constraints exist from the validity of the 
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parametrizations (y > 0.001), an extra user requirement of a minimum absolute 
invariant mass between jets (which translates into varying y cuts due to the effects 
of initial state QED radiation), and the demand that the first plus second order 
three-jet cross-section never be negative in any phase-space point (while the second 
order three-jet cross-section by itself may well be negative). The latter constraint 
on y, as a function of a$, was found as a by-product of the numerical integration 
described above. 

2. For the y and as values given, the relative two/three/four-jet composition is de
termined. This is achieved by using the parametrized functions of y for three- and 
four-jet rates, multiplied by the relevant number of factors of 05, and normalized 
to the analytically known second order total event rate. 

3. If the combination of y and as values is such that the total three- plus four-jet 
fraction is larger than unity, i.e. the remainder two-jet fraction negative, the y 
cut value is raised (for that event), and the process is started over at point 2. 

4. The choice is made between generating a two-, three- or four-jet event. 
5. For the generation of four-jets, it is first necessary to make a choice between qqgg 

and qqq^q' events, according to the relative (parametrized) total cross-sections. A 
phase-space point is then selected, and the differential cross-section in this point 
is evaluated and compared with a parametrized maximum weight. If the phase-
space point is rejected, a new one is selected, until an acceptable four-jet event is 
found. 

6. For three-jets, a phase-space point is first chosen according to the first order cross-
section. For this point, the weight 

W{xux2]y) = 1 + —R(xux7;y), (37) 

is evaluated, where R(xi,x2; y) is the analytically given [3] ratio of second to first 
order three-jet cross-sections. This weight is compared with a maximum weight 

Wmax(y) = 1 + — i J m a x ( y ) , (38) 

where also Rmaxiv) w a s obtained as a by-product of the numerical integration 
above. If the phase-space point is rejected, a new point is generated, etc. 

7. Massive matrix elements are not available in JETSET. However, if a three- or 
four-jet event determined above falls outside the phase-space region allowed for 
massive quarks, the event is rejected and reassigned to be a two-jet event. This 
procedure is known not to give the full mass suppression expected, but at LEP 
mass effects will be minor anyway. 

8. Finally, if the event is classified as a two-jet event, either because it was initially so 
assigned, or because it failed the massive phase-space cuts for three- and four-jets, 
the generation of two-jets is trivial. 

The parametrizations were originally done for PETRA applications. A legacy of this 
is the restriction to 4 flavours for the secondary q'~q' pair generated in qqq^q' events, i.e. 
bbbb events are not generated. Further, the overall angular orientation of events (with 
respect to the beam axis) is based on the first order electroweak formulae, both for 
three-jets and four-jets. For four-jets this means that they are oriented in analogy with 
effective three-jets obtained by recombining the gg or q'q' paxton pair into one single g. 



3.3 ERT-based Generators (II) 
The event generator written by F. Csikor has been used e.g. in the CELLO collabora
tion. This generator uses an early version of the Zhu parametrization, in terms of 18 
parameters rather than 12, but with a comparable or even slightly worse x2 f ° r the fit. 
This generator has been fitted into the JETSET framework, which means that the pro
gram can be run almost in the ordinary JETSET way. Only five y values are supported: 
y = 0.011,0.02.0.03,0.04,0.05, and the program is said to be valid only for 35 and 44 
GeV. In practice, it seems these constraints can be relaxed. 

The selection to generate a two-, three- or four-jet event is done in the standard 
JETSET way, but with the second order three-jet contribution set to zero. This auto
matically gives the right fraction of four-jets, so these are assigned weight unity. The 
rate of two-jet events is too high, however, at the expense of three-jets. Two-jets are 
therefore given a weight 

1 _ r W - r ( 2 ) - r 
w ^ 1 ; 3

 ( ; 3 r \ (39) 

where r3 is the parametrized second order contribution to the three-jet fraction. Three-
jets, finally, are generated according to the first order cross-section, and then assigned 
a weight 1 + (as/ir)F'(X,Y;y), where F' is an 18 parameter function similar to the F 
of eq. (3G), i.e. supposed to be an approximation to the R function of eq. (35). Once 
calculated, the two-, three-, or four-jet weight is compared with a maximum weight 
1 + (as/^)F^ax(y), where F'max is again given in tabular form. If the event is rejected, 
a new one is generated, starting with the selection of jet multiplicity. 

The parametrization is fitted into JETSET version 5.2 (but could easily be moved 
to 6.3), as follows. The routines LUEEVT, LUXJET and LUX3JT are replaced by 
modified versions, and in addition there are two extra routines ALPCOR and ERT2ND. 
To switch on the option, one should put MSTE(20)=2. 

The approach above could probably be cleaned up by using the parametrized second 
order three-jet rate to make a definitive choice of jet type (apart from mass effects) from 
the beginning, just like in JETSET. However, in principle it is a correct method. 

Of more recent date are the ERT matrix elements given by N. Magnussen (Wuppertal 
and DESY, BITNET F11MAGQDHHDESY3). [11]. These are intended to be used in 
the context of an optimized choice of Q7 scale. As mentioned in section 2.2, results 
are only independent of the choice of scale if the infinite perturbative series is taken 
into account. Given that only two orders are at our disposal, one might e.g. try to 
apply the principle of minimum sensitivity, PMS [12], which states that the optimum 
choice of scale Q2 is the one for which physical quantities are least sensitive to small 
variations of scale. Traditionally, an unoptimized scale Q2 = s has been used, but it is 
now established that this fails to give an adequate description of the large ra te of multi-
jet events observed experimentally [13]. Kramer and Lampe [14] have recently applied 
the PMS to jet cross-sections. They find that, by doing so, the rate of four-jet events 
is significantly larger than that predicted with the normal, unoptimized scale, thereby 
rekindling hope that matrix elements could be suitable for many tasks. Experimental 
studies have confirmed that the use of second order matrix elements with an optimized 
as scale results in jet rates in nice accord with data [11,15]. Moreover, many of the 
global event distributions are also well described. Recently, Magnussen has managed 
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to obtain a reasonable description also of the p j u i distribution, notoriously difficult to 
describe with matrix elements, by using a largcr-than-usual fragmentation p j . 

For the calculation of the Magnussen matrix elements, the Monte Carlo method of 
Ali and Barreiro was used [16]. As in the Zhu calculation, described above, part of the 
second order three-jet cross-section is calculated analytically, while pan is obtained nu
merically, by recombination of four-parton events. The results were based on a sample of 
6 500 000 four-parton and 1 900 000 three-parton events. Three different recombination 
schemes were studied: 

1. the momentum one, p, 
2. the massless energy one, EQ, and 
3. the energy one, E. 

In the EQ recombination scheme, which has not been encountered before, the four-
vector of the recombined parton is constructed as the sum of the two nearby par ton 
four-momenta. The scaled invariant mass-squares in the three-jet configuration are 
calculated from energies and angles, according to y,j = 2E{Ej(l — cos9ij)/EçM, i.e. a 
formula that would have been correct had the recombined parton been massless. As it 
i s) Vi2 + yi3 + !/23 7̂  1- The choice here is to have the energy fractions of the quark and 
antiquark given by x,- = 1 — yjk, while the gluon takes what is left (i.e. not 1 — t/ 1 2 but 
2 — X\ — x?). 

Also the problems with unphysical recombinations of partons were considered, like 
the q and ç of a qqgg event. The approach adopted was to include only flavour-allowed 
recombinations in the weight calculation for a given 2:1, X2 kinematical setup, but to 
include all recombinations in the calculation of the total three-jet rate. 

In the end, the Magnussen algorithm is embedded in the JETSET (version 6.3) 
framework, by a change of three pieces of software. 

• The parametrized second order three-jet cross-section is replaced by a new (simi
lar) parametrization for each of the three recombination schemes separately. 

• The ratio of second to first order weights, R(xi,X2]y) in eq. (37), is replaced by 
one two-dimensional table for each y value (and recombination scheme) studied. 
Bin size in the (xi,x2) plane is 0.1 x 0.1. Values for the maximum weight Rmax(y) 
are also given. Interpolation is done for intermediate, not tabulated y values. 

• The as function is replaced by the one relevant for an optimized Q7 scale. 

To distinguish these routines from the standard J E T S E T ones, the driver routine 
LUEEVT is instead called LUEEVl. It can be found in the file ERTLND1 FORTRAN 
on the JTMC 191 disk on CERNVM. Three sets of matrix elements reside in the file 
ERTMES1 FORTRAN. They can be selected with the J E T S E T switch MSTE( l ) . 

• MSTE( l ) = 4 : p recombination at scale Q2 = s, a s (0 .005s) , A = 120 MeV. 
• MSTE( l ) = 5 : E recombination at scale Q2 = s, a s(0.005,s), A = 50 MeV. 
« MSTE( l ) = 6 : E0 recombination at scale Q2 = 0.0055, as(0.005<0, A = 90 MeV. 

The last option gives the same total three-jet cross-section as that calculated by Kramer 
and Lampe, but no comparison of the differential cross-section has been made. 

For completeness, the main additional JETSET parameters set by Magnussen in his 
study at 44 GeV were the following: 
MST(4) = 3 : freedom to set c and b fragmentation functions separately; 
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PAR(12) = 0.375 : fragmentation pj a parameter (0.425 in updated analysis using 
MSTE(1)=6); 
PAR(31) = 1.0 : a parameter in Lund light quark fragmentation function; 
PAR(32) = 0.6 : 6 parameter in Lund light quark fragmentation function; 
PAR(44) = -0.050 : t parameter for c fragmentation function; 
PAR(45) = -0.018 : e parameter for b fragmentation function; and 
PARE(S) = 0.015 : y cut-off of matrix elements. 

When running this program, small jumps in the parton thrust distribution, in parti
cular at T = 0.9, were noted. These come from the use of a fairly coarse matrix of second 
order correction factors, Az j x A x 2 = 0.1 x 0.1, with no smoothing at boundaries. 

3.4 GS-based Generators 
The Gottschalk-Shatz calculation [17] was an attempt to perform a completely analytical 
calculation of the second order three-jet rate, by integrating the ERT four-jet matrix 
elements in the regions below a given physical y cut-off scale. A 'partial fractioning' 
scheme was used to subdivide the matrix elements by their pole structure, and perform 
analytic cancellation one pole at a time. Parton recombination was done according to the 
E scheme, i.e. the energies of the two recombined partons were added. Unfortunately, 
the calculations were never completed, in the sense that not all soft/collinear terms 
could be integrated analytically. Therefore, in the matrix element package put together 
by Gottschalk, some of the generated four-jet events have two partons with an invariant 
mass smaller than that allowed by the y cut-off. Since the singularities have been 
cancelled completely, the cross-section in the soft four-jet region is still reasonably small, 
however. If the fragmentation algorithm can handle them, these events can therefore be 
generated as they are. Alternatively, they can be recombined according to some scheme; 
whether p or E is used in that case is easily seen to make essentially no difference at all. 

In the Gottschalk package, five event classes are distinguished, and treated sepa
rately: 

1. two-jets, 
2. three-jets, 
3. four-jets with a q" —• qg pole (i.e. Abelian type q"qgg), 
4. four-jets with a. g* —> gg pole (i.e. non-Abelian type qqgg)-, and 
5. four-jets with a g" —• q^q' pole (i.e. q'qq'^')-
Due to the somewhat special nature of the cancellation procedure, the y cut-off can 

be specified separately for four-jet and three-jet events; in the program the former is 
called y and the latter e. The third input parameter is as- Wi th these three given, 
an initialization routine may be called, which will determine the fractions of event 
classes 2 - 5 above by Monte Carlo integration, with the two-jet ra te given as the 
remainder. Simultaneously, maximum weights are also determined. Values obtained at 
initialization are listed, and may be directly input in a subsequent run with the same 
parameter values. A third initialization option exists, where the authors parametrize 
fractions and maximum weights for a range of standard parameter values. 

In the event generation, a choice is made from the start between one of the five 
event classes. Phase-space points are then generated according to the pole structure, 
the full weight is evaluated in the point chosen, and this weight is compared with the 
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(previously determined) maximum weight. If the event is rejected, a new one of the 
same class is generated. Quark mass effects are never considered at all. 

Two implementations have been studied. One is by S. Bethke (BITNET SIGGI® 
CERNVM). Here some further pretabulation has been performed, so that the average 
user need never worry about the initialization stage. Further, the events generated 
may be interfaced into JETSET. For this purpose, a modified version of LUEEVT is 
available, so that generation can be run in standard fashion. Four-jet events with two 
nearby partons (i.e. which fail the y cut but were still kept by GS) are handed on 
directly to the fragmentation routines. This program may be found in the file GSME 
FORTRAN on the TORS JO 192 disk on CERNVM. An additional routine for optional 
recombination of two nearby partons in four-parton events has been added. 

Another program based on the G S matrix elements has been written by R.-y. Zhu 
and H. Stone (obtainable via BITNET, STONE@VXCRNA.CERN.CH) [18,19]. In this 
program, the GS matrix elements may be evaluated (by Monte Carlo methods) for a 
cut-off scale y 0, where y 0 < y. Any four-parton events failing the physical cut-off scale 
y are recombined into three-jet ones, using the p recombination scheme. Typically, a 
y 0 = 10" 3 is used. 

3.5 KL-based Generators 

A complete recalculation of the second order three-jet differential cross-section has been 
performed by Kramer and Lampe [20,14]. Like in the Gottschalk-Shatz calculation 
above, a partial fractioning scheme is used, i.e. the four-jet matrix element is rewritten 
as a sum of terms, in such a way that each term is singular in at most one scaled 
invariant mass y,j. Such a term is integrated analytically in the region y,-; < y, where 
it is singular. In other regions, like y M < y,j, kl ^ ij, the integration is performed 
numerically, to give finite 0(y) terms. 

As with other schemes, there is an ambiguity in the choice of recombination scheme 
to project four-jet kinematics onto three-jet kinematics. Two different schemes have 
been compared, called KL and KL'. The authors tend to prefer the latter one [14], KL'. 
This scheme is essentially the same as the E scheme, in that the energy of a recombined 
parton is obtained as £,-_,- = £,• -f- Ej, with three-momenta suitably modified. In the 
study of a term singular in y,;-, in the region y^ < y, it is always the partons ij that are 
recombined, even if another parton pair happens to have a smaller invariant mass, e.g. if 
yik < Vij- For the numerical integration in other regions, where the term is not singular 
anyway, the energy recombination is performed for the pair with small invariant mass 
in that region. 

In the other scheme, the KL one, if the singular term ytJ- corresponds to a qg pair, 
the energy of the ç is unchanged in the recombination procedure, while the energy of 
the unrecombined gluon is increased by y^Ecul^-, and that of the pair decreased by the 
corresponding amount. If the recombined pair is gg of q'~q', the energy of the antiquark 
is unchanged, while that of the quark is increased as above. The procedure is thus not 
symmetric, but that could probably be fixed trivially by symmetrizing the final result. 
In general, second order corrections tend to be larger in the KL scheme than in the KL' 
one. 

The Kramer-Lampe calculations were not immediately implemented in a fully-fledged 
Monte Carlo event generator, due to the complexity and length of the formulae involved. 
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Results have been given for jet rates as a function of the y cut-off, in particular when 
the Q2 scale is optimized [14]. Work, by Kramer and Magnussen, has been under way to 
write a user-friendly event generator based on the KL matrix elements and the use of an 
optimized Q 2 scale. Just as this manuscript was finalized, we learned that the program 
is now ready. Time has not permitted us to look at the program, but we expect it will 
provide a very valuable addition to the other generators already described. 

3.6 Comparison of Generators 

Some comparisons of event generators exist in the literature [6,11,18,19]. In particular, 
good agreement has been demonstrated between the Zhu and G S programs (more about 
this later). However, most comparisons have only involved two programs at a t ime. 
Therefore, several of the event generators described above have been test run, so as 
to compare results. In order not to introduce extra complications, there is no initial 
state QED radiation, quarks are always massless, and a s is fixed at 0.12. Since absolute 
cross-sections were never considered, but only the relative composition of events, results 
do not depend on the actual energy scale used; for convenience ECM = ™-z — 92 GeV 
was assumed. Two different cut-off values were used, y = 0.01 and y = 0.05. Results are 
given in Table 2, for the first order three-jet fraction r 3 % the second order additional 
contribution r 3 , such that the total three-jet fraction is r 3 = r 3 + r 3 , and the four-jet 
fraction r4. 

Note that the agreement in r 3 and r 4 is not as impressive as it may look: all 
generators based on JETSET here make use of the same parametrizations. Also, where 
r 3 ' and r 3 are not given separately, the JETSET r 3 value is assumed and used to 
derive r 3 '. The numbers quoted are the ones contained in these parametrizations, where 
given, or else the results obtained in runs with 500000 events per generator (in some 
cases somewhat less). 

The ERT(Zhu) figures are the ones obtained with the parametrization in section 
3.1, and the ones obtained with the original Zhu program, respectively. Only the 
parametrization has been used in the following. 

One should note that the Magnussen program was really intended for use with 
an optimized Q 2 scale; we have here disregarded that possibility, in order to allow 
comparisons with the other programs. The comparison may therefore be slightly unfair. 
For the E recombination scheme, the roof is actually hit, where naively r 3 + r 3 + r 4 > 1; 
this is reflected in a reduced four-jet rate as the program tries to cope. Magnussen has 
supplied us with numbers, where calculations were made without reference to the crude 
binning of R in the public program, and where some missing non-singular terms have 
been included. For y = 0.01, the r 3 ' values are then typically reduced by 0.01. 

The GS(Stone) alternative is based on using a t / 0 = 10" 3 in the GS matr ix elements, 
and then recombining partons up to the physical y scale. As it turns out . results are 
rather sensitive to the choice of yo value: if yo is decreased, so is also r 3 (while r 4 

stays constant, as it should). For y = 0.01, the variation is from r 3 = +0.100 for 
y0 = y = 0.01 to —0.017 for y 0 = 1 0 - 5 . This variation could be a reflection of the 
mismatch between the E recombination scheme used in the G S matrix elements and 

(2) 
the p one of the Stone recombination step; indeed the difference in r 3 between the 
two extreme choices of yo is comparable to the split seen between the Magnussen E 
and p recombination schemes (although the absolute level is shifted). The previously 
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Table 2: Relative jet composition for second order matrix element event generators, 
with masses neglected and a$ = 0.12. 

y generator ~3 r 3 ?4 

0.01 ERT (Zhu, parametr.) 
ERT (Zhu, full prog.) 
GKS (JETSET) 
ERT (Csikor) 
ERT (Magnussen, p) 
ERT (Magnussen, E0) 
ERT (Magnussen, E) 
GS (Bethke) 
GS (Stone) 
GS (Zhu) 
KL' (Magnussen) 

0.684 
0.684 
0.684 
0.681 
0.684 
0.684 
0.684 
0.684 
0.684 
0.684 
0.684 

0.081 
0.072 

-0.032 
0.026 
0.073 
0.096 
0.200 
0.069 
0.100 
0.068 
0.097 

0.116 
0.118 
0.116 
0.109 
0.116 
0.116 
0.105 
0.125 
0.131 
0.131 
0.116 

0.05 ERT (Zhu, parametr.) 
ERT (Zhu, full prog.) 
GKS (JETSET) 
ERT (Csikor) 
ERT (Magnussen, p) 
ERT (Magnussen, EQ) 
ERT (Magnussen, E) 
GS (Bethke) 
G S (Stone) 
G S (Zhu) 
KL' (Magnussen) 

0.212 
0.212 
0.212 
0.211 
0.212 
0.212 
0.212 
0.212 
0.212 
0.212 
0.212 

0.067 
0.061 
0.049 
0.067 
0.073 
0.0S1 
0.111 
0.088 
0.075 
0.058 
0.084 

0.0047 
0.0047 
0.0047 
0.0046 
0.0047 
0.0047 
0.0047 
0.0050 
0.0054 
0.0054 
0.0047 

mentioned agreement between the ERT(Zhu) and the GS results is therefore probably 
only a coincidence, and could be destroyed by another choice of y0. 

Inclusive jet rates obviously do not give the full story. In particular, the r 3 values 
are dominated by the behaviour close to the cutoff at thrust T = 0.99 (or 0.95), while 
the ordinary event shape studies effectively involve weights that favour the low-thrust 
events. Since everybody should agree on the shape of four-jets, we have looked at 
the three-jet thrust distribution as the next simplest differential quantity. The result 
for y = 0.01 is shown in Fig. 11, with the first plus second order three-jet thrust 
distribution normalized to the (well-known) first order one. Original results were for 
runs with 500000 events and for bins of size 0.01, and were then smoothed by hand to 
even out statistical fluctuations. 

The results for the GS (Zhu/Stone) programs are not included in the figure; sepa
rately it has been shown that these programs agree very well with the ERT(Zhu) results 
[18,19] but, as noted above, this might be due to a fortuitous choice of y0 value. Neither 
have we had access to the KL'(Magnussen) results for the thrust distribution. 

While the GKS curve is known to be wrong, there is enough of a spread between 
the other ones. This spread is not seen so much in the inclusive jet rate, i.e. r^ , since 
that rate is dominated by the region close to thrust T = 1, where the spread between 
the programs tends to be smaller. Experimental a$ determinations are typically based 
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Figure 11: Full second 
order three-jet thrust 
distribution, normalized 
to the first order one, for 
as = 0.12 and y = 0.01. 
For additional details, 
see text. 

on the shape of the thrust distribution, and would thus also be sensitive to the region 
T < 0.85. Here, however, four-jets give a non-negligible contribution — actually the 
ratio becomes infinite at T = 2 /3 , since three-jet phase-space vanishes at tha t point, 
while four-jets may have T < 2 /3 . The net effect is thus that the uncertainty in the value 
of the thrust distribution is nowhere larger than ±10%, based on the generators we have 
studied. Currently, this is therefore a realistic error to assign to any as determination, 
just from the matrix element point of view. Additional uncertainties come from higher 
orders, from fragmentation, from experimental errors, and so on. 

3.7 Four-jet Matrix Elements 
Many programs have four-jet matrix elements available. The list includes two of the 
programs of the next section, the Hagiwara-Zeppenfeld and the Berends-Giele-Kuijf 
ones, as well as e.g. JETSET. These three all assume quarks to be massless, however. 
Furthermore, as we have noted previously, the qqq'q' final state receives contributions 
from graphs with no analogue in pure 7 exchange [5]. 

A program for Z° —> qqq'~q' decays, with full quark mass dependence and angular 
orientation (w.r.t. the beam axis) included, has been written by Glover, Kleiss and van 
der Bij [21]. It is assumed that the two quarks q and q' are not the same, since then 
additional graphs should be included. Contributions from 7 exchange are not included, 
so the program is strictly intended for decays at the Z° peak. 

After an initialization call, where the q and q' flavours have to be specified, one event 
can be generated at a time by a call to the main routine. This routine will re turn the 
four-momenta of q, ~q, q' and 7j', and an associated event weight. The program can be 
found in the file ZFFFF FORTRAN on the CERNVM JOCHUM 191 disk. 
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Figure 12: Feynman diagrams for the production of five partons at 0 ( a | ) . All 
permutations of the gluon and the quark-antiquark lines have to be included. 

3.8 Five-jet Matrix Elements 

Recently, three different groups [22,23,24] have independently calculated all tree-level 
matrix elements contributing to the processes e +e~ —> qqggg, qqq'q'g at O(o:|). They 
all assume massless partons, although they keep open the possibility to evaluate the 
corresponding cross-sections with massive quarks. The whole set of Feynman diagrams 
giving rise to these final states is shown in Fig. 12. 

The results of these calculations are available in programs, which can be used to 
generate one parton configuration at a time. The programs are self contained, and any 
interfacing to a fragmentation program for partons has to be done by the user himself. 
Here below we shall briefly discuss the three programs and make some comparisons. In 
fact, the three groups have already checked their results against each other, by picking 
a number of specific parton configurations, for which the cross-sections were evaluated 
numerically. The same answers were then obtained, up to machine precision. 

In the method of Berends, Giele and Kuijf, use is made of recursive relations for 
calculating the matrix elements 

M{qu q2; h,..., kn) = VtS^(qi,q2; ku...,kn) 

for e+e~ —+ qq + ng, and 

(40) 

M(quq2,q3,q4,kl,...,kn) = VT^(ql,q2,q3,q4; ku . . . , kn) (41) 

for e + e~ —• q"qq"q + ng. In these expressions, V 4 is the polarization vector for the vector 
boson, whereas S^ and TM are currents, containing quarks and gluons. These currents 
depend on the momenta ki,..,kn of the outgoing gluons, the momenta 91,53 (52,^4) of 
the outgoing quarks (antiquarks), the helicities and the colours of the partons. 



The essential point of their method is that the recursion relations calculate a current, 
i.e. an amplitude, in which one parton is off-shell. In order to get the physical ampli tude 
it has to be contracted with a polarization vector (for an off-shell gluon) or a spinor (for 
an off-shell quark/antiquark) and finally, momentum conservation has to be imposed. In 
this way the colour structure is systematically developed by the recursion relation, and 
the Feynman diagrams are automatically generated: for an n-gluon process, building 
blocks can be used which originated from processes with n — 1 gluons, and so on. 

The program of Berends, Giele and Kuijf is based on a main routine, which initializes 
all Standard Model parameters and physical cuts for the generation. It calls the VEGAS 
package, which integrates the appropriate cross-section. The program considers all 
dynamical and kinematical factors and finally produces some output with the result of 
each step, including the evaluation for the final state cross-section. In order to make 
distributions of any variable, each generated event kinematics has to be weighted with 
the corresponding matrix elements. 

The Hagiwara and Zeppenfeld matrix elements are based on a notation which makes 
it easy to obtain the amplitude of a particular process by crossing from a generic ampli
tude. They are valid either for real or virtual vector bosons. For 4-parton (or 5-parton) 
amplitudes one employs an orthogonal basis of the colour factors, by using the repre
sentation matrices of the permutation groups S2 and 53. This way the authors claim to 
minimize the number of Feynman diagrams to be evaluated, and to make the sum over 
colours trivial and the treatment of identical particles easy. For fixed polarizations of 
the external particles, the matrix elements can be written in a general form: 

M = Y,M{m)0{m)^ Y, \M\2 = Y.cmW{m)\2 (42) 
™» colours m 

where 0 ( m ^ are the orthogonal colour tensors and c m are some tabulated factors (see 
tables 1, 2, 3 and 4 from their report [22]). 

The structure of the program is analogous to the preceding one; also here a weighting 
procedure has to be employed in order to get correct distributions. However, in this case 
the user himself has to provide a main program containing a phase-space generator; when 
fed with a parton configuration the routines will return the colour summed, polarization 
summed/averaged matrix element squared. Moreover, the program has two alternative 
running modes, either with a random (R) or an explicit (S) polarization summat ion. 

In the study group, we have made a simple comparison of the two programs. The 
differential cross-section da/dymin was calculated, where y m i n is the scaled minimum 
invariant mass-squared between any two partons in the event. The parameters for the 
generation were a = 1/137, a s = 0.133, sin 20w = 0.23, m 7 = 92 GeV, y/s = mz, and 
the cut in the minimum scaled invariant mass was y = 0.01. The result is shown in 
Fig. 13. We conclude that an excellent agreement is observed for the two programs. 

Finally the Falck, Graudent and Kramer group has calculated the trace for the five-
jet cross-sections by using REDUCE 3.2, with traditional methods, in the Feynman 
gauge. Since all terms in the matrix elements are explicitly evaluated ( ra ther than 
appearing implicit in an recursive procedure, e.g.), the actual code is rather longer than 
that of the other two programs. 

In summary, jets will become better resolvable at LEP than they were at lower 
energies, and thus we expect these programs to become very useful for testing QCD 
(triple-gluon-vertex, topological studies, etc.), or for making reliable est imates of the 
QCD backgrounds to any new phenomena with a multi-jet final state signature. 
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Figure 13: Good agreement 
is found for the prediction of 
the 4-jet and 5-jet cross-sections 
in the programs from Berends, 
Giele and Kuijf (BGK) [24] and 
Hagiwara and Zeppenfeld (HZ) 
[22], the latter in its two run 
modes, S and R, as described in 
the text. The small differences 
which can be seen in the figure 
are consistent with being statis
tical fluctuations. 

All programs can be obtained by request to the authors, e.g. BITNET LORENTZ® 
HLERUL5 for Giele, DIETER@WISCPHEN for Zeppenfeld, and I02KRA@DHHDESY3 
for Kramer. The first two programs can also be found in the files XSE5BGK FORTRAN 
and XSEC5HZ FORTRAN on the FUSTER 191 disk on CERNVM. 

3.9 Multi-jet Approximation Techniques 
In the previous sections, we have seen that several matrix elements now are available 
for multiparton events. As the number of partons is increased, the resulting expressions 
can become quite complicated, however. Thus, even when they are known, they may 
be rather time-consuming to evaluate. An alternative approach, based on approximate 
methods that gives much simpler (but still surprisingly accurate) formulae, has been 
pursued by C. J. Maxwell (Department of Physics, Durham University, South Road, 
Durham DHl 3LE, United Kingdom, BITNET CJM@HERDURHAM.AC.UK). The 
story goes as follows. 

The two processes e + e~ —» ç^+gluons, and e + e~ —• gçç'g'-l-gluon(s) have now been 
calculated for up to five final jets [22,23,24]. The former process is dominant, providing 
about 95% of the total multi-jet rate for four jets, and around 85% for five jets. One 
can construct a simple approximation to the matrix element squared of this dominant 
sub-process, which would enable six- or more-jet production to be estimated at LEP. 
The approximation agrees at the 10% level with the known exact results for four- and 
five-jets, and is exact for three-jet production. 
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We shall summarize very briefly how the approximation is constructed. Full details 
can be found in ref. [25]. 

The approximation is based on the remarkable fact that , for e+(pl) + e~(p2) -* 
l((]i) + Q(<l2)+9(h) + - ••+g(K), one can write down the tree-level helicity sub-amplitude 
squared for all gluons having the same helicity, to leading order in the number of colours. 
Nc, for an arbitrary number of gluons, n [26]. 

One has 

\Ma

n\2 = e y " i Y - ^ 2 3 - " 5 { C H H [ ( p I ? 1 ) 2 + (P2? 2) 2] + CRL[{Pxq,f + ( p 2 ? 1 ) 2 ] } 

X Ç ( î l * l ) ( * l * 2 ) . . . ( * n f t ) " ( 4 3 ) 

The result includes both photon and Z° exchange, (p.-ç.) is used to denote the dot 
product of four-momenta, p; • g<. -J 3 ' denotes a sum over all n! permutations of the 
gluon momenta fcj, k2,..., kn. CRR and CRI are various combinations of electroweak 
charges. 

Denoting the full amplitude squared for this process as \M | 2 , one finds that , up to a 
trivial factor due to the leading Nc approximation, the three-jet result is exactly given 
by the sub-amplitude (43), fi 

i ^ i i a = | i A 4 ? r . (44) 

To construct an approximation for n > 1, one uses the fact that the ratio |yV( n | 2/ .V(^| 2 

contains no kinematical poles and is hence rather insensitive to the exact momentum 
configuration for which it is evaluated. Replacing the exact momentum configuration 
by one in which the smallest invariant mass pair of jets, i , j , are replaced by a collinear 
pair in the direction of p, + Pj, with energy fractions z — Ei/{E{ + Ej) and (1 — z), one 
finds that 

WJ! ~ F ( R JJ^ll (45) 
Here i l is a simple function of the momenta after their 'reduction', and 

(z* + (l-z)4 + l i,j=9,g 
F(R,z)={ S(l + R)(l + z*) . . (46) 

I 9 — R T 7 * — * , J = ? '* 
Applying eq. (45) recursively one finally obtains the approximation 

IMj-lllFi^z^Mll2 (47) 

where the factor of |A^^| 2 is evaluated for the exact (n -f 4)-particle ( e + , e~, q, q, 
n gluons) configuration. 

One can compare this simple approximation with the exact four- and five-jet results 
of [22,24]. One finds, applying a simple cut y, on the minimum scaled invariant mass 
squared of any pair of jets, Mfj/s > y, and working at two CM energies, y/s = 35 GeV 
and >/s = 125 GeV, below and above the Z° mass, tha t the approximate and exact 
integrated cross-sections agree at the 10% level, whilst the approximation is typically 
within 30% of the exact result over most of phase-space. 

The success of the approximation is due to the fact that the special sub-amplitude 
squared of eq. (43) contributes a considerable fraction of the final result, just under 
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half for n = 3 for instance. Thus the correction factors multiplying |-M;j| 2 in eq. (47), 
are of moderate size and smoothly-behaved. 

Similar approximations can be constructed for a variety of multi-parton scattering 
sub-processes [27]. It is worth noting that in the e + e~ case, the approximation saves a 
factor ~ 20 in CPU time per event, compared with the exact code [22,24]. 

It is evidently more than accurate enough for tree-level phenomenology, since far 
greater uncertainties will result from the factor at^iQ2), with its unknown Q2 scale. 

It would be of interest to study the relationship between the tree-level cross-sections 
for producing some number of jets, and the corresponding rates predicted from parton 
shower Monte Carlo programs. This comparison is complicated by the fact that the 
Born cross-section has no dependence on jet definition, and by the presence of Sudakov 
form factors in the shower picture. 

The program is obtainable on request from the author. A copy also exists in the file 
ELPOSA FORTRAN on the TORSJO 192 disk on CERNVM. 

3.10 QCDLIB 
The QCDLIB package is not an event generator, but rather a program for the evaluation 
of as for a given A, or the other way around. As such, it is maybe a bit peripheral 
compared to other programs mentioned here, but several of the tasks this program can 
perform are frequently recurring ones in data analysis, and so the package may come in 
handy. 

The program can be used either for first order or second order QCD; the as expres
sions used are those of eq. (11) or eq. (12), respectively. At flavour thresholds, the CWZ 
prescription is used [28], i.e. the number of effective flavours (n / in the as expressions) 
is supposed to change discontinuously exactly at Q = mq, but with a corresponding dis
continuous change in the A value, such that as itself is continuous at flavour thresholds. 
For first order QCD, this matching is trivial to achieve, but QCDLIB also contains a 
root finder for giving the various A values needed in the second order as-

The program can be set up, either by giving the A relevant for a certain number of 
effective flavours, or by giving the as at a certain Q scale. In addition, a choice has 
to be made between first and second order formulae. The program then calculates the 
A values relevant for each Q range (between mass thresholds), and can afterwards be 
interrogated for as and A at any desired Q scale. A few other utilities are also available, 
some of them relevant for e + e~ applications, others only of interest for structure function 
studies. 

The program is written by J. Collins, P. Johnson, S. Qian and W.-K. Tung. The code 
can be obtained from the authors, all at Illinois Institute of Technology (e.g. BITNET 
ZAQ@FNAL for Tung). A copy may also be found in the file QCDLIB FORTRAN on 
the TORSJO 192 disk on CERNVM. 
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4 Event Generators 
This section contains a survey of all e +e~ —• hadrons event generators that we found, 
and were not already presented in section 3. They span a wide range. In one end we 
find general purpose event generators, including primary electroweak quark production, 
shower evolution, fragmentation and decay. In the other, there are programs dedicated 
to a specific task, like shower evolution, or containing a simplified 'toy model' more 
intended to illuminate specific physics aspects than to offer the best possible description 
to all data. To help give an overview, Table 3 contains a list of what aspects of the 
event generation process are considered in the various programs. Note that this is not 
intended as a quality grading. 

Table 3: Physics components included in the programs covered in this section. A 
'• ' signifies that a task is handled in the program, a ' + ' that it is obtained by 
calling on another program (of the ones listed here), a '*' that it is in preparation 
(but not yet available), and a '-' that it is not considered at all. For some programs, 
the classification may not always be trivial, so this table should only be taken as 
a first indication. The symbols contain no grading on the quality of a program for 
a given task. 

Program (comment) Hard Initial Parton shower Fragmen Decays 
interaction 7 rad. (or matrix el.) tation 

ARIADNE + + + + 
CALTECH-II • - • 

COJETS * * • 

DPSJET (non-QCD) - - -

EPOS (non-QCD) • - • 

EURODEC - - • 

HERWIG • - • 

JETSET • • • 

NLLJET • • + + 
PARJET • - • • 

TIPTOP (heavy ferm.) • • - + + 
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4.1 ARIADNE 
4.1.1 Bas ic Fac ts 

P r o g r a m n a m e : ARIADNE, a Monte Carlo for QCD Cascades 
in the Colour Dipole Formulation [1,2,3] 

Vers ion: ARIADNE 3.0 (with J E T S E T 6.3), from June 19S9 
ARIADNE 3.1 (with J E T S E T 7.1), from June 19S9 

A u t h o r s : Ulf Pettersson and Leif Lônnblad 
Department of Theoretical Physics 
University of Lund, Sôlvegatan 14A 
S-223 62 LUND, Sweden 
BITNET T H E P @ SELDC52 
with theoretical input from G. Gustafson 

P r o g r a m size: 2019 lines 

4.1.2 P h y s i c s I n t r o d u c t i o n 

The perturbative QCD cascade can be formulated in two complementary ways, either 
in terms of quarks and gluons (as e.g. in HERWIG and J E T S E T below) or in terms of 
colour dipoles [4.5]. When a gluon is emit ted from a dipole (e.g. from a qq pair in e+e~ 
annihilation), the subsequent emission of a softer gluon is given by two independent 
dipoles, one stretched from the quark to the gluon and the other from the gluon to the 
antiquark [6]. 

This result is generalized in the ARIADNE approach, so that the emission of one 
more gluon is given by three independent dipoles, etc. In this way the angular ordering 
and the ordering in transverse momentum are automatically taken into account. These 
dipoles form links in a chain, such that one gluon connects two dipoles and one dipole 
connects two gluons. The gluons are ordered in the dipole chain according to their 
colour. This is in close correspondence with the Lund string model [7], where gluons 
act as transverse excitations on a stringlike field. The breaking of a dipole into two 
dipoles thus corresponds to one more kink on the string. 

A correction term with the relative magnitude 1/Nç corresponding to radiation 
between the quark and the antiquark is neglected here. 

The confined colour field can be described by a vortex line, similar to the magnetic 
field in a type II super-conductor [8]. The field of such a vortex line is the same as the 
field of a chain of dipoles lined up along the vortex [4]. 

Within the above picture,the colour dipole approximation of QCD cascades seems 
a 'natural ' formulation. Furthermore, when constructing a Monte Carlo program, the 
colour dipole formulation is more convenient than that in terms of coherent parton 
branching, since the dipoles radiate essentially independently of each other and the 
azimuthal dependence is automatically treated in a proper way. 

Version 1 of ARIADNE was mainly intended for e + e ~ annihilation where both the 
quark and the antiquark are pointlike. ARIADNE-2 extends the program to leptopro-
duction and hadronic collisions. In these events one end of the string (the struck quark) 
has participated in the hard interaction and may be regarded pointlike, while the other 
end of the string (i.e. the remainder of the hadron) is an extended object. This leads 
to a suppression of gluon emission in the region of the remainder, unless the transverse 
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wave length of the gluon is of the same order as the transverse extension of the emitting 
object [9]. 

ARIADNE-3, in addition, includes qq emission in the dipole cascade. 

When the perturbative cascade has been generated, it may be fragmented with 
J E T S E T 6.3 or 7.1 (see section 4.8). The string fragmentation is infrared stable in the 
sense that the presence of soft gluons does not affect the final hadronic state. 

4.1.3 Deta i led Phys ics Description 

Electroweak cross-section: see JETSET 

Radiat ive corrections: see JETSET 

Relat ive flavour composi t ion: see JETSET 

Perturbat ive Q C D approach: 
a) Gluon radiation. There are three different types of dipole: the dipoles stretched 
between a quark and an antiquark (or diquark), between a quark and a gluon, and 
between two gluons. The calculation of the differential cross-section for gluon emission 
from the dipoles is presented in [1]. The result is: 

1 da = 2as x\ + x 2 

a dxldx2 37T (1 — Xi)(l — x 3 ) ' 
1 da _ Zas x\ + xl 

99 - • 999 

99 -+999 

99 -+999 

a dxidxi 47T (1 — x i ) ( l — 13)' 
1 da 3c*s x\ + Xj 
adxidx2 47T (1 — Xi)(l — x 3 ) 

(50) 

Here X\ (x 3 ) is the usual energy fraction 2E/W for the endpoint quark (antiquark, 
gluon), where W is the invariant mass of the dipole. A gluon corresponds to a term x 3 

and a quark (antiquark) corresponds to a term x 2 in the numerator of eqs. (48) - (50). 
The ordinary Altarelli-Parisi splitting functions are reproduced when one of the 

initial partons retains its energy, i.e. when xi or X3 —» 1. If in eq. (48) or (49) Xi —• 1 
and x 3 = 1 — 2, then 

^ - * ^ A { l H l ~ z n (5l) 

In the case of an initial gluon, this is part of two dipoles. The Altarelli-Parisi function 
is then the sum of the contributions from both dipoles [7]. Thus with x 3 —• 1 and 
2 = 1 — Xi in eq. (49) or (50), one gets 

i1-*^*1,^1-»- ( 5 2 ) 

Together with the corresponding term from the other dipole (obtained by z —• 1 — 2) 
one gets 

1 + (1 - zf 1 + z 3 . r z 1 - z + - — = 2 
1 — 2 L I - 2 

+ + z(l-z) (53) 

b) Orientat ion. The cross-sections (48) - (50) give only the shape of the event and not 
the orientation, i.e. it is not specified how the partons recoil. It was shown in [10] that 
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Figure 14: One of the diagrams 
for qq emission. 

for an isolated dipole, i.e. for a çç-system, one gets the correct orientation by defining 
a probability for one of the quarks to take the entire recoil. If one uses this method for 
all the dipoles, one does, however, not get satisfactory agreement with the data. 

It is reasonable to assume that for a dipole in the middle of the string, i.e. for a gg 
dipole, the connection with neighbouring dipoles would prevent the gluons from taking 
large recoils, and that the recoils are distributed so as to cause a minimal disturbance in 
the shape of the string. Therefore, when a ç/y-dipole emits a gluon, the authors choose 
to orientate the subsystem by minimizing p\x + p\z [5]. 

The remaining problem is then how to treat a çg-dipole. In this case the gluon is 
connected to the rest of the string, while the quark is a 'free' endpoint. The authors 
assume here that the quark takes the entire recoil. These choices can be described as a 
minimization of the change in the direction of the colour flow in and out of the emitting 
dipole. 

A further problem arises when an extended parton (e.g. a diquark) takes part in the 
emission. Then, additional assumptions are needed to dampen gluon emission. These 
are described in [9]. 

These may be the most natural choices, but there are other options included in the 
program (see KAR(3) below). 

c) qq emiss ion . The extension in ARIADNE 3 to include qq emission uses the cross-

section of e + e~ —• 7 —» qqq^q' as calculated in [12]. One of the possible diagrams is 

shown in Fig. 14. 

In the limit of low pr of the gluon g\ and small invariant mass 323 of the emitted 
q'~q' pair, one obtains after averaging over the angle of the emitted q'~q' pair relative to 
the original qg{q plane: 

dcr (x? + x?) 1 . , . , . , , 

£5^ K in»^ + ( 1 - ' f t ' ( 5 4 ) 

Here, i i and x 4 are the energy fractions of particles 1 and 4 and z is the light cone 

fraction of the gluon momentum which is carried away by quark 3. 

This is easily factorizable into one part corresponding to the qq (initial) —• qg{q 

emission and one part corresponding to a splitting of the emitted gluon gi into the final 

q^q' pair. As expected in this low pj limit, the latter part reproduces correctly the 

Altarelli-Parisi splitting function. 

There is, evidently, a competition between the possibility to emit a new gluon by 

either one of the dipoles generated by the emission of g\ and to split g\ into a q'q' 
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pair. To compare the two processes, the latter is divided into two equal parts, each 
corresponding to one of the dipoles. This gives 

1 da _ nfas(l-x2)2 + (l-x3)2 

a dx\dxz 8ir (1 — Xi) 

where nj is the number of possible flavours, as is the strong coupling constant and x 2 

(x 3) is the energy fraction of the emitted quark (antiquark), (or reversed depending on 
the colour flow). 

d) Ordering. In all competing stochastic processes there is the question of ordering, 
which for the cascade means whether emission or splitting should be done 'first'. This 
is treated by means of Sudakov form factors. In conventional parton cascades (e.g. 
JETSET) a virtuality is assigned to each parton and the emission which results in 
partons with largest virtuality is done first. In the dipole picture, the px of the emitted 
gluon is the natural ordering variable. Here, an invariant px is defined as 

PT = ( 5 6 ) 
5123 

for a gluon 2 emitted from a dipole between particles 1 and 3. 
In order to compare gluon emission (i.e. the production of a new gluon) and gluon 

splitting (i.e the production of a q^q' pair), the same ordering variable should be used. 
Since particles are in general not massless, the more general formula is 

PT = 
5 1 2 3 

su - (mi + m 2 ) 2 s 2 3 - (m 2 + m 3 ) 2 . (57) 

Here, s 1 2 3 is the squared total invariant mass of the dipole. 
There are possible alternatives to define px (see below), but all of them give approx

imately similar results. 
In the program, a pT and a rapidity y = 0.51n((l — Xi)/(1 — x 3)) is generated in 

accordance the proper Sudakov form factors for each dipole, for gluon emission and for 
each possible flavour of gluon splitting. The different pj 's are then compared and the 
largest one is picked out in each step. This results either in the splitting of a dipole 
into two (gluon emission) or the splitting of the chain of dipoles into two independent 
chains (gluon splitting). The process is repeated until none of the px's are above a given 
cut-off (VAR(3)). 

e) The physics options in ARIADNE. There are a number of options available 
through the common block /AROPTN/ (see below). 

The first, KAR(l), deals with phase-space restrictions. In the first version of ARI
ADNE all dipoles were treated independently, which in in general can result in emissions 
with a larger pr than the previous ones. This means that the angular ordering is only 
approximative and it tends to increase the multiplicity significantly for high energies [5]. 
It also gives a larger rate of gluon splitting [13]. This option is reached by KAR(1)=2. 
It is also possible to demand that the emissions always have smaller pj than the pre
vious ones (KAR(1)=0 (default)) in which case the predictions for higher energies are 
more in line with conventional cascades (e.g. JETSET). There is also a third option 
(KAR(1)=1) in which the strong ordering in px is kept only for gluon emission, allowing 
the full phase-space for the gluon splitting process. This gives an increase in the gluon 
splitting without the increase in multiplicity. 
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The second option, KAR(2), gives a constant as (KAR(2)=0) to be specified by 
VAR(2). Default is a running as (KAR(2)=1). 

There is no obvious way in which one should treat recoils in the colour dipole ap
proximation. The general strategy in ARIADNE is to minimize the disturbance of the 
colour flow in neighboring dipoles. If e.g. a purely gluonic dipole between gluon (71 and 
<73, radiates a gluon </2> the recoils of 1 and 3 are distributed so that pTl and p T 3 are 
minimized. If we, on the other hand, have a dipole between a quark and a gluon, there 
is no further colour flow to disturb on the quark side and the quark is allowed to recoil 
freely, leaving the gluon in its original direction (KAR(3)=1). There is also an option 
(KAR(3)=0) for which the quark and gluon recoils are treated in the same way. 

The recoil situation becomes more difficult when dealing with extended partons. 
In this case the extended parton always retains its direction, possibly by emitting an 
additional gluon to take the recoil (see refs. [2,9] for details). With KAR(4)=0 the 
special treatment of extended partons is turned off completely. 

Apart from the phase-space restrictions in KAR(l) there are two options which 
directly affect the gluon splitting process. The first is KAR(5) which simply sets the 
maximum number of flavours allowed in the process. 

The other specifies the definition of the invariant pr used for the gluon splitting to 
compare it with the gluon emission process. The default option (KAR(6)=0) is to use 
the generalized version of the pr defined for gluon emission above (eq. 57). The only 
difference between gluon emission and gluon splitting is that in the former m 2 = 0. This 
will, however, lead to that a gluon never is split into a q'~i' pair lying at rest relative to 
each other. This possibility can be included by using (KAR(6)=1) 

PT = Uu ~ (mi + m 2 ) 2 ] <s23, (58) 
«S123 L J 

where partons 2 and 3 are the produced q' and 5'. There is also a third option 
(KAR(6)=2) with 

PT = 5 1 2 5 2 3 (59) 
s 123 

used mainly to study of the effects of different definitions of pj. It turns out [13] that 
the rate of gluon splitting is slightly increased with KAR(6)=1 and 2 as compared to 
KAR(6)=0. The difference is, however, always below 20%. 

Fragmentat ion: 

JETSET 6.3 has to be used with ARIADNE 3.0, JETSET 7.1 with ARIADNE 3.1. 

Decays: see JETSET 

Event Analysis Routines: see JETSET 

4.1.4 Comparison with Data and JETSET 

In [5] the Monte Carlo results are compared with experimental data on e + e~ annihila
tion, and the agreement is found to be very good. At higher energies (LEP and CLIC) 
some differences are found (e.g. in rapidity and in sphericity distributions) with respect 
to other parton cascades, so it is left for those accelerators to discriminate. 

The most distinct difference is an increased central rapidity plateau (Fig. 15). The 
relative increase is largest in events with low sphericity. In a 'conventional' (coherent) 
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Figure 15: Rapidity distribution at 93 GeV and 2 TeV for the dipole cascade (full 
line) and for the conventional (coherent) parton cascade of JETSET 6.3 (broken 
line). In both cases the Lund string fragmentation model is used [5]. 

parton cascade, the system is easily split into two parts which move rapidly apart. No 
gluons are emitted centrally. In the dipole scheme there is always one dipole which 
connects the two parts and can emit gluons in the central region. As a consequence, 
also the sphericity distribution (Fig. 16) is strongly reduced at low sphericities. Because 
of increased central emission, the average charge multiplicity changes from (n)=21.1 and 
64.5 at 93 and 2000 GeV in JETSET 6.3 to (n)=22.6 and 89.4 in ARIADNE version 1 . 

Also in ARIADNE 2 with pj-ordering the agreement with data is very good. How
ever, the predictions for higher energies change drastically. In particular, the multiplicity 
of gluons increases less rapidly with increasing energy. This might be expected since 
the phase-space for the gluons gets reduced when demanding that they be softer than 
the previously emitted gluons. Thus a small change in the treatment of gluons close to 
the kinematic boundaries will grow in importance when the energy is increased [13]. 

The major difference between ARIADNE 3 and the JETSET parton shower, is the 
ordering of successive emissions and hence the application of Sudakov form factors (pj 
ordering vs. virtuality ordering). Although both models have the same behavior in the 
low PT limit, the difference in ordering makes ARIADNE more likely to emit qq pairs. 
At low energies this effect is smeared out in the fragmentation procedure. At higher 
energies, however, it results in an excess of heavy quarks in ARIADNE, especially in 
the low rapidity regions. 
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Figure 16: Sphericity distribution at 93 GeV and 2 TeV. Notation as in Fig. 15 [5]. 



4.1.5 Instal lat ion and R u n n i n g 

ARIADNE 3.0 is installed at CERNVM (ARIADNE3 FORTRAN on Disk 191 of account 
KITTEL). It must be loaded together with JETSET 6.3. Running time, including 
hadronization with JETSET, is 0.03 true IBM 3090 s per 92 GeV event. 

ARIADNE consists of a large number of subroutines. Most of these are used inter
nally by the program and are of no real interest for the ordinary user. 

In short, ARIADNE works as follows: first the invariant pr of possible emissions 
from each dipole is determined (ARDEPT) and the dipole giving the largest pT is 
picked out (ARCHDI). This is then allowed to radiate a gluon (ARPLGL) or a q'Tj' pair 
(ARPLQQ). This is repeated as long as the p r is larger than the cut-off (VAR(3) in 
COMMON / A R O P T N / ) . 

The main routine in ARIADNE is simply called ARIADNE and is the only routine 
the normal user has to worry about. Calling ARIADNE causes the program to search 
the event record (see description of common block / L U J E T S / of J E T S E T ) between 
entries specified in the / A R O P T N / common block (see below), to find one or more 
strings of dipoles. These strings will then be made to cascade according to the colour 
dipole approximation. 

The resulting string is ready to be fragmented by a LUEXEC call of J E T S E T . 
To run the program as a black box, all one needs to do is to call SUBROU

TINE AREEVT(IFL,ECM). ECM is the center of mass energy of the collision and 
IFL is the flavour code of the initial quarks to be created. IFL=0 gives a mixture 
of all allowed flavours according to relevant propabilities. AREEVT generates a com
plete e + e~ annihilation event by first generating an initial qlj' pair by calling LUX-
IFL(IFL,ECM,ECM,IFLC), then calling ARIADNE to generate a cascade and finally 
calling LUEXEC to fragment the resulting strings. 

The parameters and switches used in ARIADNE are stored in 
COMMON / A R O P T N / IAR(10),KAR(10),VAR(10) 

IAR Administrative switches: 
IAR(l) ( D = l ) The first of the particles of the event record considered by ARIADNE. 
IAR(2) (D=0) The last of the particles of the event record considered by ARIADNE. 

If it is set to 0 the last particle is determined by N in / L U J E T S / of J E T S E T . 
IAR(3) (D=0) Maximum number of emissions in ARIADNE. If it is set to 0 there is no 

limit. 
IAR(4) (D=500) Maximum no of particles allowed in the event record in ARIADNE. If 

this is changed, corresponding changes should be made in COMMON / A R C O N F / 
and / A R M E M O / . 

IAR(5) ( D = l ) Initialization of the dipole event record. If it is set to 0 the initialization 
normally made by A R P R E P and ARSEPA must be made by the user. 

IAR(6) (D=0) Strategy used to set Parameters and switches in ARSEPA: 
=0: No parameters are set. 
= 1: Sets KAR(1)=0, KAR(2)=1 , KAR(3)=1,KAR(4)=1, KAR(5)=5 , KAR(6)=0, 

VAR(1)=0.25, VAR(3)=0.50, VAR(4)=1.00, VAR(5)=0.938, PAR(12)=0.35, 
PAR(31)=0.5, PAR(32)=0.75 (PAR(I) is in the / L U D A T l / common block 
of JETSET). 

=2: As 1 but KAR(1)=2, KAR(6)=1, VAR(1)=0.10, VAR(3)=0.40, PAR(32)=0.90 
= 3 : As 1 but KAR(5)=0 
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=4 : As 2 but KAR(5)=0 
<0: The same as for IAR(6)> 0, but parameters are only set in the first call. 

Note: ARIADNE 3.1 uses PARJ(21), PA RJ (41) and PARJ(42) instead of PAR(12), 
PAR(31) and PAR(32) respectively. 

IAR(7) Number of calls to ARIADNE. 
IAR(8) ( D = l ) Fragmentation in AREEVT: 

= 0 : No fragmentation. 
= 1 : The AREEVT call finishes by an LUEXEC call. 

IAR(9-10) Not used. 

KAR Physical Switches: 
KAR( l ) (D=0) Phase-space restrictions: 

=0 : All emitted partons have invariant p j smaller than the previously emitted 
partons. 

= 1 : All emitted gluons have py smaller than the previously emitted partons. No 
phase-space restrictions on q^q' emissions. 

= 2 : No phase-space restrictions. All dipoles completely independent. 
KAR(2) ( D = l ) as: 

=0: Constant as = VAR(2). 
= 1 : Running as = <W ln(pj-/AQCD) where p\ is the invariant transverse momen

tum used as ordering variable. 
KAR(3) ( D = l ) Quark recoils: 

=0 : All partons treated the same. 
= 1: Quarks take all recoil if not extended. 

KAR(4) ( D = l ) Extended partons: 
=0: No special treatment of extended partons. 
= 1 : Extended partons treated according to ref. [2]. 

KAR(5) (D=5) Maximum number of flavours in q'"q' emission. 
KAR(6) (D=0) Definition of invariant pj in q^q' emission: 

=0 : pj according to eq. (57). 
= 1 : p\ according to eq. (58). 
= 2 : p\ according to eq. (59). 

KAR(7) (D=0) Argument in running a$ for gluon splitting 
=0 : p\ as defined by KAR(6). 
= 1 : Q2 = s 2 3 . 

KAR(S-IO) Not used. 

VAR Physics parameters: 
VAR(l) (D=0.250) AQCD used for as. 
VAR(2) (D=0.200) Constant a s (KAR(2)=0). 
VAR(3) (D=0.500) Cutoff in invariant pj. 
VAR(4) (D=1.000) Power in soft supression. 
VAR(5) (D=0.938) Soft supression parameter. 
VAR(6-10) Not used. 
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4.2 CALTECH-II 
4.2.1 Basic Facts 

P r o g r a m name: Caltech-II [1,2,3] 
Version: Caltech-II , from June 1987 
Authors : Thomas Gottschalk 

CALTECH 
Pasadena, CA 91125, USA 
Duncan Morris 
Physics Department 
University of Wisconsin 
1150 University Avenue 
Madison, WI 53706, USA 
BITNET MORRISQWISCPHEN 

P r o g r a m s ize: 9800 lines 

4.2.2 Phys ic s Introduct ion 

The basic premise of the Caltech-II model [2,3,1] is that the production of a hadronic 
final state in e + e ~ annihilation can be factorized [4] into three independent phases. 

1. The formation of a multi-parton system using the leading log approximation of 
perturbative QCD, with some modifications to account for gluon coherence effects. 

2. The mapping of the parton system onto relativistic strings, and the subsequent 
evolution of these strings to form low mass colorless dusters. 

3. The decay of the low mass clusters to hadrons through an elaborate parameteri
zation of low energy data. 

Phase 1 of the model rests on a solid theoretical treatment within perturbative QCD, 
and as such should not really be considered as a model. Phase 2 uses the relativistic 
string as a model of the QCD flux tube, with confinement and color screening modeled 
by allowing the strings to break. This phase of the model reflects the current theoretical 
thinking on confinement, motivated by semiclassical calculations and QCD calculations 
performed on lattices. Phase 3 is nothing more than a parameterization of existing low 
energy experimental data. The assumption is that this data is valid in this context, 
i.e., that factorization is valid, and that low mass clusters produced in low energy 
experiments hadronize through the same mechanism as low mass clusters produced in 
high energy experiments. 

4.2.3 Deta i l ed Phys ics Description 

Par ton showers: 
Phase 1 of the Caltech-II model consists of the generation of a multi-parton system. An 
initial quark antiquark pair is produced with a flavor determined by the quark charge. 
The first gluon radiated from the qq system is weighted by the exact O(as) e + e~ —* qqg 
matrix element, subsequent branchings in the parton shower are generated according to 
Leading Log QCD. 

The generation of a parton shower follows the prescription outlined in section 2.2.2, 
with only minor modifications. For a general branching 



ç'ipi)-* ç(P3) + g(p4), (60) 

the splitting variable z is taken as 

z = ̂ (l-t/tp)(l + cos6') (61) 

where 8" is the angle between pz and the q' direction (in the overall CM frame), with 
the angle evaluated in the rest frame of px. tp is the mass squared of the parent of p l 5 

and t = p\. 
In practice the splitting kernels of section 2.2.2 become singular at z = 0 or 1, and 

it is necessary to introduce the constraint that only splittings that produce daughter 
partons with invariant mass above some cut are allowed. This invariant mass cut tc then 
controls the point at which the parton shower evolution is terminated and the second 
phase of the model is entered. 

Color coherence in LLA showers . The incorporation of some next-to leading order 
terms into the LLA formalism turns out to be particularly simple. This is because it 
can be shown that the gluon coherence effect is equivalent, after azimuthal averaging, to 
ordering the emission angles of subsequent radiation down the shower, so tha t , at any 
late time in the shower development, the emission angle is smaller than any previous 
emission angle within the same branch. 

In the Caltech-II model by default successive branches in the parton shower are 
ordered in angle [5,6,7]. 

S t r i n g evo lu t ion in C a l t e c h - I I : 
At the end of the development of the parton shower, the parton system is still in a high 
Q2 regime, well above the hadron mass spectrum. In phase 2 of the model the partons 
are mapped onto the ends of strings, that are used to model the behaviour of QCD flux 
tubes as the system's Q2 is degraded towards the hadron mass scale. Color screening 
and its role in the fragmentation process is modeled by allowing the strings to break 
[8,9,10,11,12]. 

The partons are mapped onto the ends of the color strings in such a way that each 
string is a colorless object containing a quark, an antiquark, and some number of gluon 
kinks. In the leading log QCD shower of phase 1 of the model, information concerning 
the color flow down the parton shower is maintained, so that the assignment of partons 
to strings is well defined and unique, this is illustrated in Figure 17. 

In Caltech-Il the full 3+1 dimensional equations of motion for a massless string are 
used to calculate the time evolution of the string system [13]. For massless partons the 
initial momenta serve to completely specify the boundary conditions for the string equa
tions of motion. For massive quarks the formalism is extended, and a small unphysical 
string section is introduced to take into account the mass of the quark. 

Color screening is implemented by allowing the strings to break, i.e., introducing pair 
creation points in the strings as the strings evolve. String evolution is parameterized 
in terms of the invariant area (the string analog of proper time for a point particle) 
swept out in space-time by a string. The invariant area swept out by an open string 
during one complete cycle of its periodic motion is a function of K, the (constant) string 
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Figure 17: The mapping of a 
five-parton state onto strings. 
The color flow in the parton 
shower is shown as dashed lines. 

tension, and the invariant mass, M, of the quark-antiquark pair that define the ends of 
the string. Since K and M are the only invariants in the system, the area 

, M 2 

A = — (62) 

swept out by the string as it evolves, is also an invariant. With the identification 
of invariant area as the correct extension of proper time for string-like objects, the 
radioactive decay law can be generalized to give the probability of a string break occuring 
per unit area swept out by the string, 

dPb = P0dA, (63) 

where P0 is a constant. 
The only constraint put on the choice of a string-break point in Caltech-II is that 

it should never leave a piece of string so light that it could not be identified with a 
hadron or at least decay into hadrons —otherwise the break can occur anywhere along 
the string. When the string-break point is chosen too close to the end of the string, the 
break point is shifted, so as to allow direct string breaks of the form 

string —*• string + hadron. (64) 

Breaks such as this are controlled by a special parameter in the model, Wmin, that gives 
the maximum mass allowed for a string to undergo such a decay. 

With the above proviso on string breaks near to the string ends, Caltech-II evolves 
the initial string system according to an iterative scheme based on the fundamental 
iteration: 

string —» stringi + string2. (65) 

The string evolution is terminated by a cut-off procedure, implemented as follows. A 
parameter Wmax is introduced in the model, and for the particular string segment being 
considered, the two particle threshold Wth is determined. The quantity TV^, determined 
by 

We«* = W m a s + W f f c (66) 

is evaluated. If the piece of string remaining after the break has a mass, W, below 
Wcut (i.e., less than Wmax above threshold), then the string is passed to the cluster 
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decay routines. If, on the other hand, the mass of the string segment is above TF c u f , the 
probability, P , ( r i „ 5 , that it is further evolved as a string (as opposed to being passed to 
the cluster decay) is taken to be: 

Paring = 1 - exp \^Pc(W - Wih - T F m a x ) 2 } , (67) 

where pc is given by 
pe = P 0 / K 2 . (68) 

The quantity pc is a parameter that controls the string dynamics through the string 
tension and the uniform probability for the occurrence of string breaks. The functional 
form of eq. 67 is chosen to provide a smooth transition between the string evolution 
phase and the low mass cluster decay phase of the model. 

It is important to note that all the transverse momentum of the final s tate hadrons 
comes from the isotropic decay of clusters in the final phase of the model: no a t tempt 
is made to add transverse momenta at the string break points. 

G e n e r a t i o n of H a d r o n s from Low-Mass S t r ings : 
At the end of the string evolution phase of the Caltech-II model, the low mass string 
segments are identified with colorless clusters and allowed to decay into hadrons. The 
association of a cluster with a hadron is made through an elaborate parameterization 
[2]. 

Each cluster is fully specified by its mass W and its flavor. The transformation of 
a cluster (C) into hadrons (H) takes place through a series of two-body decays of the 
form 

C -* -Y, + tf2, (69) 

where A'i can be either another cluster or a hadron. 
For every possible cluster a list of possible decays is generated with their relative 

decay probabilities. The decay mode used by the program is then picked from this list 
at random. The relative decay probability is given by the product of three factors, 

P = PfxPax Pk. (70) 

where Pj is a flavor factor, P3 a spin factor, and Pk is a kinematic factor. 

P / , the flavor factor. All clusters coming from the string evolution phase of the model 
are meson clusters i.e., they contain a quark and an antiquark. When such a cluster 
decays it may produce a meson cluster or a baryon cluster (see Figure IS) depending on 
whether a quark or a diquark pair are created. In the decay of a baryon cluster, only 
quark pairs may be selected. In the decay of a meson cluster the new flavour is chosen 
from the following 

u,d,s,uu,ud,us,dd,ds,ss, (71) 

with Pj the weighting factor for each choice. 

P , , the spin factor. For the case of a cluster decay into hadrons, P , is just the spin 
multiplicity factor of the final state hadrons, 

P, = (2JX + 1)(2J 2 + 1), (72) 
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Meson Production Bâryon Production 

q, q̂  Figure 18: The formation 
of baryons, mesons, baryon 
clusters and meson clusters 
from cluster decays. 

where Jj and J 2 are the spins of the final state hadrons. For decays with clusters in the 
final state, a meson cluster is given spin 0, and a baryon cluster is given spin 1/2. 

Pk, t he kinematic factor. Pk is the kinematic suppression factor, proportional to the 
phase-space available for each decay mode of the cluster. In the case of two hadrons in 
the final state (of mass Mi and M 2), 

Pk = ^[W4 + M4 + M2

4 - 2W*Ml - 2V7 2M 2 - 2 M 2 M 2 ] , / 2 = ^ p " W Mx, M 2 ). (73) 

When there is a cluster in the final state Pk must be modified. The approximate result 

2 rw-Mi 2 rv 

Pk = — dMp'(W, M, Mx)p(M) 
W JMo 

is used. Here p(M) is the assumed distribution of cluster masses, 

p(M) = A(M - MQ)NQ(M - M 0 ) , 

(74) 

(75) 

with M 0 a constant depending on the cluster flavor. The parameters A and N are 
optimized by comparing the model to low energy data. 

4.2.4 The parameters of Caltech-II 

Although the three phases of Caltech-II appear to be independent of each other, there 
is considerable overlap between them. The end stages of the parton shower, could (and 
should) really be considered as the start of the color screening process, that is modeled 
in phase 2. In a similar way the transition from the string model to the cluster decay 
phase of the model is not sharp, but rather smooth (as indicated by equation 67). This 
smoothness, in the transition from one phase of the model to the next, is correct from the 
physics point of view, but it does mean that the parameter values are highly correlated 
with each other, and that the parameter tuning is complicated. 

By far the largest number of parameters in the model are concerned with the pa
rameterization of the cluster decays. The philosophy of the Caltech-II approach, that 
hadronization is a universal and local phenomenon, dictate that these parameters be 



regarded as fixed and not subject to change after they have been shown to describe the 
low energy data. 

With the provisos above it is possible to identify five variable physics parameters in 
the model. 

Parameters that control t h e parton shower: 
There are two parameters that control the generation of the parton shower. The first has 
already been discussed, this is r c , which determines when the shower evolution should 
be terminated. The second parameter is the LLA scale parameter ALLA, which enters 
in the as expression. This parameter should not be confused with the t rue QCD scale 
parameter, and it should be realised that there is no simple relation between ALLA and 
as- While the value of ALLA Ï S left f r e e f ° r the user to fix, there does exist a prescription 
for removing the effect of <c; tc should simply be low enough that variation in its value 
does not effect the predictions of the model. For sufficiently small values of i c , the effect 
of additional soft gluons at the end of the parton shower is washed out by the string 
fragmentation of the parton system. 

ALLA should be adjusted so that the model predictions for the hard perturbative 
features of the events are in agreement with the data. A recommended value for ALLA 

would be 600 MeV, with tc = 1 GeV 2 . 

P a r a m e t e r s t h a t con t ro l s t r i n g e v o l u t i o n : 
There are three parameters that control the string evolution phase of the model, pc, 
the string breaking parameter, Wmax, the string termination parameter, and W m i - n , the 
minimum mass of a string segment for normal iteration through string breaking. Of 
these three parameters, the first two are vastly more important than the third. 

As mentioned above all the transverse momenta in the hadron final state comes from 
the cluster decays. The transverse structure of the events is then completely determined 
by pc and Wmax. With Wmax the reason for this is clear: by increasing Wmax the mean 
mass of the clusters is increased and so the transverse momenta are higher, also after 
decay products are boosted from the cluster center of mass frame. 

p c influences the transverse structure of the events by controlling where the first 
string break is likely to occur. If pc is reduced the strings break less frequently, and on 
average at a later point in their evolution, where they are longer, and so produce higher 
mass clusters at the input to phase 3 of the model. 

By controlling the mechanism of the string breaks near the ends of the strings, I V m i n 

is able to influence the distribution of high z particles that eventually appear in the final 
state. In some sense this is a technical issue, since the same effect could be obtained in 
this model by adding fictitious masses to the quarks. A nominal value for Wm,-„ would 
be 0.25 MeV. 

4.2.5 C o m p a r i s o n w i th D a t a 

The Caltech-II model has been compared to data over the energy range 14 GeV to 46 
GeV, by the model authors and in studies made by the Mark II and Mark-J experiments 
[3,14,15,16]. 

The Mark II study found that the Caltech-II model was unable to correctly describe 
the Minor and Thrust distributions at CM energy 29 GeV. The Mark-J study found 
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good agreement between Caltech-II and the data, over a wide range of CM energies, 
in all distributions with the exceptions of Thrust and the energy-energy correlation 
function. 

The failure of the Caltech-II model to correctly predict the Thrust distribution and 
the energy-energy correlation may reflect the absence of 0(a2

s) corrections in the par-
ton generation, and the inadequacy of imparting transverse momentum to the hadrons 
through cluster decay alone. 
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4.3 COJETS 
4.3 .1 Bas ic Fac t s 

P r o g r a m n a m e : COJETS 
Vers ion : COJETS 5.12 from May 19S9 
A u t h o r : Roberto Odorico 

Department of Physics 
University of Bologna 
Via Irnerio 46 
1-40126 Bologna, Italy 
BITNET M6ZBOX51 @ ICIXECA2 
Decnet CINE8S::M6ZBOX51 
Tel: +39-51-242013 
Fax: +39-51-247244 

P r o g r a m size: 22126 lines (including documentation) 

4.3.2 P h y s i c s I n t r o d u c t i o n 

COJETS originated as a Monte Carlo generator for e + e~ —• hadrons. Its first quantita
tive results were presented at the ECFA-LEP Workshop held in Rome, September 1979 
[1,2]. It later evolved as a generator for pp and p~p collisions at large pr [3]. There are 
short term plans of reintroducing e + e~ annihilation in it. Its updated documentation 
can be found in [4] and in the program file. 

For p~p and pp collisions, the interaction process is first calculated at the parton level 
by means of perturbative QCD and the electroweak standard model. Partons are then 
independently fragmented into jets of hadrons, according to the Field-Feynman model, 
and the beam jets contribution is added, according to a longitudinal phase-space model. 
Multiple QCD radiation off initial and final partons is included. The following processes 
are simulated: 

1. purely hadronic production, including particles with charm, bot tom and top; 
2. weak Drell-Yan production of the W and Z vector bosons; and 
3. Drell-Yan production of the charged lepton pair continuum. 

In leptonic decays of the W and Z bosons multiple QED radiation effects are considered. 
Decays of top particles are treated for an arbitrary top quark mass, with multiple QCD 
radiation effects for decay jets and multiple QED radiation for decay leptons included. 

Plans for the new version of e + e~ annihilation are based on usage of the routines for 
parton shower development, parton fragmentation into hadrons and Z decay already 
existing in the program, which have been thoroughly tested and compared with data. 
The simulation would include: 

1. 7 / Z 0 cross-section with dependence on initial and final polarizations; 
2. multiple QED radiation off the beams; 
3. multiple QED radiation in leptonic final states: 
4. top decay of whatever mass; and 

5. multiple QED and QCD radiation in top semileptonic decays. 
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4.3.3 Deta i led Phys ics Description 

The following presentation refers only to plans for e + e~ annihilation. A detailed docu
mentation for pp and pp interactions can be found in [4] and in the program file. 

Electroweak cross-section: 
The j/Z° cross-section includes dependence on beam and final lepton polarizations. 

Init ial s tate Q E D radiation: 
Multiple initial state radiation is included, treated in the leading log approximation 
(LLA). The main aim is to calculate the energy loss undergone by beam particles. 

Rela t ive flavour composit ion: 
It can be generated by the program, as an option. 

Perturbat ive Q C D approach: 
The final state at the parton level is calculated by an LLA (timelike) parton shower 
algorithm [1], The algorithm reproduces analytic results within statistically accuracy, 
once kinematic constraints which are neglected in analytic calculations are disregarded. 
Using an appropriate choice of the gauge, the jets from the initial quark and antiquark 
are generated as a single shower, thus essentially eliminating the uncertainty associated 
with the choice of initial evolution scales for the two primary jets. The parton shower 
algorithm is corrected so as to reproduce the 0(0:5) results for single gluon emission, 
with the same procedure which is used for QED radiation in Z° —> l+l~ [5]. 

Final s t a t e Q E D radiation: 
When leptons are produced at the primary vertex, multiple QED radiation is computed 
in the LLA, corrected so as to reproduce 0(aem) results for single photon emission in 
the final state [5]. This treatment is meant to be appropriate for muons and taus, and 
essentially focuses on collinear radiation. Appropriate interfacing with other matrix 
element programs for leptonic final states is under consideration. 

F r a g m e n t a t i o n : 
Final partons are converted into particles by the Field-Feynman independent fragmenta
tion model, duly extended to heavy flavour quarks and baryons. A corrective procedure 
ensures global conservation of energy and momentum. 

D e c a y s : 
Unstable particle decay modes are specified in a table, which can be changed by the user. 
By default, decay distributions are treated according to phase-space, except for specific 
decays (like, e.g, semileptonic decays of heavy flavour particles), where matrix elements 
are known. Top particle decays include multiple QCD and QED radiation effects (see [6], 
where a comparison with the Jezabek-Kiihn 0(as) calculation for semileptonic decays 
can also be found). The top quark mass can be arbitrary. 

4.3.4 Comparison wi th Data 

A comparison of the early version for e + e~ annihilation with data available at that time 
can be found in [2]. 



Extensive comparisons have been done with pp data. A comparison with UA1 data 
at large transverse energy can be found in [7]. 

4.3.5 Installation and Runnin g 

COJETS is written in FORTRAN 77. It is maintained with the PATCHY code manage
ment system, which is part of the CERN Program Library. It is supported for CRAY, 
IBM, VAX and APOLLO machines. 

Besides the native user interface, also an ISAJET type interface is available. If a 
consensus is reached for a common standard of the output format, optional generation 
of the output according to the standard will be implemented. 

4.3.6 Future Plans and Availabil ity 

COJETS is available from the CERN Program Library and on request from the author. 
An updated e+e~ version will appear shortly. 
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4.4 DPSJET 
4.4.1 Basic Facts 

P r o g r a m name: DPSJET, a Statistical Model of Jet Evolution 
Author : Wolfgang Ochs 

Max-Planck-Institut fur Physik und Astrophysik 
- Werner-Heisenberg-Institut fur Physik -
P.O. Box. 40 12 12, 
Fôhringer Ring 6 
D-S000 Munchen 40, Fed. Rep. Germany 
BITNET WWO @ DM0MPI11 

P r o g r a m size: 4SI lines 

4.4.2 Phys ics Introduction 

Most present day jet models are based on a partonic branching process as derived from 
QCD. Though there cannot be much doubt about the correctness of QCD at short 
distances, the models involve some arbitrariness and a considerable complexity for the 
hadronization phase at the end of the cascade. Some time ago the author developed a 
rather simple model, which tries to derive the main features of the data from a statistical 
equipartition principle [1], following in spirit the model of Hagedorn [2], but extending 
towards the regime of short distances. While limited in its applicability, as we shall see, 
it can serve as an interesting toy model for some properties. 

4.4.3 Deta i led Phys ics Description 

Basic Assumpt ions : 
An important concept of the model is the 'dynamical phase-space': energy and momen
tum are quantized in a volume which expands with velocity of light in a sequence of 
discrete time steps. The system evolves in this phase-space in a stochastic manner, and 
it is assumed that any quantum state resolvable at a time can be occupied with the 
same probability. This hypothesis of 'instantaneous equipartition' determines uniquely 
the distribution over the available states and leads to a branching process. Neglecting 
all degrees of freedom except energy and momentum and restricting to final state pions 
a minimal model emerges with no other parameters than h,c and m x (the length scale 
which enters Hagedorns model as volume parameter is now determined by the light 
velocity c after a given evolution time). There are though some theoretical approxima
tions in the elaboration of this scheme (rectangular volume, independent evolution of 
different branches and others). 

Predic t ions: 
S t reng th of coupling. This is predicted by the equipartition principle, a unique 
feature of the model not shared by other models known to us. The model reproduces 
well the shape and magnitude of the angular energy-energy correlation (except for a 
region of small angles), which is often used to determine the coupling parameter as of 
QCD. It also predicts the particle multiplicity which comes out, however, too low by 
~ 30%. Agreement with data can be obtained by choosing a smaller (unphysical) pion 
mass. 
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Scale invariant branching. Heavier states of mass M decay into 2 body states with 
masses mi ,m 2 with a scaling distribution F(fii,fi2), /*,- = rrii/M until the pion mass is 
reached. This is similar to QCD branching, but the effective as is not running in the 
above scheme. This yields a multiplicity rise like n ~ W 0 4 4 , KNO multiplicity scaling, 
scalebreaking of inclusive spectra, and predictions for energy flows and jet phenomena 
[1]-
Hadronic intermediate s ta tes . The intermediate states carry hadronic quantum 
numbers, so there is no recombination phase at the end of the cascade and the only 
scale in the model is the mass of the final hadron. Consequently the scaling laws, 
KNO scaling for example, set in already early, close to threshold [3]. Also strong 
'intermittency' effects are predicted [4]. Though a branching of hadronic states looks 
like a rather unconventional concept, QCD after confinement could yield effectively such 
a structure ('exclusive parton hadron duality' [5]). 

Conclusion: 
The model represents a simple realisation of a scale invariant hadronic branching pro
cess. Its theoretical strength and at the same time its phenomenological weakness is the 
lack of adjustable parameters. (One could of course adjust the function F(/ i i , / i 2 ) to the 
data). It reproduces well the main trends of data, though not always at a quantitative 
level. Also, because of the limitation in the degrees of freedom included (only pions, 
no resonances, no spin), some more specific questions cannot be adressed. The model 
may be of practical use today for the derivation of scaling laws and size estimates of 
any desired observable, so that tests of the general structure of scale invariant hadronic 
branching processes can be obtained. 

The strongest support for the basic equipartition ansatz we see in the correct pre
diction of the coupling strength. At the moment this scheme looks rather different from 
a gauge theory such as QCD. A similarity can be seen in the fact, that both the gauge 
principle and the principle of instantaneous equipartition in dynamical phase-space de
termine completely the interaction for a given set of symmetries (conservation laws), 
the latter even the coupling strength. It remains to be seen whether in a more complete 
treatment a closer connection between both schemes can be established. 

4.4.4 Installation and Running 

The program may be obtained from the author. It is also found in the file DPSJET 
FORTRAN on the TORSJO 192 disk on CERXVM. The program contains comments 
for what to change in order to run at different energies, etc. 
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4.5 EPOS 
4.5.1 Basic Facts 

Program name: EPOS, a Monte Carlo Program for e+e~ Annihilation 
using the Fire-String Model [1] 

Version: EPOS 2.0 from June 19S9 
Authors: fL. Angelini, L. Nitti, |M. Pellicoro 

I.N.F.N. and f Department of Physics - Ban (Italy) 
G. Preparata 
I.N.F.N. and Department of Physics - Milano (Italy) 
G. Valenti 
I.N.F.N. - Bologna (Italy) 
BITNET GIANNI © VXCERN.CERN.CH (G. Valenti) 

Program size: 5400 lines 

4.5.2 Physics Introduction 

The EPOS authors start from a small number of well established and universally ac
cepted basic notions of hadro-dynamics. They are: 

1. the hadrons are extended objects made of point-like constituents ('quarks') with 
spin 1/2 and fractional charges; 

2. the forces between quarks obey the colour SU(3) symmetry realized through a 
gauge principle; 

3. the quarks are confined inside the hadronic matter where they move 'quasi-freely' 
at short distances. 

QCD is accepted as an elegant and appealing scheme, embodying the above-stated 
principles, but it is noted that the QCD computational scheme is not yet powerful 
enough to describe properly the quark confinement property. The most popular theoret
ical models make use of the 'quasi-free' behaviour and calculate the quark interactions as 
free objects. The connection between quarks and hadrons, however, are treated outside 
the QCD scheme by means of fragmentation models, and this obscures the predictive 
strength of QCD in its comparison with experiments. 

The authors therefore depart from the traditional perturbative picture of QCD. 
Instead the theoretical framework proposed by G. Preparata is used, Quark-Geometro-
Dynamics (QGD) [2] and Anisotropic Chromo-Dynamics (ACD) [3]. In this approach, 
gluons are not considered as dynamical entities, but only as carriers of a confinement 
force. The only physical states allowed in the model are colour singlets made out of 
quarks. More specifically: 

• hadrons are made by point-like spin-1/2 'quasi-free' quarks, confined in limited 
space-time domains, whose dimensions increase linearly with the mass of the 
hadrons; 

• there is a basic perturbative structure in the number of quarks that take part in 
a given reaction; 

• the hadrons emerge in the final state through a sequential decay of a small number 
of 'Fire-Strings' (FS), highly excited quark-antiquark states. 
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Figure 
19: The Chew-Frautschi plot 
of the qq states in QGD. 

The physical reasons given for these principles are the following: 
• the success of the quark model indicates that the confining forces become effective 

only at large distances, where the behaviour is well described by linear potentials; 
• the Zweig rule strongly suggests the existence of an underlying perturbative struc

ture in the dynamics of hadrons; 
• as a consequence of the FS dynamics, a high degree of universality of quark frag

mentation, i.e the jet-like structure, can be found in the final states, not only in 
e + e ~ annihilations, but also in lepton-hadron and hadron-hadron collisions. 

4.5.3 Detai led Phys ic s Descr ipt ion 

T h e Fire-String: 
The spectra of the quark-antiquark and three quark states have been constructed with 
the following inputs: 

1. m 7 , the quark masses (q = u, d, s, c, b); 
2. R2, the rate of increase of hadronic radii with hadronic masses (thus R2 oc 1/K, 

K being the ordinary string tension). 

Then one obtains a set of Regge trajectories for the quark-antiquark states (Fig. 19) 
well described asymptotically by the formula: 

7T 

Kt ~ W{2n + 0 ' (76) 

where / is the angular momentum and n is the radial excitation quantum number. 
Calling pi,2 = p /2 ± k, the four-momenta of the quark and the antiquark, respectively, 
one can also derive the excited meson wave-functions, whose asymptotic structure (M2 

large) is given bv: 
tl>nJ(p,k)~F(plpl)Yr(Slk), (77) 

where Qjt is the direction of the relative qq momentum k in the meson rest frame. 
F{p\,p\) is a universal function, which exhibits approximate factorization: 

F(PI,PD = G(PI)G(PI). (78) 

221 



The quark 'propagator function' G(p\) has the following behaviour: 

sin(iî V - m 2 )) 2 2 

G { P ) ~ ?-m\ ' P ^ m ' 

G(p2)~y2, \p2\>ml (79) 

and correctly represents confinement (i.e., no singularities on the mass shell and free 
field behaviour at short distances). 

The quasi-degeneracy in the mass Mnj of states with different angular momenta (see 
Fig. 19) leads to the construction of FS states, whose wavefunctions are: 

1=J0 m=+l 

* (p. ̂ ) = E E .̂/.m(p, fc)ir(fi) (so) 
/=0 m=-l 

with p 2 = M 2 held fixed and Q an arbitrary spatial direction. The maximum value of 
the angular momentum IQ in eq. (SO), given by 

l0 = RTM/2 (81) 

with RT — 0.5 fm, decouples states of higher angular momenta in order to maintain a 
finite range (or at most logarithmically increasing with energy) to the strong interaction. 

In the configuration space the structure of the state of eq. (SO) is depicted in Fig. 20, 
comprising 'quasi-free' quark and antiquark plane waves moving with three-momentum 
|p| ~ M/2 along the direction Q. and confined in domains with longitudinal dimensions 
increasing linearly with the mass M of the state. The transverse radius RT, on the 
other hand, remains fixed and does not depend on the mass of the state. Thus the 
origin of the concept 'Fire-String' of mass M and axis along H. Its structure is intended 
to reproduce, as closely as allowed by quark confinement, the free states of the parton 
model. 

The FS is therefore a universal hadronic structure: it gets produced in a variety 
of ways depending on the production process, but it should leave its footprints in the 
structure of final states by means of its subsequent decays. This gives rise to the high 
degree of universality claimed in the high energy reactions. 

Production mechanism of Fire-Strings: 
In order to describe the physics of the electron-positron annihilation at the center of 
mass energy W, the process 

e + e - - 7 / Z ° - • FS (82) 

is considered, where the virtual y/Z° of mass W couples to a FS of mass W. 
As a visualization of this process, Fig. 21 shows a qq pair, comprising the initial 

FS, generated in a direction 6 with respect to the incident direction. The quark flavour 
composition (u, d, 5, c and b quarks are included) and the angular distribution are in 
agreement with standard electroweak predictions, see section 2.1. 

Mesonic decays of a Fire-String: 
Once a FS of mass M is produced according to some particular mechanism, the problem 
of describing and calculating the FS-decay into stable hadrons follows the principles 
introduced and motivated in the preceding sections. 
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Figure 20: The spatial structure of the 
state ip in eq. (SO). 

Figure 21: The production of the initial 
FS in e + e~ annihilation. 

In the fluctuating colour field of the FS, a qq pair is created, which induces a break
up of the colour flux with the creation of two FS*s of smaller masses (see Fig. 22). The 
process of pair creation being a slow one, it is quite unlikely that two or more pairs get 
created simultaneously; thus the basic decay mechanism for a FS turns out to be: 

F S -> F Sx + FS2, (S3) 

followed by similar processes involving FSX and FS 2 , until all the produced FS's have 
masses of the order of hadronic low-lying states (ir,p,K,K', etc.). As shown in Ref. 
[4], one finds that the amplitude of the process (S3) has the important property that it 
scales, and can be expressed in terms of the scaled variables: 

X\,2 = 
ML; 

M 

' -©) ' (84) 

where M,MUM2 are the masses of FS,FSX,FS2, respectively, and p j is the decay 
momentum transverse to the orientation of the initial FS. 

In particular, note that the scaling property in pr/M implies that large transverse 
momenta may be generated in the decay of a heavy FS. It is this mechanism which leads 
to the emergence of multijet phenomena in EPOS, not perturbative QCD emission of 
gluons, as in most other programs. Further comments can be made: 

Figure 22: The basic 
mechanism for the mesonic 
FS-decay. 
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• one has demonstrated the suppression of quantum interference effects, thus making 
it possible to calculate the FS-decay process in terms of probabilities rather than 
quantum amplitudes; 

• the mechanism of qq creation strongly suppresses heavy quark pairs, thus, to a 
good approximation, only light quark pairs need to be considered (heavy flavours 
occur only when the initial FS contains a heavy quark). 

For a detailed discussion concerning the kind of physics at work in FS-decay, consult 
the review paper [4]. 

Baryonic decays of a Fire-String: 
When a di-quark pair qq — qq gets created in the FS colour field, the FS decays into a 
baryon-antibaryon pair (see Fig. 23) 

FS -+ Bi + B2i 
(85) 

where By (B2) is a lowest-lying baryon (antibaryon) belonging to the SU(6) 56-plet. 
The amplitude has been computed in Ref. [5], where details can be found. 

The calculational framework is not powerful enough to determine the relative nor
malization between the mesonic and baryonic FS-decay probabilities, so that it must be 
introduced as an input to be fitted by experiments. This input parameter is the only 
new parameter entering the description of FS-decay, all the other parameters (m,'s, R2) 
having been fixed by the structure of the mass spectrum of the low-lying hadrons. 

The full FS-decay process is now completely determined and it gives rise to the 
'tree-like' picture shown in Fig. 24. 
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Figure 23: The basic mechanism for the Figure 24: The typical tree-like structure 
baryonic FS-decay. of a full decay evolution of a FS. 



4.5.4 Comparisons w i th D a t a 

The theoretical model sketched in the previous sections has been extensively applied 
to the analysis of electron-positron annihilation into hadrons at high energies (W > 10 
GeV). The results, reported in Refs. [4,5,6,7], have been obtained by the Monte Carlo 
program EPOS [8]. It is worthwhile to mention that this program has only one tunable 
input parameter, i.e. the relative normalization between the baryonic and the mesonic 
decay modes of a FS of a given mass. 

4.5.5 Instal lation and R u n n i n g 

The program is installed at CERN; contact G. Valenti (BITNET address given in the 
header) for further details. A recent, updated manual exists [1], with sufficient infor
mation to get going. In addition, a somewhat older manual [8] gives much further 
information, most of which is still relevant. 
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4.6 EURODEC 
4.6.1 Basic Facts 

Program name: EURODEC, a Monte Carlo program for the fragmentation of 
partons and decay of particles [1,2,3] 

Version: EURODEC 2.3, from May 1989 
Authors : A. Ali 

Department of Theoretical Physics 
DESY 
Notkestrasse 85 
D-2000 Hamburg 52, FRG 
B. van Eijk 
EP Division 
CERN 
CH-1211 Geneva 23, Switzerland 

Program s ize: ~ 4600 lines, plus ~ 2200 lines particle (decay) table 

4.6.2 Phys ics Introduct ion 

In the years 1983 and 1984, the analysis of the rapidly increasing amount of hadron col
lider data from experiments at the CERN SppS collider showed the need for a dedicated 
Monte Carlo program for the simulation of QCD and weak hard scattering processes, go
ing beyond lowest order in perturbation theory. This resulted in a special purpose Monte 
Carlo program called EUROJET [1], written with the main emphasis on heavy flavour 
production in hadron-hadron collisions. The EUROJET derivatives 'EUROPPB' [2] 
and ' E U R O D E C [3] have recently been made available as relatively independent pack
ages, with a clear separation in functionality. The EURODEC package, subject of this 
chapter, signals the start of renewed activity of the authors to match up with the need 
for programs with a broad range of applications, i.e. also suitable for detailed studies 
in e + e~ interactions. The start-up of LEP, and later HERA, were therefore the main 
motivations for separating the parton production code (as for hadron physics in EU
ROPPB) from the fragmentation and decay part (EURODEC). Both packages may, in 
principle, easily be interfaced with other programs. 

4.6.3 Detai led Phys ics Descript ion 

Parton fragmentation: 
Due to the application of the program in conjunction with higher order matrix elements, 
only very little effort has, up to now, been put in describing parton fragmentation in 
terms of a parton shower model. The independent parton fragmentation scheme in 
EURODEC has nevertheless evolved with time, and some improvements with respect 
to the 'old' Field-Feynman [4] picture have been introduced. As the IF model has been 
described in detail in section 2.3.1, we limit ourselves to the discussion of the main 
extensions that have led to the Modified Independent Fragmentation (MIF) model. 

Following the hierarchy in the F F cascade procedure, the fraction of energy and 
longitudinal momentum carried by the hadron is defined as 
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F F (and others) have proposed probability distributions for z. For the relatively light 
quarks (u, d, s) the mass of the initial quark will hardly have any effect on the frag
mentation procedure, and one may use 

f(z)dz = l-a + Za(l-z)2. (87) 

At each stage of the fragmentation process the production of a diquark-antidiquark 
pair is considered, and occurs with a fixed probability. Since there is only very little 
information available on the fragmentation of diquarks and antidiquarks, one assumes 
that they fragment in a similar way as do single quarks. For the fragmentation of 
light diquarks (limited to combinations of u, d and s quarks) one has assumed the 
parametrization of eq. (87). For heavier quarks (c, 6, t, . . . ) the fragmentation function 
a la Peterson et al. (see eq. (28)) [5] has been introduced. This function peaks closer 
to z — 1 as TTIQ increases, reflecting the hard fragmentation function of heavy flavours. 

At each fragmentation step, both the newly formed hadron and the parton receive a 
relative transverse momentum. The p T of the hadron balances the p~T of the 'left-over' 
parton, which acts as the starting point for the next step in the cascade. Since the p~T 

is balanced at each step, the transverse momentum sum of all particles (including the 
final left-over parton) equals the transverse momentum of the initial quark. The p r 

may be different at each step of the fragmentation, and is generated according to the 
probability distribution 

f(PT)dp2

T « exp ( - | ^ | j ) dp2

T. (SS) 

The function expresses the phase-space suppression in the regions where either z —• 1 
(all parent quark energy is transfered to the hadron) or z —* 0 (minimum energy transfer 
to the hadron). The individual momentum components which build up the transverse 
momentum are generated with a random orientation in space. 

Flavour is conserved at each step of the cascade. Thus, after the treatment of n 
fragmenting partons, we are left with a set of n jets and n soft partons. Except for the 
overall violation of energy-momentum conservation, due to the introduction of massive 
particles in the fragmentation chain (recall that, in in general, TTIQ < mu + mq), flavour 
and transverse momentum remain conserved quantities. 

Gluons are treated as light quark-antiquark pair jets of random flavour. The energy 
of a quark Q is determined via the relation EQ = xEgiuon, with for i the probability 
distribution (the g —* QQ splitting function [6]): 

f(x)dx = -[x2 + (l-x)2]dx. (89) 

Consequently, the antiquark receives the fraction 1 — x of the gluon energy. Both Q and 
Q are given a relative pr, eq. (88) and are fragmented independently using the modified 
F F scheme. The width of the pj distribution is assumed to be similar for both quark 
and gluon fragmentation. 
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After all partons have been fragmented, the left-over partons are combined in the 
original rest frame of the n parton system, with the help of an algorithm that orders 
all possible allowed (soft partons emerging from the same gluon are not allowed to 
re-combine) parton combinations according to their separation in AR (Ai? = f(<j>,rj), 
where TJ is pseudorapidity). Finally the energy and momentum sum for the hadrons 
is determined. Since energy/momentum conservation is violated in the fragmentation 
process, the total energy after fragmentation (E'um) will in general not be equal to the 
total centre-of-mass energy (Qo) o n e started with. In addition, one has J 5 s u m ^ 0. The 
hadrons are therefore Lorentz transformed to the frame where psum = 0. The boost 
vector for this transformation is defined by E'um and p 3 u m . The mass of the partonic 
system is invariant under Lorentz transformations. The discrepancy in energy remains, 
and can be minimized by rescaling the momentum pH of each individual hadron by a 
factor a, 

AQ = (Ê > /«)* + « w ) - Qo, (90) 

where n is the total number of hadrons. The correct a is determined (iteratively) by 
the requirement that AQ = 0, and is typically close to unity [7]. 

It should be stressed that the kinematics involved in the decay of particles is not 
affected by the energy-momentum conservation procedure sketched in this section. All 
decays are taken care of after fragmentation and after energy-momentum conservation 
is imposed. 

P a r t i c l e D e c a y s : 
Both heavy flavour and non-heavy flavour decays have been extensively studied by the 
authors. The particle decay table contains a very extensive list of decay modes, as 
reported by several experimental groups, and relies heavily on Particle Data Group 
information [8]. For only a very limited number of particles, 100 % of the decay chan
nels have experimentally been resolved. The bulk of decay modes (baryons and heavy 
flavours) remain unobserved and have to be modelled in order to obtain a consistent 
Monte Carlo treatment. A huge list of particles and particle decay modes (~ 2000 
lines) has been set up, in which particle mass, lifetime and type of decay (in terms of 
angular correlations among particles etc.) have been defined. The user can have direct 
access to this table with the help of any local editor. Therefore, modifications of and/or 
extensions to the particle list and/or particle decay table are a simple exercise, and are 
meant for those users that want to include their own model or a specific decay mode, 
without going into the details (code) of the program. 

In this section, we briefly discuss and summarize the decay matrix elements as 
included in the present version of the program (2.3). We start by describing some 
typical non-heavy flavour decays. For example, the kinematics of the decay products in 
the decay u, <j> —+ 7r+7r~7r° is well described [9] by convoluting the pure phase-space with 

\Mf<x\pn+xpv-\\ (91) 

Similarly, the complete kinematics of the Dalitz decays of the TT° and 77 (7r°,77 —• 
7e + e~) . i s correctly described by applying the 'Kroll-Wada procedure' [10], in which 
one generates a properly distributed virtual mass for the e + e~ pair. The energy and 
momentum of the electron and positron are obtained via the pure phase-space decay of 
the virtual object. 



Pseudoscalar particles PS2 and PS3 produced in the decay chain P S 0 —+ PSi + Vector 
—+ PSi + PS2 + P S 3 are constrained to have the following decay angular distribution 
in the rest frame of the vector : 

\M\2 oc cos 2 0 O 2 , (92) 

where 6Q2 is the opening angle between the P S 2 and P S 0 momentum vectors [11]. 
Tau lepton decays are among another class of thoroughly studied decays. Although 

the r puzzle has not yet been solved completely, the amount of data on exclusive de
cay modes with up to seven charged particles has accumulated rapidly. An extensive 
discussion on r decay matrix elements and branching ratios can be found in [12] and 
references quoted therein. 

In the modelling of heavy flavour decays, a pure V — A structure is assumed for the 
weak charged current in Q —> qff. All fermions (Q, q, f and / ) may have arbitrary 
masses. The normalized matrix element squared reads [13] 

W = c'N'Kw^W], ( 9 3 ) 
777.Q 

with p and m the momentum four-vector and mass of the indicated particles. C contains 
the propagator and coupling constants, while 5 describes the polarization (four-vector) 
of Q (see also section 6.2 and [3]). If we sum over polarizations and treat the decay of 
Q in its rest frame, eq. (93) reduces to the very simple expression 

|M,> = i £ ( W / ) ( „ 0 S 7 ) , (94) 

where JE/y is the energy of the antifermion. 
The semileptonic decays A' —* lv{Y, with X charm or bot tom pseudoscalar particles 

(the strong or electromagnetic decay of charm and bottom vectors will take place at a 
much shorter time scale than their weak decay), and Y predominantly strange or charm 
pseudoscalar particles, respectively, are governed by the same matrix element, eq. (93), 
whereas decays X —+ lvtYm, with Y" a vector particle are described assuming a pure 
vector current. The matrix element for this type of decays can be found in ref. [14]. 
The normalized lepton energy distribution can be written as 

1 dT 96 Ef(m2

x - m2

Y. - 2mxEi)2(mx + 2m 2 , . - 2mxEi)2 

fdE,~mxf (m2

x-2mxElf ' ( ° } 

with m and E the appropriate masses and energies of the particles, and / the usual 
phase-space factor. 

Although the effect of the W propagator may safely be neglected in case of charm 
decays, it has to be included in the decay of heavy third and fourth family quarks and/or 
leptons. The effect becomes extremely important in decays of, for instance, top quarks 
with mass m ( ~ mw or larger. If we return to the process Q —• qff, and assume that 
the heavy quark Q approaches or exceeds the physical mass of the W, and mg ^> m 7 , 
the kinematics of the / / pair will be dominated by the W propagator. This is apparent 
from the Breit-Wigner expression, 

B.W. a — 2—5 , (96) 
\mw-

(Pf+Pj)2\ +m2

wT2

w 
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Table 4: Decay matrix element codes. A f in the third column indicates that , 
depending on the available phase-space, each parton will give rise to a hadronic 
jet, while \ denotes that a pair of partons will give one single hadron. 

Matrix element Type Partons allowed? 
0 up to 6-body phase-space no 

i-i T7,7T° —» e + e ~ 7 no 
2 w,<f> —* 7r+7r_7r° no 
3 PSo - • PSj + V -+ PSj + PS 2 + P S 3 no 
4 r~ —» vTK~,vTir~ no 
5 r " -» vTK~-,vTp~ ,vTa~[ no 
6 a.\ —* pz —+ 7r7T7r no 
12 onium —» gluon gluon yes 
13 onium —» gluon gluon gluon yes 
14 onium —• gluon gluon 7 yes 
15 onium —* i?°7 no 
22 weak V — A decay yes f 
23 weak Vector decay yes f 
24 onium single quark decay yes J 
30 phase-space yes $ 
52 weak V — A decay yes t 
53 weak Vector decay yes t 

with mw and I V the physical mass and width of the W*, and (pj + pj)2 the virtual W 
mass-squared. The upper and lower limits on the virtual mass are fixed by the masses 
of the particles involved in the decay. The function in eq. (96) will strongly peak if the 
virtual mass gets close to or exceeds the physical W mass. Ergo, for a heavy top quark 
or heavy fourth generation particles, the Breit-Wigner will significantly influence the 
decay distributions. 

Obviously, hadronic decays of very heavy flavours will be dominated by a large jet 
multiplicity. Both / and / may give rise to one or more jets of particles. Additional 
fragmentation of the resulting quark 'ç ' may also occur. In EURODEC, each of the 
f — f and q—spectator quark/diquark systems are treated as colour neutral objects. 

In Table 4 the decay matrix element codes defined for EURODEC 2.3 are shown, 
together with their application. Due to the introduction of kinematical correlations 
between particles, the ordering of the decay products in the decay table is fixed for the 
majority of matrix elements! 

By default, the physical particle masses are taken from the particle table as read by 
the EURODEC program at initialization time. However, the user may select a physical 
width (optional), which is at present set to twice the full width half maximum (~ ± r ) 
of a Breit-Wigner distribution, thus assuming that the narrow width approximation is 
a sufficiently good approximation for the mass distribution. The T values are calcu
lated from the particle lifetimes, which are tabulated in the particle table as well. The 
'smeared' mass is then generated according to 

= Jmphy, {mphy, + T t a n [A. + (A+ - A-)R]}, 
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A+ = arctan 
(rn?hyt ± T)7 - m2

phyi 

m p/iya-l 
(97) 

with R a uniformly distributed random number in the range 0 < R < 1. The expression 
for msmear is a straightforward inversion of the analytical integration of the Breit-Wigner 
formula [l]. 

In summary, the present version of the program handles the decay of (light and 
heavy) pseudoscalar mesons, vector mesons, a limited set of tensors etc., spin 1/2 
baryons, spin 3/2 baryons, and leptoquarks. Charmonium, bot tomonium and topo-
nium decays, although not discussed here, have been modelled in detail. There are in 
principle no physical limits set on the number of particles that could be included in 
the particle and particle decay tables. The treatment of more exotic particles may be 
introduced by the user, or can be made available on request. 

4.6.4 C o m p a r i s o n w i th D a t a 

In the past, the program has been heavily used, and is still being used, in the analysis 
of hadron collider data. A separate event generator was attached to simulate different 
QCD and weak hard scattering processes. Comparisons of the fragmentation and decay 
models used in EURODEC with data can be found in ref. [1] and references quoted 
therein. Recently, the particle and particle decay tables, as well as the matrix elements 
for heavy flavour and r lepton decays have been reviewed and brought up to date [15,12]. 
A note on the modelling of toponium decays is in preparation [16] and will appear soon 
(summer 1989). 

4.6.5 Instal lation and Running 

The package is written in standard Fortran 77 and is available from the CERN central 
computer program library, in Patchy format or as pure Fortran source code. The pro
gram executes at any machine (including Personal Computers), provided the machine 
has a standard Fortran compiler. No external (library) routines are needed. EURODEC 
contains its own random number generator (cycle: 21'1"1), which gives a machine inde
pendent sequence of random numbers. Depending on the word length of the machine, 
a very limited set of calculations may have to be performed in double precision. The 
Patchy version of the program will take care of this automatically if the proper 'ma
chine flag' is selected before compilation. For 32 bit machines, the following flags have 
been included: *IBM, *VAX, *APOLLO, *MAC and *GOULD. For machines with a 
word length > 32 bits, the flags *CDC and *CRAY have been introduced. Examples 
of cradles as used on a VAX for creation of a library and running of test programs are 
given below. 

Library creation: 
+EXE. 
+USE, *VAX. Machine selection 
+USE, EUDLIB. Patch contains all EURODEC -fuse cards 
+PAM, LUN = 11, T = ATTACH. EURODEC.PAM 
+QUIT. 
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Test program: 
+EXE. 
+USE, *VAX. 
+USE, EURODEC. 
+USE, TESTF. (or TESTD) 
+USE, patch, deck. 
-f ADD, patch, deck, line nr. 

CALL USER 
+USE, USER. 
+PAM, LUN = 11, T = ATTACH 
+PATCH, USER. 
+DECK, USER. 

SUBROUTINE USER 

RETURN 
END 

+QUIT. 
Both test programs, TESTF and TESTD, have a main routine and should therefore 

not be selected at the same time. The test examples make use of the CERN histogram 
package HBOOK, which should be included in the link step. 

Before a first event can be treated, a call to the routine EUDINI has to be made (see 
also TESTF and/or TESTD). This routine executes a set of sub-programs (contained in 
the EURODEC package), and is responsible for the proper initialization of the program. 
Title cards and particle/particle decay tables are read. Since the authors have refrained 
from using a BLOCK DATA subprogram, one single subroutine (EUDCIN) performs 
the pre-setting of parameters in common blocks. An advantage of this method is that 
one can have a completely machine independent program implementation. 

If the EURODEC package has to be incorporated in a larger software environment, 
the user may prefer to call the routine EUDCIN before EUDINI has been executed. As a 
result, the subsequent call to EUDINI at a later stage will ignore the routine EUDCIN. 
This procedure allows the user to modify pre-settings in the common blocks, at the 
overall initialisation time of his own program. 

Similarly to the particle and particle decay tables, EURODEC titles are supplied in 
a separate (Fortran accessible) file. User modifications can easily be made with the help 
of any local editor. The titles are characterized by a sequence of keywords, qualifiers 
and values, generally in this order. A single keyword may be accompanied by more 
than one qualifier. A list of keywords and qualifiers is included in the user manual as a 
'tear-off' page, whereas a model title file is supplied via the CERN program library. 

Program entries: 
As stated above, at least one call to the initialisation package EUDINI (no calling argu
ments) has to be made before any other routine is called. The event handling package 
contains three main entries which have different functionalities. The user may treat 
them as entries to a 'black box', provided the correct input information is supplied: 

CALL FRAGMT(IP1, IP2, NTEILO) 
performs the fragmentation (and subsequent decay)/decay of I P l - IP2 partons/particles 

Machine selection 
Patch contains all EURODEC keeps 
Test program for fragmentation (or decays) 
User selected patch, deck (optional) 
Add call to user supplied routine (optional) 

Select user code (optional) 
EURODEC.PAM 

User supplied deck (optional) 



contained in the common / M O M G E N / . The result is returned in the common / R E 
SULT/ at location NTEILO + 1 (NTEILO serves as an off-set ) and onwards. A call to 
the routine 

DECAYS(NTEILO, NTEIL1) 
will result in the full cascade decay of particles at location NTEILO to NTEIL l in the 
common /RESULT/ . Emerging particles are added to the list in / R E S U L T / . The de
cay of a single particle, preventing a full subsequent decay cascade can be obtained via 
a call to 

PARDEC(IP, IPPAR, IPDEC), 
where IP points to the location at which the decaying particle is located in / R E S U L T / , 
IPPAR is a pointer to the entry in the particle table, and IPDEC is the pointer to the 
first line in the decay table for this specific particle. Explicit examples of applications 
can again be found in the user manual [3]. 

4.6.6 Future P lans and Availabil i ty 

Minor modifications and updates will be included on a regular basis. A major upgrade 
of the program will be released as EURODEC version 3.0, which will become available 
at the end of summer 1989. By then the program will include a set of utility routines, 
a parton shower model (including the branching of both quarks and gluons), and an 
interface to the Standard HEP Common Block for Monte Carlo event generators (see 
section 6.2). This new version (including documentation) will be obtainable from the 
CERN central computer program library (DD Division). 
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4.7 HERWIG 
4.7.1 Basic Facts 

Program name: HERWIG, Hadron Emission Reactions With Interfering Gluons [1,2] 
Version: HERWIG 3.2 from February 19S9 
Authors : G. Marchesini 

Dipartimento di Fisica 
Universita di Parma 
INFN, Gruppo Collegato di Parma 
Italy 
DECnet VAXPR::MARCHESL\I 
B. R. Webber 
Cavendish Laboratory 
University of Cambridge 
Madingley Road 
Cambridge CB3 OHE 
United Kingdom 
BITNETBRW1@PHY-HEP.CAM.AC.UK 

P r o g r a m size: 6183 lines 

4.7.2 Phys ics Introduct ion 

The HERWIG Monte Carlo is a general purpose event generator for the simulation of ei
ther time-like or space-like quark-gluon parton showers. Because of its generality, HER
WIG can simulate the QCD showers which develop in proton-proton, proton-antiproton, 
electron-proton or electron-positron collisions, amongst others, all in a uniform theoret
ical framework. The parton showers proceed through a sophisticated machinery, which 
accounts for correlations between the parton 4-momenta due to spin and the coherent 
emission of soft gluons. The treatment of soft gluon emission is based on the so-called 
Coherent Parton Branching formalism [3]. Coherent Parton Branching is an extension 
of the Leading (collinear) Logarithmic Approximation (LLA), which sums the leading 
large logarithms associated with the collinear (mass) singularities of QCD, to include 
also the leading infrared logarithms, which arise from soft gluon emission and related 
virtual corrections. It also takes into account the class of nonleading logarithms associ
ated with gluons that are soft but not collinear, or collinear but not soft. The suitability 
of the Leading Logarithmic Approximation for the description of higher order QCD final 
states is discussed in section 2.2 and, in more detail, in the report of the QCD theory 
group. 

HERWIG has traditionally been more complete with regard to its simulation of 
QCD interference phenomena than have been the other principal QCD generators, e.g. 
JETSET. At the time of this writing, HERWIG offers the only parton shower simulation 
of the jet calculus type which includes azimuthal correlations between partons due to 
coherent gluon emission, either within a jet or between different jets (ARIADNE also 
possesses this feature, but is not of the 'jet calculus' type). Note that by ' jet ' we mean 
the quark-gluon shower initiated by a parton that participates in a point-like scattering 
process. HERWIG is also unique, at the time of this writing, in that it includes the 
full machinery to deal with coherent soft gluon emission in space-like parton showers. 

mailto:BITNETBRW1@PHY-HEP.CAM.AC.UK
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This latter is relevant e.g. for partons which evolve off-shell inside a proton and then 
participate in a hard subprocess in a proton-antiproton collision. 

Here, the discussion of the HERWIG parton shower algorithm will focus exclusively 
on its application to electron-positron collisions, for which partons begin their evolution 
with a large virtuality and subsequently evolve to lower virtuality (rather than the other 
way around). The virtual masses-squared of the partons are always positive, and it is 
the time-like shower algorithm alone which is of relevance. 

An important aspect of the time-like parton shower algorithm of HERWIG is that 
interference phenomena within the shower due to the parton spins are included to full 
leading collinear (LLA) order. HERWIG is again unique amongst shower simulations, 
at the time of this writing, in possessing this feature. 

HERWIG also contains a model for hadronization. This hadronization model is of 
the 'cluster algorithm' type first introduced by Wolfram [4]. Wolfram type models take 
advantage of the preconfinement characteristic [5] of perturbative QCD. Preconfinement 
is the property of QCD whereby a parton almost always finds itself nearby in momentum 
space (and real space) to a parton carrying opposite color charge, whenever the partons 
have evolved from high to low virtuality, as in a parton shower. In such a case, to 
leading order in the number of colors, each color may be naturally associated with 
its anti-color - at least in principle - in a low mass and necessarily colorless object. 
This object, generically called a 'cluster,' therefore possesses the properties of a simple 
hadron resonance. 

In the case of gluons, which possess two color indices, this statement remains true 
independent of how the gluon's momentum is shared between its colour and anticolour. 
In the Monte Carlo simulation, it is necessary to assume a mechanism whereby the 
colour indices and associated momentum fractions of a gluon are assigned to distinct 
clusters. In HERWIG, all gluons present at the end of the perturbative shower are 
forcibly split into quark-antiquark pairs. This mechanism (the 'Wolfram ansatz') is a 
simple way to make the necessary colour assignments. 

Hadrons are (usually) produced in HERWIG through two-body, isotropic decays of 
the clusters. The hadron species in these two-body decays are selected in proportion 
to a phase-space factor, which includes the spin degeneracy of the hadronic final state. 
Thus, in the decay of a uïï cluster, a (A' + ,A '~) state is less likely to be produced 
than is a (7r+,7r~) one, simply because it weighs more. Similarly, the production of a 
( / 2 (1270), 7T°) state is favoured over that of a (a°(1260), n°) state in the decay of a u"U 
cluster (of enough mass), because of the spin factor. Thus the spectrum of hadrons 
is controlled by the invariant mass scale of the clusters rather than by the values of 
additional phenomenological parameters. In this sense, HERWIG can be said to possess 
a 'dynamic' mechanism for the creation of hadrons. Similarly, the transverse momentum 
distribution of hadrons is limited, as required to describe jets, as a natural consequence 
of the low cluster mass scale, thus ultimately as a consequence of the preconfinement 
property of perturbative QCD as implemented within the parton shower phase. 

The HERWIG Monte Carlo may therefore be characterized as possessing a very 
detailed treatment of parton shower development, combined with a simple, intuitive 
model for hadronization, which represents in practice a realization of 'parton-hadron 
duality' [6], i.e. the postulate that the distribution of hadrons as observed in an exper
iment is directly related to the underlying distribution of partons. 



4.7.3 Detailed Physics Description 

Electroweak cross-section and selection of flavour: 
HERWIG does not contain any algorithms for electromagnetic radiation, and thus no 
direct photons are generated from either the initial or final state. The qq system created 
in the process e +e~ —• qq therefore always has a mass value equal to the center of mass 
energy ECM, as selected by the user. 

When operated as a quark-pair generator for e +e~ annihilations, the relative proba
bility for producing a qfq^ pair of flavor / is calculated using the Born level expression 

— (e + e - - qfqj) = - ^ • \Aj(l + cos2 9) + Bs cos 0\ , (98) 

with the definitions 

Aj = Ncoi„ \ Q) + 2QeQfvev/ • z ——— • 2 . 2 f l N 
I J [s - mzy + (mzTzy Asmd\v{l-s\n8w) 

+tf + a\){v) + a}) • {s _ m | ) 2 + {mzTz)2 • [As[n%v(*_siniew)) j > 

{A* A» S ~ m^Z S 

(s - mz)2 -f {mzTzy 4 s i n ^ i v ( l - s i n ^ v r ) 

+2v<vJa<af • { s _ miy + { m z T z y ' ( 4 s m 2 M l - s i n 2 ^ ) j 
vf = (h)s -2Q/s\n2ew, 
aj = (J3)/, i.e. 3 r r f component of weak isospin, 
Qj = electric charge. (99) 

Thus there are no corrections to account for the different quark masses, nor is an 
energy dependence included for the width Tz or for the coupling constant a e m . Therefore 
the relative probability for producing the quark pair qjqj is given by a step function: 
it equals the magnitude of the coefficient Aj in (9S) if the energy Ecu is above the 
threshold 2m,., while it is zero below threshold. 

Once the quark flavor has been selected, the polar angle orientation of the back-
to-back quark and antiquark is generated randomly according to the distribution in 
square brackets in equation (98). The azimuthal angle is generated randomly, assuming 
a uniform distribution between 0 and 2x. The quarks qj and <fy are each given an energy 
equal to EQM/2 and a momentum assuming that they are on-shell. 

Parton shower algorithm, overview: 
The parton shower simulation in HERWIG requires, as input, the back-to-back on-shell 
quarks whose creation was discussed in the previous section (we remind our readers that 
the discussion here will focus exclusively on the parton showers of e + e~ annihilations). 
This parton shower simulation is accomplished in three stages. In the first stage, the 
parton branchings are generated, namely the number and types of partons as well as the 
mother-daughter relationships. In the second stage the exact kinematics is specified, i.e. 
a 4-momentum is assigned to each parton. It is at this second stage that azimuthal cor
relations between the partons within a shower are defined (due to coherence and spin). 
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Further, gluons are split (non-perturbatively) into quark-antiquark pairs in preparation 
for hadronization. In the third stage, the overall e + e~ annihilation event is assembled. 

Please note in the description below that the back-to-back q and ~q created in the 
electroweak scattering are denoted go and <j0, respectively, in order to emphasize that 
they are the initial partons of the event. Please note also that by 'jet' we mean the 
ensemble of partons created in the evolution of either q0 or g 0 , including the initiating 
parton go o r Ç?o itself. With this rather strict convention, all events of HERWIG are 
'two-jet events' by definition. 

An option of the HERWIG Monte Carlo permits the generation of ' e + e ~ —• q'qg'1 

events (with a user-selected maximum thrust of the qqg system), thus resulting in the 
production of three-jet events, but of three-jet events only. In this option the fragmen
tation and interference of the three jets are handled in the same basic manner as for 
the two-jet final states, except that one jet is initiated by a gluon. Although we shall 
mainly concentrate our discussion on two-jet systems, we shall mention below where 
the three-jet option possesses important differences relative to the two-jet case. 

Parton shower branchings (first s t a g e ) : 
Sudakov form factors. To determine whether a parton will branch or not, HERWIG 
employs the formalism of Sudakov form factors. Roughly speaking, the Sudakov form 
factor A, (Q 2 ,Qo) gives the probability that an off-shell parton i of virtuality Q will 
evolve to a lower virtuality Q0 without the emission of resolvable radiation, i.e. that 
a parton will reach its mass shell (or the infrared cut-off for massless partons) without 
experiencing any branching whatsoever. Formally, a Sudakov form factor embodies the 
leading virtual corrections to the same order as those for real branching, and may be 
expressed as the exponential of an integral over the usual QCD splitting probabilities 
(see [1] for more details): 

A , (Q 2 ,Qo) = exp (100) 

The functions Pi-jk(z) are the Altarelli-Parisi splitting kernels. Notice that the scale at 
which the running coupling as is evaluated depends on both the virtuality Qn and the 
branching momentum fraction z. In fact, in order to treat the limiting values z —+ 0 and 
1 in a manner which is considered optimal, HERWIG makes the choice z( l — z)Qn ~ pj-, 
i.e. the transverse momentum-squared of the branching, for the scale of of ÛS [7]. 

Because of the factorization permitted by the exponential form (100), the probability 
for branching as well as for non-branching may be expressed using Sudakov factors. Thus 
the probability Bi(Q2,QbT) that parton i will evolve from scale Q to a lower scale Qt,T 

without branching may be written [1]: 

*«*•*>-ail- (101) 

Since the derivative of this function with respect to Qbr must represent the differ
ential distribution of Q j r at the first branching, starting at virtuality Q, the Monte 
Carlo simulation of the distribution of Qbr is obtained simply by solving the equation 
Bi(Q2,QlT) = i2, where R is a uniform random number between 0 and 1. Thus the 
relation (101), with the modification to be discussed in the next few paragraphs, is the 
governing equation for deciding whether a parton will branch in HERWIG. 
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The H E R W I G Evolut ion Variable. A most important aspect of the HERWIG 
shower algorithm is its incorporation of soft gluon interference phenomena, namely the 
incorporation of calculations which account approximately for the coherent nature of 
soft gluon emissions. The Coherent Parton Branching algorithm used in HERWIG is 
based on the fact that the main result of coherence is a destructive interference effect, 
which suppresses branching outside an 'angular-ordered' region of phase-space [8]. 

In HERWIG, this angular ordering is introduced by substituting a new evolution 
variable £ in place of the parton virtual masses Q of equation (101). For a parton 
branching i —• j 4- k, the evolution variable Q is defined by 

Ci = EiJ<~k, (102) 

*» = lit' ( 1 0 3 ) 
where pj and pk are the daughter 4-momenta and Ej and Ek are their respective energies. 
The variable £", is the energy of the parent parton i. Thus the HERWIG evolution 
variable £ refers in part to the parton branchings (through the variable £,-*) and in part 
to the individual partons themselves (through the variable £ , ) . For daughter partons 
whose energies are large compared to their virtual masses, £_,* is approximately equal to 
1 — cos#jjt, where 8jk is the angle between j and k in the branching. As a consequence, 
the angular ordering of successive branchings is approximately equivalent to ordering of 

A value for the evolution variable £ may be assigned to an individual parton as 
follows. Let Q be the value of the evolution variable defined for the splitting i —» jk 
(equation (102)). The evolution variables of the daughters j and k then have the initial 
values 

VSjJinitta/ — *S«i 

(Ck)inilial = (1 - - ) C , (104) 

where z is the fraction of the parent energy E{ acquired by parton j . The assign
ments (104) follow from conservation of the energy £,- in (102). Because of the ordering 
of the angular variable f, these initial values are the upper limits on the evolution vari
ables of i and j at subsequent branchings. The actual values are chosen according to 
the appropriate Sudakov form factors (expressed in terms of Ç rather than the virtuality 
Q), as explained above. If j and k do branch, initial values for the evolution variables 
of their daughters may be assigned through the analogous relations to equations (102) 
and (104). 

In the description below, the value £ for the evolution variable at a particular branch
ing is generically called '£&/, while the value (," for the evolution variable below which 
radiation can no longer be resolved is generically called '£ 0 . ' 

Through the substitutions Q —» (, Q0 —> Co and Qbr —• £(,,. in equation (101), 
HERWIG incorporates the (leading infrared) interference due to the coherent emission 
of soft gluons inside a jet, in so far as it is equivalent to an ordering of polar emission 
angles of the partons. The interference between jets is taken into account in the same 
approximation by ordering the angles of initial emissions in each jet with respect to the 
angle between the two interfering hard partons. 
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Soft gluon coherence also leads to correlations between the azimuthal emission angles 
of the partons. Outside the region of ordered polar angles, the azimuthal angles are 
implicitly averaged over to give no net emission. Inside the ordered region, HERWIG 
takes account of azimuthal correlations due to the interference associated with coherent 
gluon emission, by a method that will be presented later in this section. 

T h e first branching. For the generation of the parton shower, the quark and antiquark 
created in the electroweak scattering process are evolved separately, i.e. each initiates 
a separate jet of partons, which are combined at a later stage. The algorithm for the 
evolution of 50 and of ~q0 is the same; therefore only the evolution of go will be described 
here. 

As a first step, the initial value for the evolution variable £ must be assigned to g 0, to 
set the correct upper limit on Ç at any subsequent branching of this parton. Applying 
the procedure implied by equations (102) and (104), the angular variable £,0^o for the 
initial event branching j/Z° —> qoq0 has the value 

c _ _ PgoPfr) _ -, _ P10 ' P?o -> -, M n ^ 

" ^ 9 0 - ^ 0 - ^ 9 0 - ^ 0 

so that the initial value £,0 for the evolution variable of g 0 is 

C90 = ZqaECM\/iqoqa = -^90 V £9090 ' ( 1 0 6 ) 

Equation (106) follows from the facts that the parent energy for the initial branching 
equals the center of mass energy, and that g 0 and ~q0 share this energy evenly, i.e. the 
energy fraction zqo in equation (106) equals 0.5. While the value £qoqo in equation (105) 
is not exactly known (since it depends on the masses the go a n d <Zo acquire by the shower 
evolution), it is larger than unity, since go and g 0 are back-to-back. As discussed in [1], 
it is difficult to apply the coherent parton branching formalism consistently when the 
angular variable £ is larger than unity. However, the formalism depends only on the 
quantities Ei\/li — Q and the energy fractions z±. Therefore, in the HERWIG algorithm, 
it is possible to rescale the initial angular variable £ 9 o^ 0 to unity, provided the energy 
Eqo is correspondingly rescaled to maintain the value of (qo in equation (106): 

^90?o = * £ ' - = 1 
s9o<lo ~ ' 

Eq0 ==> Ajo ~ -^lo ' \/S9o?o> 

^90?o = * • K • \/C?0 = i l l V a r i a n t Co = £90 • > / £ * = * K, • \ / ^ U = ^var iant . (107) 

This redefinition therefore involves rescaling the energy of g 0 by the factor \/£qo-q0 ^ 

A/2- This rescaling should in principle have no effect on the parton shower which is 
subsequently generated, since the initial value of the evolution variable is unchanged 
(by construction), and since the parton shower development depends on the value of 
the evolution variable alone. In practice, some small terms (of order Co/^90' w n e r e 

(0 is the cut-off) are introduced when the parton shower from g 0 is boosted back to 
the original go frame, as part of the final stage of the HERWIG shower simulation; as 
will be described below. Such 'higher-twist' terms are within the uncertainties of any 
parton shower simulation and should not constitute a problem at LEP energies. Similar 
ambiguities, arising essentially from the necessity to use' a non-covariant gauge, arise in 



the definition of the energy-momentum fraction z, and are common to all par ton shower 
simulations. 

The next step in the simulation is to determine if g 0 will branch, i.e. q0 —• q + g, 
and is accomplished in the following manner. 

1. The value of the Sudakov factor A, 0 ( (g 0 , (J) is calculated, c.f. equation (101). Here 
(, 0 is the initial value of the evolution variable assigned to q0 (relation (106)), and 
(o is the cut-off below which radiation is assumed unresolvable. Since the process 
being considered is q —* q + g, the cut-off £ 0 is set equal to mqo + m 5 , where mqo is 
the on-shell mass of qo, and where mg is a formal mass value for the gluon which 
serves as the main perturbative cut-off parameter of the model. 

2. A random number R, uniformly distributed between 0 and 1, is assigned to the 
probability factor B(Çqo,(,br)- The factor -B((^0,C&r) 1S related to the probability 
that Ço w i h evolve from its initial scale £ 9 o to a lower scale ^T (without the emission 
of resolvable radiation), at which point it will branch; see the discussion before 
equation (101) above. 

3. The numerical values for A T O(C' 0,Co) a n < ^ B{(q0i(br) are substi tuted into equa
tion (101), leading to the result AÇ o((£.,Ço) = A, 0 ((g o , (%)/R and therefore to a 
numerical value for the second Sudakov factor A, 0 ( (^ r , Q). 

4. This last Sudakov factor is inverted for the value £j,r, i-e. for the value of the 
evolution variable at which a branching occurs. If (j, r is larger than the cut-off £0) 
the branching is indeed deemed to take place; otherwise not. 

If the initial quark qQ does branch, energy fractions zq = z and zg = 1 — z are 
assigned to the daughter quark and gluon, respectively, according to the QCD branching 
probability distributions 

[P(z)h « ?^Pi-A*), (108) 

with Pi^jk(z) the Altarelli-Parisi splitting kernel and where, in this case, i = ço> j — Q 
and k = g. The naive range 0 < z < 1 is restricted by the requirement that Eq > mqo and 
Eg > m 5 , with mqo and mg as introduced above. As already discussed, the argument 
of as is the transverse momentum squared of the branching, which in terms of the 
evolution variable is given by py ~ z( l — z)(fer- When an acceptable branching has been 
found, initial values for the evolution variable C, may be assigned to the two daughters, 
as in equation (104). 

S u b s e q u e n t b r a n c h i n g s . The daughters q and g from the q0 splitting (if it occurs) 
are evolved in the same manner and therefore potentially branch themselves. Thus for 
the gluon daughter g, 

1. the Sudakov factor A 5(£ p ,Co) is calculated, where Q is the initial value assigned 
to the evolution variable of the gluon, 

2. the probability B(C5i Cir) that the gluon will not branch before scale ££r is set equal 
to a random number, 

3. the Sudakov factor A s(<X,Co) is calculated from equation (101), and then 

4. inverted for the numerical value of <X, which is next tested against the cut-off 

value (o, etc. 
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For the evolution of this gluon, the branchings 

9~* 99, (109) 

g-> qq, (110) 

and, as a non-perturbative option (which is switched off by the default parameter set
tings), 

g - (qq)(qq) ( i n ) 

are considered. In these expressions, g, q and (qq) represent a gluon, a quark and a 
diquark, respectively. 

A value for the branching scale (£. is calculated for each enabled process (109)-(111). 
For processes (110) and (111), a value <X is calculated for each allowed quark or diquark 
flavor. The cut-off £o used in these calculations also depends on the process (109)-(111) 
and on the quark or diquark flavor, e.g. for process (109) ( 0 equals twice the gluon mass 
while for process (110) it equals twice the quark mass, which itself depends on the flavor 
of the quark. 

For the non-perturbative process (111) there is no Sudakov form factor. Instead, 
the corresponding value of £*r is chosen with a probability distribution Pdiqk/CL D e l ° w 

a maximum value Qdiqk-, where Pdiqk and Qdiqk a r e parameters specified by the user. 
These parameters determine how often a gluon splits non-perturbatively into diquarks 
rather than into quark-antiquark (see next subsection). The default setting Qdiqk = 0.0 
disables the diquark splitting option. Any diquarks generated in this process are taken 
to be on-mass-shell and do not undergo branching. 

If the value of £{,r is smaller than £o for all allowed processes, the gluon does not 
branch. If £{-r is larger than £o for more than one process, the process having largest 
(i,r is selected (since this branching would thereby have occurred at an earlier time in 
the shower development). This procedure is equivalent to having the total probability 
for a branching at some scale £ (given that the gluon has not already branched at a 
larger scale) being equal to the sum of probabilities for each of the allowed channels. 
If a branching occurs, energies and evolution variables are assigned to the daughters as 
before, cf. equations (108) and (104), respectively. 

Each quark or gluon created in the shower is evolved in this manner until the evolu
tion variable for each is below the appropriate cut-off (0, at which point the branching 
stage of the HERWIG shower simulation is complete. At the end of this branching stage, 
each parton has been assigned an energy and a value for the evolution variable (through 
equations (108) and (104)). The energies are given in the boosted frame, which was 
introduced in order to define the initial angular variable (103) for q0. The value of the 
evolution variable associated with a parton is its initial value, i.e. the value assigned 
to the parton at its creation (equation (104)). The 3-momenta of the partons, and 
in particular the correlations between those momenta, are at this stage undetermined, 
however. 

P a r t o n shower kinematics (second s tage) : 
In the second stage of the HERWIG parton shower simulation, the parton 3-momenta 
are defined. It is at this stage that correlations between the azimuthal emission angles 
of the partons are introduced. It is also at this stage that final state gluons are split 
non-perturbatively into quark-antiquark pairs (the 'Wolfram ansatz ') . Although not a 
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part of the parton shower proper, this ansatz will be described here so as to reflect the 
organization of the HERWIG computer code. 

Please note that by 'final state parton' we mean any of the quarks and gluons 
which do not branch during the first stage of the shower simulation, i.e. before the 
non-perturbative gluon splittings. 

Construction of 3-momenta. The construction of the parton 3-momenta begins with 
the calculation of virtual mass values for all partons in the shower. The mass of a final 
state parton is set equal to its on-shell mass value. From recursive application of the 
relation 

Ql = Q] + Ql + 2z:=k<:l (112) 

(which follows from equations (102) and (103)) it is then possible to calculate the mass 
Qi for each parton i (from the daughter masses Q, and Qk), working backwards from 
the final state partons to the initiating parton q0. Note for these calculations that the 
values of the evolution variable assigned to j and k (i.e. ZjQ and ZfcO) a r e employed. 

Next, the magnitude of the 3-momenta of each parton is calculated from its energy 
and mass. Since the polar angles at each branch are known (through the values of 
the evolution variables), the 3-momenta may be resolved into their longitudinal and 
transverse components, relative to the parent directions. Thus it remains only to specify 
the directions of those transverse components for the description of the parton shower 
to be complete. The directions of the transverse momenta depend on the correlations 
between the azimuthal emission angles of the partons. In HERWIG, these correlations 
have two sources: 

1. spin, and 
2. interference due to the coherent nature of soft gluon emission. 
The correlations between azimuthal emission angles due to coherence are included 

in the following manner. Consider the branching 

i ->jfc, (113) 

followed by 
k -* Im, (114) 

where parton / is a gluon and where parton m may. be either a quark or a gluon. The 
distribution of the angle between the decay planes of processes (113) and (114) is known 
in the soft limit, i.e. as the energy of gluon / approaches zero. The maximum of this 
distribution occurs when the angle between the two planes is zero. In HERWIG a 
simple generalization of the soft gluon limit is used to provide a smooth extrapolation 
to the non-soft region, see [1] for more details. To incorporate the correlation, HERWIG 
employs a standard Monte Carlo acceptance-rejection technique, i.e. an azimuthal angle 
<t>tcst is generated randomly with a uniform distribution between 0 and 2~. A weight is 
assigned by evaluating the azimuthal correlation distribution using this value facst- A 
second random number is compared to the weight to determine whether 4>teat 

will be 
accepted; if not another random angle <j>'te3t is generated, and so on. 

The correlations between azimuthal emission angles due to spin are included in 
an analogous fashion. For this purpose, HERWIG incorporates the results of [9,2], 
which provides distributions describing the angle between the decay planes of any two 
branchings in the parton shower due to spin, at the leading collinear logarithmic level. 
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For the purposes of spin correlations, parton / in (114) may be either a quark or a 
gluon. It is important to reiterate that spin correlations between all the partons in 
a jet are incorporated into HERWIG through implementation of the results [9,2], and 
that these correlations are thereby more sophisticated than a simple nearest neighbour 
approximation (which was used in earlier versions of HERWIG). 

To simultaneously include the correlations due to both coherence and spin, a weight 
is determined for a randomly chosen azimuthal angle 4>ie3t according to the distributions 
for coherent emission and for gluon spin separately. The total weight for this angle <f>te,t 
then equals the product of these two weights. 

By working through the shower in a particular sequence, starting from the initial 
quark q0 (see [9,2] for details), all azimuthal angles in the branchings are generated. 
Once the azimuthal angles have been determined, the full 3-momenta of the partons are 
calculated. 

Non-per turbat ive gluon splitting. It is also during this second stage of the HER
WIG shower simulation that final state gluons are split non-perturbatively into quark-
antiquark pairs. As explained above, this splitting is performed in order to separate the 
two color indices of the gluon. Such a separation is necessary in order that each color in
dex might have a uniquely associated 4-momentum, as is required by the hadronization 
algorithm. 

The final state gluons are split as follows. Each final state gluon is assumed to decay 
into an up or a down quark-antiquark pair, i.e. uu or dd, with a 50% probability for each. 
The rationale for allowing splitting only to uv. or dd is that the value of the gluon virtual 
mass cut-off is normally too low for s i or heavier flavours to be produced at this stage. 
The energy of the parent gluon is divided between the quark and antiquark according 
to a random distribution, determined by the Altarelli-Parisi splitting kernel P f l _ qq(z). 
The polar angle of the decay is determined by the value of the energy fraction z, the 
azimuthal angle according to the spin correlation distribution of [9,2], the HERWIG 
implementation of which which was discussed in the previous subsection. 

Combin ing showers (third stage): 
A parton shower is generated, in the manner described above, separately for the jets 
initiated by the q0 and by the g 0 created in the electroweak scattering. The next step 
in the HERWIG parton shower simulation is to combine these two jets, in order that 
the complete e+e~ event might be described. 

Event k inemat ics . It is first necessary to verify that the event which has been gen
erated is kinematically possible. Both the q0 and ~q0 jets are generated with boosted 
energies 

cf. eq. (107). The mass of each jet may have a value up to the energy of its initiating 
parton, however. Thus the mass of the combined two-jet system could be as large 
as EcMi which exceeds the maximum permissible value EQM (i.e. the mass of the 
original ço^o system). 

In HERWIG, a two-jet system having a total mass larger than ECM is rejected. In 
this case, both parton showers are regenerated, while preserving the initial conditions 
of the electroweak scattering. 



The next to last step in the HERWIG shower simulation is to boost the 4-momenta 
of the partons back to the center-of-mass frame, i.e. to undo the boost introduced at 
the beginning of the shower evolution, so that initial angular variables (103) equal to 
unity for both q0 and g 0 could be denned. Note that , since the two jets have acquired 
effective masses by the shower evolution, the boost valid for massless jets (/? = 1/3) 
would not give either the correct energy (ECM) o r vanishing longitudinal momentum 
for the ço?o J e* system as a whole. Instead, the g 0 and g 0 boost values are chosen in 
such a way that both net energy and net longitudinal momentum comes out right. 

Finally, HERWIG invokes the mechanics to include an azimuthal correlation (due 
to the coherent emission of soft gluons) between the radiation patterns of the go and ~q0 

initiated jets (the 'cone vectors', which specify the orientations of the radiation pat terns, 
are boosted along with the jets and aligned). For e + e~ annihilations this jet-to-jet 
correlation does not exist, however, because the interfering partons g 0 and ~q0 are back-
to-back. The parton showers initiated by q0 and g 0 are therefore simply given a random 
azimuthal orientation one-to-the-other. 

J e t - j e t i n t e r f e rence . In the e + e~ —• qoq09o option of HERWIG, the parton showers 
from the three outgoing partons are generated taking into account the coherent colour 
structure of the final state, to leading order in the number of colours. In this approx
imation, soft gluons are emitted coherently by the quark and gluon, and by the gluon 
and antiquark, but not directly by the quark and antiquark. This means that the initial 
angular variable for the quark jet is determined by the quark and gluon 4-momenta, 
&j = iqogo g i v e n by equation (103), that for the antiquark jet is ^ = £, o f l o , while for the 
gluon jet (s can equal either £ ? or £5-, with equal probability. 

In contrast to the qoq0 case, the relative azimuthal orientation of the jets is now 
crucial, to take into account the correlations due to soft gluon coherence. This is 
incorporated through the mechanism of the HERWIG cone vectors. The cone vector of 
a jet specifies the direction of the maximum of the distribution describing the azimuthal 
correlation in the frame in which the parton shower is generated. This maximum lies 
in the plane defined by the 3-momenta of the interfering partons - say ç 0 and g0 in 
this case. The cone vector is boosted along with the parton shower when this latter is 
returned to the original laboratory frame. By rotating the g 0 and go jets, as seen in the 
laboratory, around the go and g0 directions such that the cone vectors lie in the same 
plane and in the region between the go and g0, the azimuthal correlation between the 
two radiation patterns is included. 

In the 3-jet option the angular region available to each jet is smaller than in the 
two-jet case, due to jet-jet interference. On the other hand, the branching probability 
in the event plane is enhanced by the correlations discussed above, and the gluon jet 
has a higher overall branching probability than a quark jet. These features lead to a 
satisfactory description of the characteristic properties of 3-jet events, such as the 'string 
effect' [10]. 

Cluster formation and decay: 
In the leading logarithm approximations upon which the HERWIG parton shower is 
based, each final state quark (or gluon) usually finds itself nearby in momentum and 
coordinate space to a parton (or partons) having opposite color charge (or charges). 
Following the non-perturbative split-up of gluons, all final state partons are either quarks 

245 



or antiquaries (unless perturbative diquark production is allowed, cf. reaction (111) 
above). Thus each final state parton possesses a single color index. The definition 
of 'nearby' in this context is formally 'of the order of the infrared cut-off scale Co-' In 
momentum space, if nearness is measured by the combined invariant mass of a quark and 
its associated color-opposite antiquark, a 'near ' value corresponds roughly to the rest 
mass values of the quarks and of the gluon, since these serve as the cut-off parameters 
for the shower. 'Nearby' therefore means that a quark and its associated antiquark 
have an invariant pair-mass of one or two GeV. Correspondingly, in coordinate space 
the typical invariant separation is a fraction of a fermi. The property of perturbative 
QCD by which final state partons may be associated pairwise into colorless, low mass 
and thus hadron-like objects is known as preconfinemen: [5]. These hadron-like objects 
are what are called clusters. Clusters are characterized by their 4-momenta and by 
the flavors of the quark and antiquark of which they are comprised (and by nothing 
else). Note that if the perturbative production of diquark pairs is allowed, a cluster 
may contain a diquark as one or both of its constitutive partons (although by default 
this possibility is not allowed). 

In the following we first discuss the mechanism for cluster formation in HERWIG. 
The main complication here concerns clusters of large mass. Following this we describe 
the decay of those clusters, i.e. the HERWIG prescription for introducing hadrons. 

C l u s t e r fo rma t ion . In the Monte Carlo implementation, the color flow within a parton 
shower is known. Therefore the identification of clusters in HERWIG is straightforward. 
The 4-momentum of a cluster equals the sum of the 4-momenta of its constituent quark 
and antiquark; note the primordial importance of the non-perturbative gluon splitting 
ansatz to the definition of the clusters and of their masses. 

S p l i t t i n g of large m a s s c l u s t e r s . Occasionally a HERWIG cluster has a very large 
mass value, i.e. a quark and its associated color-opposite antiquark are not nearby in the 
sense defined in the introduction above. In principle, the cluster mass spectrum extends 
all the way up to the invariant mass of the original qoq0 pair, i.e. up to ECM- This can 
occur if neither go nor ~qQ branch at all in the shower evolution. The high mass tail is 
therefore essentially controlled by the Sudakov form factor, and falls off more rapidly 
than any negative power of the cluster mass. Thus, in reality, this tail is overwhelmed 
by higher-twist (i.e. power-suppressed) processes that are not yet taken into account in 
any Monte Carlo program. However, for practical purposes, HERWIG needs to adopt a 
procedure for dealing with those events containing high-mass clusters. Such cases arise 
most frequently when the flavor of q0 is bottom (or a heavier flavor), for which evolution 
through branching in the parton shower phase is less probable. 

In such instances, the usual isotropic cluster decay scheme adopted by HERWIG (to 
be described below) is not expected to be applicable. A special anisotropic procedure 
is therefore invoked to split up anomalously heavy clusters, as follows. 

If Mo is the mass of cluster Co, while mqi and m^ are the rest masses of its con
stituent quark and antiquark (of flavors Ci and <f2)> then if the relation 

MZ<Mlax+(mqi + m-q,)- (116) 

is not satisfied, the cluster is considered to be anomalously heavy and is split. The 
variable Mmax is effectively a cut on the maximum kinetic energy available to hadrons 
in isotropic cluster decay, and is a phenomenological parameter of the HERWIG cluster 
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decay model. The default value of M m a r (denoted CLMAX in the HERWIG computer 
code) is 5 GeV. 

With the default parameter values of HERWIG. about two per cent of all clusters 
do not satisfy the criterion ( 11G) and are subjected to the'cluster splitting procedure 
described below. As a consequence of this procedure, all high mass clusters are evolved 
into low mass clusters, to which the HERWIG scheme for isotropic decay to hadrons 
may be applied. 

A cluster Co composed of quarks (qi,q2) and no: satisfying relation (116) is split into 
two clusters of smaller mass, which we denote C\ and C 2 , composed of quarks (çi ,ç 3 ) 
and (ç3,"ç2)i respectively. In other words, the splitting is performed by introducing a 
new quark pair (qiq2) between qx and ~q7. The flavor of this pair qiqz is selected to be 
up, down or strange, with equal probability. The rationale is that the suppression of 
strange quark production is purely according to phase-space for lighter clusters, and so 
should not be so important for the more massive ones. Mass values Mj and M 2 for the 
daughter clusters C\ and C 2 are generated through the relations 

Mx = Mo-J? ; . 

M 2 = MQ-Ri. (117) 

where J?i and i? 2 are two independent random numbers, uniformly distributed between 
0 and 1, and /? is a phenomenological parameter (default value unity) for the daughter 
mass spectrum. The daughter masses thus selected are required to satisfy 

M 0 > Mi + M : . 

M l > TTlqi + 777T, , 

M 2 > m, 3 + m T 2 , (US) 

else they are regenerated. 

Once the masses M\ and M 2 of the daughter clusters are known, the magnitudes 
of the 3-momenta of C\ and C 2 (and of their constituents ç 1 } ~q2, q3 and g 3 ) may be 
calculated using two-body decay kinematics. In HERWIG, the directions of all these 
momenta are set parallel to the direction between qi and <?2, in the rest frame of the 
parent cluster C0. Thus the cluster splitting algorithm of HERWIG has close analogies to 
string decay as implemented in models such as JETSET, in which a qq pair is created 
in the color field between a quark and its color-opposite antiquark, with but little 
transverse momentum relative to color field axis. 

Cluster decay to hadrons . There are two principal mechanisms by which a cluster 
may decay to hadrons: a one-body mechanism and a two-body mechanism. The mecha
nism which is chosen for the decay of a particular cluster depends upon its flavor content 
and mass value. Suppose a cluster C is composed of a quark qA and an antiquark "qB. 
If the mass Mc of the cluster satisfies either relation 

Mc > [rn{qA,û)]tightest + [rniu,qB)}ligtitest, 

Mc > [m(9A,d)]lighte3t + \mid,qB)]lighte3t (119) 

(where u and d are the up and the down quarks), the cluster will decay according to 

the two-body mechanism, which is described below. 
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The variable [m(qi, Ti2)]iighteat m equation (119) is the mass of the lightest hadron in 
HERWIG which has quark composition (ci, ~q2). Thus [m(çi,"q2)]ughtest equals 0.1396 GeV 
(the mass of the 7r +), if qx should be a u quark and ~q2

 a n anti-ef quark. According 
to the rule (119), a cluster with flavor content (c,3) must have a mass larger than 
Mpo + MA'+ = 2.36 GeV or else MQ+ + M^o — 2.37 GeV in order to experience two-
body decay. 

A second possibility is that the cluster (qA,~qB) does not satisfy relation (119). In this 
case HERWIG invokes the one-body decay mechanism, i.e. the cluster is transformed 
into a single particle. This single particle is chosen to be the lightest hadron having 
the correct flavor structure, i.e. it equals the hadron of mass [Tn(qA,'qB)]iigflteat in the 
notation of equation (119). A cluster with flavor (cs) and a mass less than 2.36 GeV 
will thus be transformed into a D+. The 3-momentum of this single daughter equals 
that of its parent; the difference in energy between cluster and hadron is transferred to a 
randomly selected neighbouring cluster (which, in a similar manner, has its energy but 
not its 3-momentum modified). If the mass of the decaying cluster is less than that of 
its daughter hadron, energy is transferred to the daughter from one of the neighbouring 
clusters. In the HERWIG implementation, these single-hadron decays are performed 
before the two-body decays because of the potential changes to the values of the cluster 
masses, upon which the two-body decays depend. Less than one per cent of all clusters 
decay according to this single particle scheme, however. 

The two-body decay mechanism, by which most clusters decay, is the following. A 
quark or diquark flavor ' çc ' is selected randomly, and with equal probability, from the 
possibilities d, u , s , c , b,t,uu,ud,us,ds,dd,ss. A cluster C of flavor composition ( g ^ ^ g ) 
and of mass Mc is presumed to decay into two hadrons hi and h2 of flavors (qA,"q~c) 
and {qc,qB)-

C(q.A,qB) -> hi(qA,qc) + h2(qc,qB). (120) 

The flavor qc is required to satisfy the threshold cut 

Mc > [m(qA,qc)]lighte3t + [™(qc,qB)]nahu.t • ( 1 2 1 ) 

For the default parameter value set, this eliminates top hadron production in the decay 
of non-top clusters, because of the limit on Mc', see relation (116). Similarly, if 'quark' 
qA or ~qB is in reality a diquark or antidiquark created in the perturbative shower (cf. re
action (111)), the flavor of qc is limited to the possibilities u, <i, and 5 (to prevent the 
production of exotics). 

Part ic le content of H E R W I G . The identities of the decay daughters hi and h2 

in (120) are determined by a random selection from those hadrons, contained by HER
WIG, which have the correct quark content. The hadrons contained by HERWIG are 
listed in Tables 5, 6 and 7. At present only one top or bot tom hadron of each flavour is 
included, i.e. there is no E°, no vector B mesons, etc. In addition to the hadrons listed 
here, HERWIG contains the lepton families (e,ve), (/x,t^) and (r, vr). However, only 
hadrons are produced in cluster decay. 

Phase- space factors. Hadrons hi and h2, with the correct quark contents (qA,~qc) 
and (gc'g.g) for the decay (120), are selected from the hadrons listed in Tables 5, 6 and 
7, with a probability proportional to their spin degeneracy. Thus an a2 is five times 
more likely to be selected than is a 7r+, should the required flavor composition be (u,d). 



Table 5: Meson nonets (u, d, s quarks). 

o-+ 7T+ 7T 7T° K+ K- K° T n 4 

1— P+ P~ P° K'+ A ' - K'° K'° 4> u> 

1 + + at a \ «? K;+ KT AT0 K:° h /i 
2 + + 

a~2 0-2 a\ K;+ KT A ' 2 - ° K>'° h n 

Table 6: Heavy quark mesons. 

0 - + charm D+ D- D° TP Dt DS r)c 

1 charm D'+ D- D-° D'0 Dt Dy w V 
1 + + charm D? D'f Dl° D? Dt D's~ Xi 

2 + + charm D? D\~ Df X Dt Dt 
0 _ + bottom B+ B~ B° £° B% *°S B+

c Be 

1 bottom T(15) 

0 _ + top T+ 

XB 

T- rrO T° n Ts 
rpO 
1C 

1 c 

1 top Tr(15) 

Table 7: Baryons (including the antiparticles of the particles listed). 

s= l /2 octet P n A E + V - E° Û 
TTO 

s=3/2 decuplet A + + A+ A- A 0 V- + E - E"° E'° E - ft-

s= l /2 single charm V + + 
'-C A£ — + 

- c 
•=•0 Î22 —'+ — 

—c — 
/0 

c 
s=3/2 single charm Z'c+ 

v>"0 —-o 
" c P 

s= l /2 single bottom sf- sr A? —b «r 
s= l /2 single top zt+ E? K 7T+ 

— t 
—o 
—! n? 

The sum of the masses of hi and /i 2 must be less than the mass of the decaying 
cluster, else the combination is rejected. If this restriction on the sum of daughter 
masses is met, the common 3-momentum pcM of the two daughters in the rest frame 
of the cluster parent is evaluated, PCM gives the kinematical phase-space weight, based 
on which the cluster decay C —» hx + h2 is either accepted or rejected. 

In total, the probability to select a given final state is therefore proportional to a 
phase-space weight W<fecay 

Wdecay = PCM • (2Sx + 1) • (2S 2 + 1), (122) 
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where S\ and S 2 axe the spin values of the two daughters h\ and ft2- In case of re
jection, the process is begun anew with the selection of a quark or diquark flavor qc 
(equation (120)). If the decay channel is accepted, the daughters are given a random, 
uniformly distributed decay angle in the parent cluster's rest frame. 

The simple decay algorithm outlined above ensures that additive quantum numbers 
are conserved in cluster decay, while baryon and heavy flavour production are naturally 
suppressed in proportion to the phase-space factor PCM- The algorithm does not guar
antee isospin conservation, however. For example, the range of hadrons available with 
flavour composition uû is different from that for ud, so there is no mechanism to ensure 
that precisely equal numbers of 7r° and 7r+ mesons are produced. In practice, there 
is equality at about the 10% level, with somewhat worse agreement in rare cases (e.g. 
around 30% more A + + than A + baryons). This could be corrected, at considerable 
cost in computer time, by comparing directly all possible two-hadron decays of a given 
cluster, without going though the simplifying intermediate step of selecting a produced 
flavour qc-

D e c a y s : 
Leptons and hadrons are produced in HERWIG either through the decay of clusters or 
through the decay of hadrons. The manner in which a hadron decays depends on the 
flavor of its heaviest quark. The decays of light hadrons (i.e. hadrons only containing 
u, d and s quarks) and charm hadrons are treated in a straightforward manner using 
tables. The decays of hadrons containing bottom or top quarks are treated through 
recourse to the HERWIG parton shower and cluster decay formalism, thus permitting 
the possibility of gluon radiation. The decay of the r lcpton is also treated using this 
parton shower and cluster decay technique. 

Light and charm hadron decays. To specify which light and charm hadrons are 
unstable and how they will decay, HERWIG employs lookup tables. A first table gives 
the number of decay modes for each charm or light hadron. A value of zero in this table 
means that a particle is stable. Unstable particles have entries in a second table, which 
states the branching ratio for each of its channels. In the Monte Carlo simulation, a 
decay channel is selected randomly with a weight proportional to its branching ratio. 
A third table contains the identities of the decay daughters. Note that in HERWIG a 
maximum of three decay daughters is allowed. Thus many particles decay according 
to a simplified scheme, which is not always in agreement with experimental data. For 
example, important four- and five-body non-resonant decays have been measured for the 
D° and D + ; these channels are not explicitly included by HERWIG. In some cases the 
HERWIG decay tables also exclude measured decay channels even should the number 
of daughters be three or less, e.g. the ir° Dalitz decay, 7r° —* e + e ~ 7 (B.R. = 1.2%), is 
missing. Instead the TT° decays 100% of the time to 77 in the HERWIG simulation. 

The kinematics of these decays is determined by either two- or three-body Lorentz 
invariant phase-space, as dictated by the number of daughters. An exception occurs 
for the neutron and for the muon, for which the daughter 4-momenta are subjected to 
an acceptance-rejection procedure in order that they be weighted according to a V-A 
matrix element. This is the only decay matrix element incorporated into HERWIG, 
however (the muon and neutron are in any case stable in the HERWIG algorithm, so this 
point isn't particularly Televant). Similarly there is no mechanism which incorporates 
momentum correlations in hadron decays due to spin. 
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Table 8: Branching ratios for weak decays of bottom and top hadrons and of the 
r. 

ud or dv. cs or sc e ue or e+ve fi v„ or / x + ^ r uT or r+vr 

b quark 0.55 0.20 0.11 0.11 0.03 

t quark 0.34 0.33 0.11 0.11 0.11 

T lepton 0.64 0.0 0.18 0.18 0.0 

Heavy hadron and r lepton decays. The decays of bottom and top hadrons, and 
of the T lepton, are treated differently from the decays of light and charm hadrons. In 
particular, the HERWIG parton shower algorithm is utilized, to provide a possibility 
for quarks to radiate. 

To describe the decay of a heavy quark hadron H, HERWIG first resolves that 
hadron into its quark constituents Q and ç â , where Q is the heavy quark flavor (bottom 
or top) and'g, is the spectator, either tZ, d, "s, c, uu, ud, us, dd, ds or ss. A 4-momentum 
is assigned to Q and g s by the relations 

rriQ 
PQ = PH, 

P?. = ^ - P / / , (123) 

with m.Q and m^ the rest masses of the quarks, and with m;/ and pu the mass and 
4-momentum of the heavy hadron H. Note that with these assignments, Q and ~qa are 
placed approximately on their mass shells. 

Next, the heavy quark Q is presumed to decay weakly, i.e. 

Q->qd + W-*qd + (fJ2), (124) 

while q~s merely acts as a spectator. In the weak decay (124), Q and qd are assumed 
sequential, and there is no mixing between quark families in the / i / 2 system. Thus if 
Q is a bottom quark, its daughter quark qd is always a charm quark. The identity of 
the fermion pair ( / i / 2 ) is selected randomly from a table of branching ratios, see Table 
8. The 4-momenta of the daughters qd, ji and f2 in (124) are given by phase-space 
weighted by a V-A matrix element. An additional weight on the invariant mass of / i 
and / 2 (i.e. on the invariant mass of the W boson in (124)) incorporates the effects of 
the W propagator, whether real or virtual. 

The HERWIG parton shower formalism is invoked to describe the development of 
the two color-singlet systems, ( / i / 2 ) and (qdq3). There is no mixing allowed between 
these two systems, since they are not colour-connected. We next discuss the evolution 
of the (/1/2) system, assuming that fx and / 2 are partons. Following this we describe 
the case should they be leptons, and the evolution of the spectator system (qqa). 

The (/1/2) system is treated in an identical manner to the initial quark-antiquark 
(9o9o) P3^1 - °f ^ e e + e ~ e v e n t - Thus fi and f2 each initiate a separate jet of partons. To 
generate these jets, initial values for the angular and evolution variables are assigned 
to /1 and J 2 through the relations (103) and (102). The parent i in the first branching 
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of these showers is the W boson of (124), which thereby takes the place that the y/Z° 
boson has for the qQ"q0 system. As usual, the evolution of / j and of / 2 is normally 
performed in the laboratory frame of the original e+e~ —• qoq0 event. In contrast to 
the case of the go?o system, the initiating partons fx and f2 are not (ordinarily) back-
to-back. Therefore, the radiation patterns from the two showers have to be oriented 
one-to-the-other, in order to simulate the azimuthal correlations between the two jets 
due to the coherent emission of soft gluons (this in addition to the azimuthal correlations 
between the partons within each jet due to coherence and spin). 

The azimuthal correlation between the fi and / 2 jets is incorporated through the 
mechanism of the HERWIG 'cone vectors', as explained previously for 3-jet final states. 
By rotating the f\ and f2 jets, as seen in the laboratory, around the j \ and / 2 directions, 
such that the cone vectors lie in the same plane and in the region between the f\ and 
/ 2 , the azimuthal correlation between the two radiation pat terns is included. 

Once the parton showers from fx and / 2 have been combined, the HERWIG algo
rithms for cluster formation and decay are applied in order to describe the transition of 
the ( / i / 2 ) system to hadrons. 

Should the fermions / i and / 2 from the heavy quark decay be leptons, i.e. (fif2)= 
(tue), (/iVp) or (TVT), they do not of course initiate parton showers. Instead they are 
merely transported through the parton shower machinery but without inducing radia
tion. They thus appear in the HERWIG event record with their momenta as given by 
the V-A decay simulation, eq. (124). 

The daughter-spectator system ( g j ç j from the heavy hadron decay is evolved in a 
similar manner to the ( / i / 2 ) system, but with the following difference: since all the 
parton branching in this system comes from the disappearance of the heavy quark Q 
and the creation of its daughter gj, the spectator ~qa does not radiate and thus remains 
on-shell. As in equations (105) and (106), the initial evolution variables of the Qq^ 
system satisfy 

CQC?„ = PQPqd (125) 

so the choice ÇQ — TUQ, £, d = PQpq<i/mQ is made, which suppresses all 'pre-radiation' 
from the heavy quark and assigns all emission to the outgoing q^ jet. See [11] for a full 
discussion of the treatment of coherent radiation in heavy flavour processes in HERWIG. 

The HERWIG simulation of r lepton decays is less complicated than its simulation 
of heavy quark hadron decays, because there is no spectator system to evolve. Thus for 
the treatment of the r , the weak decay 

r - i/T + W - n / T + ( / i / a ) (126) 

takes the place of the decay (124). The identity of the pair ( / i / 2 ) is selected randomly, 
according to the probabilities in Table 8. Should ( / i / 2 ) be a quark pair, ( / i / 2 ) = (<£"), 
the transition to hadrons is performed by applying the HERWIG parton shower and 
cluster algorithms in the manner described above for the decay of the ( / i / 2 ) system in 
heavy quark decays. 

4.7.4 Discuss ion of Certain Model Elements 

The HERWIG Monte Carlo offers an elaborate simulation of parton showers and a simple 
model of hadronization phenomena. It is unequaled by any other parton shower Monte 



Carlo, at the time of this writing, in the completeness of its simulation for azimuthal 
correlations due to the coherent emission of soft gluons and due to spin, for example. 

Some elements of HERWIG are radically different from other programs and may 
seem strange on that account. We discuss some of these elements further in this section. 

Perhaps the most distinctive feature of the hadronization model used in HERWIG 
is the non-perturbative gluon splitting procedure, the so-called 'Wolfram ansatz ' [4]. 
This gluon splitting is carried out so that each color index might have an individually 
defined 4-momentum, which itself is necessary for the definition of the cluster masses. 
As a consequence of the Wolfram mechanism, each gluon which does not split into a 
quark-antiquark pair during the perturbative phase does so afterwards. In turn this 
means that each gluon gives rise to the creation of one new cluster and thus of at least 
one hadron (and usually of at least two hadrons). 

It is sometimes suggested that gluon splitting implies an 'infrared instability', since 
the event configuration is sensitive to the addition of a soft gluon in the final state. 
For example, in e + e " —+ q^qQ with no gluon emission, the final state consists of a single 
static cluster of high mass, whereas the emission of one soft gluon could convert this to 
two fast low-mass clusters. 

There is in fact no theorem in QCD which states that the configuration of a par
ticular exclusive final state should be stable under addition of soft gluons. Indeed one 
expects very large fluctuations in the colour structure of such states. The factorization 
theorems that imply such stability refer to inclusive cross-sections, in which one sums 
over large classes of final states. The Wolfram ansatz for hadronization does not vi
olate any of these theorems, or any well-founded intuition about QCD. On the other 
hand, hadronization mechanisms like the string model, which impose stability under 
soft gluon emission at the exclusive level, would seem to suppress the long-range colour 
fluctuations that would be expected to arise from soft gluon effects. 

A second element of HERWIG which draws attention concerns the flavor selection 
for non-perturbative quark pairs. Quark pairs are produced non-perturbatively at three 
stages in the HERWIG hadronization scheme: 

Model Stage flavor of (q/qf) pair 

(I) Non-perturbative gluon splitting 

9 -> qjlj 

(uv.) or (dd) 

(II) Heavy cluster splitting 
C(q\,q2) -» Ciqitfj) + C(qj,q2) 

(tiïï), (dd) or (si) 

(III) Cluster decay (to hadrons) 

C(qi,q2) -» HQUQJ) + h{<îf,l2) 

(uu), (dd), (ss),(cc), (66), (tt) 
or a diquark pair 

As remarked earlier, the limitation at stage (I) is explained by the authors to be a 
consequence of the lack of phase-space for heavier flavours, for parameter values in the 
normal range. The cluster splitting (II) could be extended to generate heavier flavours 
(in proportion to phase-space), but since it is applied only to a relatively small fraction 
of clusters this would most likely make little difference. Thus the flavour composition of 
the final state is in practice controlled by the perturbative phase (primary hard process 
and parton branching) and by hadronization stage (III). 
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A third element which we should discuss further concerns the Lorentz invariance 
of the parton shower algorithm. In HERWIG, the individual parton showers of e+e~ 
annihilations are not generated in the event center-of-mass but in boosted frames in 
which the quark and antiquark energies are scaled up by a factor of approximately y/2. 
The rescaling of the jet energy is compensated by a corresponding reduction of the 
angular variable y/Ç of the jet, and is performed so that the starting value of this 
quantity is not greater than unity. Since the parton branching depends only on the 
combination Ey/£, the structure of the parton shower (i.e. the branching topology and 
energy fractions at each branching) is insensitive to this boost. However, when the full 
kinematics are reconstructed, some frame dependence is inevitably introduced. This is 
in fact a problem common to all current approaches to jet evolution, since the energy or 
momentum fraction z can never be given a Lorentz-invariant definition. This is because 
the relevant Feyman graphs have to be evaluated in a non-covariant (axial) gauge and 
z is the momentum fraction along the direction of the gauge vector. (Sometimes it is 
claimed that the definition of z as the E + pi fraction, where pi is the longitudinal 
momentum, is invariant, but this is true only for boosts in the longitudinal direction, 
and this definition is not rotationally invariant.) In HERWIG, z is the energy fraction in 
the boosted frame, which is rotationally invariant but introduces some boost dependence 
for slow partons. This does not significantly affect any quantities that are dominated 
by leading collinear and/or infrared logarithms, but it can affect quantities that are not 
really leading-logarithmic. 

In practice there is no problem of Lorentz invariance for the bulk of events which are 
generated, but there may be some frame dependence in the numbers of events generated 
with a clear multi-jet structure. Thus the number of reconstructed 4-jet events observed 
in a HERWIG event sample may differ depending on the value of the boost factor which 
is chosen for the generation of the showers [12]. It should be emphasized, however, that 
this problem - if it exists - is of relatively small importance. From a theoretical stand
point it is not expected that HERWIG should describe the reconstructed 4-jet rate in 
a strictly consistent manner, because this rate is not determined by leading logarithms. 
From a practical (experimental) standpoint, an uncertainty in the reconstructed 4-jet 
rate is relatively unimportant, because 4-jet events provide only a small contribution 
to the global event distributions, and the predictions for the reconstructed 4-jet events 
themselves are unaffected - for it is mainly the number of 4-jet events which is affected, 
not their internal characteristics. 

More serious criticisms can be made of the simplified models employed by HER
WIG for cluster and hadron decays. Primarily in order to save time, the 'phase-space 1 

decay model for a qiq- cluster actually proceeds through the intermediate step of ran
domly choosing a flavour / (a quark or diquark) and then choosing the identities of 
the trial decay hadrons ç , / and fq~j. This leads to branching fractions that do not 
precisely follow phase-space, and in particular do not conserve isospin to better than 
about 10% on the average. In the hadron decay model, light and charm hadrons are 
limited to at most three decay daughters. This restriction is at variance with experi
ment, by which important four- and five-body decay channels have been measured, and 
in which there is no observation of resonance structure (as an example consider the 
decay D+ —» K~Tr+Tr°e+ve; B.R.=4.4% [13]). Such decays cannot be explicitly incor
porated into HERWIG. The decay tables are not structured to handle them, nor are 
there decay routines to generate the necessary multi-body phase-space. Furthermore, 
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HERWIG does not implement correlations between the momenta of decay products 
in hadron decays, due to spin or to due to decay matrix elements. Also on the issue 
of particle decays, it could be stated that the decay simulation for the T is unneces
sarily complicated and model dependent, given that the r has been essentially 100% 
reconstructed experimentally in exclusive decay channels. This would suggest that the 
hadronic decays of the T should be handled through lookup tables rather than through 
the parton shower formalism. 

4.7.5 Main Parameters 

The principal parameters of the HERWIG Monte Carlo which are of interest from the 
point of view of an e + e" annihilation experiment are given in Table 9. 

The parameters PARTI, PART2 and IPROC state the type of interaction to be 
simulated. The default values shown in Table 9 for these parameters are those which 

Table 9: Principal parameters of the HERWIG Monte Carlo. 

Parameter Name Default Value Meaning 

PARTI 'PBAR' Colliding particle type 1 

PART2 'P Colliding particle type 2 

PBEAM1 900. Momentum of particle PARTI (GeV/c) 

PBEAM2 900. Momentum of particle PART2 (GeV/c) 

IPROC 1705 Scattering process code 

QCDLAM 0.20 AQCZ): the scale parameter (GeV) 
NFLAV 6 Number of flavors 

RMASS(l) 0.32 Down quark mass (GeV) 

RMASS(2) 0.32 Up quark mass (GeV) 

RMASS(3) 0.50 Strange quark mass (GeV) 

RMASS(4) 1.S0 Charm quark mass (GeV) 

RMASS(5) 5.20 Bottom quark mass (GeV) 

RMASS(6) 50.0 Top quark mass (GeV) 

RMASS(13) 0.65 Gluon mass (GeV) 

RMASS(200) 92.0 Z° mass (GeV) 

CLMAX 5.0 Cluster mass cut-off parameter (GeV) 

SWEIN 0.23 sin28\y\ 9w= weak mixing angle 

DMZ 2.80 Z° width (GeV) 

QDIQK 0.0 Diquark production scale (GeV) 

AZSOFT .TRUE. Correlations due to coherence 

AZSPIN .TRUE. Correlations due to spin 



256 

are given in the example program which the authors of HERWIG provide with their 
computer code. For e + e~ annihilations with a normal mixture of flavors, these param
eters take the values 
PARTI = ' E + ', 
PART2 = ' E - ', and 
IPROC = 100. 

To generate final states from quark-antiquark pairs of flavour IQ (IQ = 1-6 for 
d, u , s , c , b,t in that order), one sets IPROC = 100+IQ. Corresponding 3-jet final states 
are generated by IPROC = 110 or 110+IQ. 

The magnitudes of the 3-momenta of the colliding particles PARTI and PART2 are 
assigned to the variables PBEAM1 and PBEAM2. 

The parameters QCDLAM, RMASS(13) and CLMAX are the main user controlled 
variables for the adjustment of HERWIG predictions to experimental data. The param
eter QCDLAM is the QCD scale parameter A as implemented in HERWIG; its value 
therefore primarily controls the likelihood for parton branching in the shower. Note 
tha t QCDLAM cannot be identified with Ap-j or with the value of A calculated using 
some other renormalization scheme. This is because the leading collinear and infrared 
logarithmic formalism on which the HERWIG parton shower is based leaves this renor
malization scheme ambiguous. The parameter RMASS(13) is a formal mass value given 
to the gluon and serves as the main cut-off parameter for the parton shower. CLMAX 
is the threshold parameter whose value determines whether a cluster will evolve by 
string-like splitting rather than by direct decay to hadrons, cf. relation (116). 

The quark masses RMASS(l) - RMASS(6) and the diquark masses serve as the 
other cut-off parameters to the perturbative branchings. With the exception of the 
top quark mass RMASS(6), their values are not normally changed by the user. The 
masses of the diquarks are calculated internally by HERWIG using the quark masses 
and neglecting binding energies, e.g. the mass of the (us) diquark is assigned the value 
(RMASS(2)+RMASS(3)) during the HERWIG initialization phase. 

The parameter QDIQK states the maximum value of the HERWIG evolution variable 
at which a gluon may split perturbatively into a diquark pair, cf. relation (111). Thus, 
with a default value equal to zero, perturbative diquark production is not allowed. 

Note that top quark production is allowed by default (NFLAV = 6), should such 
production be kinematically possible. 

The three parameters RMASS(200), SWEIN and DMZ determine the electroweak 
cross-sections and asymmetry angles of the initial quark pair çô o> c-^- equation (98). 
The variable DMZ is not a general parameter of the HERWIG model but is defined 
locally in-subroutines-as-needed through data statements. 

The logical variables AZSOFT and AZSPIN enable or disable azimuthal correlations 
between partons within a jet, due to the coherent emission of soft gluons or due to spin, 
respectively. If AZSOFT is ' .TRUE.', then soft gluon azimuthal correlations between 
jets are included as well, where appropriate, but in the current version this is not yet 
implemented for spin correlations. These do not exist anyway for light quark production 
in e + e ~ annihilation, due to helicity conservation. 

4.7 .6 Comparison wi th D a t a 

The adaptation of the HERWIG Monte Carlo to the simulation of e + e~ annihilations is 
quite recent. We know of no published results from experimental groups which compare 



e + e~ annihilation data to the predictions of HERWIG. However, the program Bigwig [14] 
is written by the authors of HERWIG and is one of its direct predecessors. Bigwig has 
been extensively compared with e + e~ annihilation data by experimental groups [15]; 
some of the main results are discussed in section 5 of this report. The parton shower 
simulations in Bigwig and in HERWIG are quite similar, while the fragmentation models 
(cluster formation and decay) are essentially identical. Therefore it is reasonable to 
expect that the predictions of HERWIG will not much differ from those of Bigwig in 
their essential characteristics. The predictions of Bigwig are generally found to be in 
good agreement with high energy e + e~ annihilation data, both with regard to the global 
multi-hadronic event shapes [15] and with regard to the production rates and inclusive 
energy spectra of individual hadron species [16]. This is quite an impressive achievement 
for a model with so few adjustable parameters. 

The authors of HERWIG have compared the predictions of their model to experi
mental data from e + e~ annihilations, pp collisions and p~p collisions. Some aspects of 
HERWIG specific to these latter two processes, such as space-like parton branchings, 
have not been discussed here. The predictions of HERWIG were compared to e + e~ anni
hilation data for the average charged multiplicity as a function of center-of-mass energy 
(up to 46 GeV) and for some global multi-hadronic event distributions (at 29 GeV). For 
pp data, HERWIG's predictions for the transverse momentum distribution of /i pairs 
produced through the Drell-Yan mechanism at >/s=63 GeV were tested. Data from pp 
collisions at -v/s=630 GeV were compared to the predictions of HERWIG for the trans
verse momentum distribution of W bosons and for the transverse energy spectrum of 
jets. In all cases the authors conclude that their model provides an adequate description 
of data; see reference [1] for further details. 

4.7.7 Instal lat ion and Availabil ity 

The HERWIG Monte Carlo is available in FORTRAN computer code either from the au
thors or from the CERN program library. To obtain a copy from the authors, BITNET 
mail may be addressed to BRW1@UK.AC.CAMBRIDGE.PHYSICS.HEP or DECNET 
mail to 19616:WEBBERfrom inside the UK, and BRW1@PHY-HEP.CAM.AC.UK from 
outside. Alternatively, those with DECNET access can copy the latest version, to
gether with documentation and test program output, from the CERN VAX directory 
VXCERN::DISK$CR:[WEBBER.HERWIG]. The version from the authors is written 
in VAX FORTRAN but is convertable to standard FORTRAN 77 with relatively little 
effort (the main VAX specific elements are VAX include statements for common block 
insertion). An advantage of obtaining a copy from the authors is that the CERN library 
version is updated only occasionally. 

One problem which has been noted with the installation of HERWIG is caused by use 
of generic names for common blocks such as 'TRACK' and 'EVENT' . This practice has 
led to name conflicts with the common block or subroutine names of other libraries when 
HERWIG is included in a large software environment, such as a detector simulation and 
reconstruction program. This problem has required users to rename the common blocks 
in HERWIG to something unique (as the simplest solution). 

As a last comment we note that HERWIG requires a relatively large initialization 
time because tables of Sudakov factors are calculated at begin-run. These tables are used 
for interpolation during event generation in the basic decisions on parton branchings, 
cf. equation (101). This initialization time is 3 minutes on a VAX 2000, 80 seconds 
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on an Apollo DN-3500 but just several seconds on an IBM 3090. There is an option to 
write the form factors onto disk and then to re-read them for subsequent runs which 
use the same parameter values, in order to avoid this initialization when possible. The 
event generation rate for e + e " annihilations at 92 GeV is about 5000 events per hour 
on a VAX 2000 or on an APOLLO DN-3500. 
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4.8 JETSET 
4.8 .1 Bas ic F a c t s 

P r o g r a m n a m e : JETSET, The Lund Monte Carlo for Jet Fragmentation 
and e+e~ Physics [1,2] 

Vers ion : JETSET 7.1, from January 19S9; some additions in May 19S9 
A u t h o r : Torbjôrn Sjôstrand 

CERN/TH 
CH-1211 Geneva 23, Switzerland 
Phone (Switzerland) + 22 - 767 28 20 
BITNET TORSJO @ CERNVM 
One routine (LUSHOW) mainly written by Mats Bengtsson. 
Theory input from B. Andersson, M. Bengtsson, G. Gustafson, 
T. Sjôstrand, and B. Sôderberg. 

P r o g r a m size: 9278 lines 

4.8.2 P h y s i c s I n t r o d u c t i o n 

JETSET has its origin in the efforts of the Lund theory group to understand the frag
mentation process. The basic idea is that the confinement potential of QCD corresponds 
to a colour flux tube which is stretched between the partons of a colour singlet state, 
and that the time evolution of this flux tube can be represented by the dynamics of 
the massless relativistic string. The presumed (effective) one-dimensional nature of the 
QCD confinement force is thus included in the model by construction. In this picture, 
a quark or antiquark corresponds to an end of the string, while gluons correspond to 
kinks on the string. Thus a gluon is attached to two string pieces, reflecting its double 
colour charge. Both the string itself and the endpoints (quarks) and kinks (gluons) 
carry energy and momentum. 

The string may break by the production of q^q' pairs, such that an initial q~q colour 
singlet is split into two colour singlets, q"q' and ç'ç. It is presumed that the q'~q' pair 
production is described by semiclassical tunnelling from the vacuum. The original string 
is, by this process, broken up into pieces of smaller and smaller mass. The sharing of 
energy and momentum at the breakups is determined from the concept of left-right 
symmetry, which states that the overall picture should look the same irrespectively 
of the order in which causally disconnected breakups are considered. The breaking 
is assumed to stop when the masses of the string segments reach the hadronic mass 
scale. The resulting q(q~j string states are associated with mesons of the corresponding 
flavour content. Baryon production is introduced by allowing the production of diquark-
antidiquark pairs, in addition to quark-antiquark pairs, to describe the string breakup. 
The requirement that hadrons be produced on mass-shell imposes correlations between 
the space-time production points of the different quark-antiquark or diquark-antidiquark 
pairs; this feature is used to implement an iterative structure for the fragmentation. 

The Lund string fragmentation concept was developed in the years around 1980 [3]. 
Evolution of model and program went hand in hand. The finished form of the model 
was reached around 1983 [4,5,6]; since then there has been no significant modification 
to the string fragmentation concept. The development of the program has continued 
unabatedly, however. In the process of exploring the differences between string and 
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other fragmentation concepts [7], several independent fragmentation algorithms were 
introduced into JETSET so as to provide alternatives to the string fragmentation de
fault. Over the years, the program has also evolved to give a fairly detailed description 
of particle decays and to contain many utility routines. The production of a primary 
parton configuration to simulate e + e~ annihilations was incorporated in order to facili
ta te the comparison of the string model with data. Use was made of matrix elements, 
eventually to second order, and with 7 / Z 0 production and initial state QED radiation 
included, an evolution again completed around 1983. 

The main development in recent years has been the addition of parton shower evo
lution [8,2], which has replaced the matrix element approach as the default option. The 
J E T S E T algorithm is of the coherent branching type, for which parton branchings are 
required to take place with decreasing emission angles as the shower evolves. Azimuthal 
anisotropics due to gluon polarization are also included. In its details, the algorithm is 
(conceptually) less elegant than some of the others covered in this report. On the other 
hand, a serious attempt has been made in JETSET to describe hard gluon emission 
well. This is important since hard gluons play a major role in determining the global 
features of events. 

The J E T S E T program version described here is 7.1, which is of fairly recent date. 
Differences compared to its immediate predecessor, version 6.3, are small from a physics 
point of view, but there is no backwards compatibility, in particular because of a change 
from the old JETSET particle numbering scheme to the new PDG codes (see section 
6.1) and because of changes to the common block structures. It should be noted that 
the expression 'Lund model 1 only refers to the basic string fragmentation concept, and 
not to any actual program. Thus, while one may speak of 'Lund fragmentation', it is 
incorrect to refer to 'Lund 7.1' (or, worse still, 'LUND 7.1'; after all, Lund is a place, 
not an abbreviation). 

The main user-called routine for e + e~ event generation (LUEEVT) acts as a driver. 
The flow inside this program corresponds rather well to the subheadings of the detailed 
physics description, section 4.8.3, and therefore it will be outlined here. 

1. In connection with the first event of a run, some initialization is normally per
formed for the total cross-section and, if initial state radiation is switched on, for 
the 7 spectrum. 

2. For the initial state radiation option, a 7 may be generated. The partonic (i.e 
hadronic) CM energy, after any 7 emission, is calculated. 

3. The flavour of the primary qq pair is selected (at the partonic CM energy). 
4. In the matrix element option, a selection is made between the generation of a 

two-, three-, or four-jet event. For parton showers, only two jets are generated. 
5. The partons are oriented in angle, still in the partonic CM frame. 
6. If an initial state 7 was emitted, the partonic state is boosted and rotated to the 

overall CM frame. 
7. In the parton shower option, a shower is evolved from the primary qq pair. 
8. Partons are arranged in the order in which they appear along the string. 
9. If a colour singlet system has a very small mass at tins stage, an attempt is made to 

form two hadrons. If that fails, one hadron is formed, and energy and momentum 
are shuffled elsewhere in the event. 



10. The partonic system is fragmented using string or, as an option, independent 
fragmentation. 

11. The decay chains of unstable particles are generated. After the decay of short
lived resonances, but before that of long-lived particles, it is possible to optionally 
include Bose-Einstein effects according to a simple algorithm. 

12. Additional partons may be produced through the decays of heavy particles such 
as top hadrons. For these "secondary partons," the process starts over at point 7, 
with new showers, followed by more fragmentation and decays. 

The modular structure outlined above makes it easy to adapt other Monte Car
los to the framework of the JETSET library. Of the programs covered in this report, 
ARIADNE, NLLjet and T I P T O P use the JETSET fragmentation/decay package; ARI
ADNE in addition makes use of several of the JETSET routines specific to e+e~ an
nihilations. During the course of this workshop, an interface was written to the Higgs 
event generator ( e + e~ —» {~f)Z°H°) of Kleiss [9]. Many similar interfaces have been 
written inside experimental collaborations. Other programs based on J E T S E T include 
PYTHIA for hadron collisions [10] and LEPTO for leptoproduction [11]. J E T S E T , 
ARIADNE, PYTHIA and LEPTO are all examples of 'Lund Monte Carlos' , a concept 
considerably broader than that of ' the Lund model'. 

4.8.3 Detai led P h y s i c s Descr ipt ion 

Electroweak c ross -sec t ion : 
Cross-sections are given with full j/Z° electroweak structure included to lowest order 
(with radiative corrections as described in the next section), times second order QCD 
final state corrections. This corresponds to the equations of section 2.1.1, except that 
the last term in RQCD is n ° t implemented. Quark mass effects are by default included, 
i.e. there is a factor vq(3 — vq

î)/2 multiplying the vector current terms (electromagnetic 
and weak) and a factor vq the axial current ones (weak only). Here vq is the velocity of 
the quark, vq = Jl — ATU^/EQ^. The mass dependence can optionally be replaced by a 
step function change when passing a heavy flavour threshold, with no mass suppression 
at all above threshold. For simplicity, the threshold is taken to be at 2 m , + 1 GeV, 
which gives a few hundred MeV safety margin compared to twice the mass of the lightest 
hadron (which, in JETSET, is typically m, + 300 MeV). 

The standard model input parameters are a £ m . sin 2#iy, m2, Tz, and Aj^s (the latter 
used to calculate a second order as)- Alternatively, the Z° width may be calculated at 
initialization, based on a three-generation scenario, with top excluded by default. 

The incoming e + and e" may be transversely and/or longitudinally polarized. Four 
input parameters may be given: the longitudinal polarization of the electron and 
positron separately, the (geometric mean) transverse polarization, and the (average) 
azimuthal angle of transverse polarization. 

Initial s tate QED radiation: 
Initial state photon radiation, by default switched off, can be included to lowest, unex-
ponentiated order, following the approach developed by Berends, Kleiss and Jadach [12]. 
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In particular, the photon spectrum is given by the Bonneau-Martin [13] type formula 

^ = ïf (Hs/mî) - 1) ^ M s ' = (1 - k)s). (127) 

Here k = 2E^/EQM is the fractional photon energy, s — EçM, s' is the hadronic CM 
energy-squared after photon emission, and CTQ(S') the lowest order cross-section at the 
reduced energy. The soft photon cut-ofF is at 1% of the beam energy, the hard photon 
one at 99%. Soft and virtual photon effects below the 1% cut-off are included in the 
no-emission class of events. 

First order QED loops (vacuum polarization) are also included, except that , for the 
hadronic vacuum polarization contribution to the 7 propagator, the BKJ lookup table 
[12] is replaced by a simple parametrization, 4.578 • ln(s/0.932 GeV 2 ) , in units where 
e.g. the muon contribution is ln(,s/m£) — 1. There are no weak loop effects included in 
the program. 

In addition to the photon energy, it is necessary to select a polar and an azimuthal 
angle for the emitted photon, as well as an additional angle characterizing the recoiling 
hadronic system [12]. This is solved in the approximation that azimuthal asymmetries 
due to incoming polarized e± can be neglected. 

Relat ive flavour composit ion: 
It is possible to generate a single specified flavour, or to have the program generate 
the correct mixture of different flavours. The formulae given in section 2.1.1 are easily 
translated into a recipe for the relative flavour composition. If initial state radiation is 
included, this composition is an explicit function of the (reduced) hadronic CM energy. 

Final s t a t e Q E D radiation: 
J E T S E T contains no provisions for final state QED radiation or for initial-final state 
interference effects. 

Perturbat ive Q C D approaches: 
Two alternatives are offered for the perturbative QCD picture, parton showers and 
matrix elements. They are described below. The parton shower option is the preferred 
one; see section 2.2. 

P a r t o n showers: 
The main points of the JETSET showering algorithm are as follows. 

• It is a leading log algorithm, of the improved, coherent kind, i.e. with angular 

ordering. The basic processes are branchings of the kinds q —> q + g, g —* g + g, 

and g —• q + "q. 

• It can be used for an arbitrary initial qq pair, or, in fact for any one, two or three 
given entities (partons, hadrons, leptons, photons, etc.), although only a quark or 
gluon will initiate a shower. For e + e~ annihilations, only the qq possibility is of 
interest, so the others will not be discussed here. 

• The qq system may be given in any frame, but the evolution is carried out in the 
CM frame of the showering partons. 

• Energy and momentum are conserved exactly at each step of the showering pro
cess. 
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• In the first branchings of the initial q and q partons, an additional rejection tech
nique is used, so as to reproduce the lowest order differential three-jet cross-section. 

• In subsequent branchings, angular ordering (coherence effects) is imposed. 
• Gluon helicity effects, i.e. correlations between the production plane and the decay 

plane of a gluon, can be included. 
• The first order as expression is used, with the Q2 scale given by (an approximation 

to) the transverse momentum-squared of a branching. The default AQCD, which 
should not be regarded as a proper A-^j, is 0.4 GeV. 

• The parton shower is by default cut off at a mass scale of 1 GeV. 
Let us now proceed with a more detailed description; sec also [8,2]. 

K i n e m a t i c a l va r i ab l e s . The evolution variable Qlvo! of section 2.2.2 is associated 
with the mass-squared m 2 of the evolving parton, and hence the evolution variable is 
t = l n ( m 2 / A 2 ) . Parton virtualities are therefore well defined during the evolution. 

For the splitting variable z, which describes the sharing of energy and momentum 
between the two daughters of a branching, four slightly different options are available. 
In the default alternative, which is the only one to be described here, z is defined in 
terms of energy fractions in the CM frame of the showering par ton system (with a 
modification that will appear later). Specifically, consider the process 

e + e - _> ( 7 /Z° )o -+ qiq2, 

«l -» <M4, (128) 

with indices as will be used in the following. Thus, in the branching qi —* q3g4, zx is 
formallv a Lorentz invariant, 

* . = * * = ! * . (129) 

but the virtual 7 / Z 0 four-momentum p0 acts as a 'gauge fixing1 vector. The process is 
therefore not completely Lorentz covariant. 

Cutoff of singularities. In order to cut off any singularities at z = 0 and z = 1, and 
to define a stopping point of the evolution in t, a parameter m m , n , by default 1 GeV, is 
introduced. Partons axe assumed to have effective masses 

1 

mcff,1 = y 4 m m . n + m ? > ( 1 3 0 ) 

where mq are the ordinary quark masses in JETSET. For a parton to be able to branch 
at all, it must then have a mass larger than that of its lightest daughter pair, 

7n m , n , 3 = 2meff,g = m m t n , 

rriminj — mefjtq + meffig. (131) 

Evolut ion strategy. The evolution is performed using the standard Sudakov form 
factor approach, described in section 2.2.2. There is no pretabulation of form factors at 
an initialization stage, instead JETSET makes use of the 'veto algorithm'. The trick is 
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to find a simpler function, h(t, z), everywhere larger than the correct integrand h(t, z) = 
(as(t, 2)/27r)P 0 _. t c (z), such that h is analytically integrable, first over z (which becomes 
easier if also the z boundaries are given in a simplified form overestimating the correct 
range), and then over t, and such that the primitive function H(t) = / / dt / dzh(t, z) is 
analytically invertable. Starting from a known t m a x , a t can then be found by using the 
modified Sudakov form factor S(t) = exp(—H(i)). Since h(t,z) > h(t,z) everywhere, 
a branching will, on the average, be selected 'too soon', i.e. with a too large t. In the 
veto algorithm, a selected ( t ,z) pair is accepted with a probability h(t,z)/h(t,z). If 
rejected, the evolution is continued downwards, with the original t m a x replaced by the 
just rejected t value. The process is iterated until a branching is accepted. It can be 
shown that , this way, the accepted branchings are distributed according to the correct 
Sudakov form factor. 

At each stage of the evolution process, the evolution of a pair of partons is considered 
in parallel. At the first stage, it is the initial q and ~q, at the second it is the two daughters 
of q and, separately, the two daughters of q~, etc. This pairwise arrangement is due to a 
coupling between the kinematical limits of the pair during the evolution process, and is 
a specific feature of the JETSET algorithm. As a consequence, it is possible to construct 
the parton four-momenta during the evolution process proper. 

T h e evolut ion process . In the first step, partons 1 (q) and 2 (ç) are assigned masses 
mi and m 2 , and simultaneously the z\ and z2 variables specifying the energy sharing 
between their respective daughters are determined. In the evolution of parton 1, it is 
assumed that the daughters 3 and 4 are not going to branch in their turn, and so they 
can be assigned the mejj masses defined above. The allowed z range zi_ < zx < zl+ is 
then _ 

zi± = I [1 ± PA™i - m m m , ,)] , ft = -!|i, (132) 
where 8{x) is the step function. Since the ft value depends on the mass of parton 
2, this introduces the aforementioned coupling in the evolution of partons 1 and 2. 
The evolution of each initial parton is therefore started with a maximum allowed mass 
equal to the CM energy of the system, and evolved as if the other initial parton were 
massless. Once a pair of masses and z values have been chosen, it can be checked that 
m\ +m2 < ECMI and that the z\ and z2 values are inside the physical range allowed by 
eq. (132) and its analog for parton 2, with the proper energies and momenta to use now 
known. If either z value is outside its allowed range, the evolution of the corresponding 
parton is continued downwards from the recently rejected mass; if both z values are 
rejected, the parton with largest mass is evolved further. The procedure is an extension 
of the veto algorithm mentioned earlier, where an initial overestimation of the allowed z 
range is compensated by rejection of some branchings. One should note, however, that 
the veto algorithm is not strictly applicable for the coupled evolution in two variables, 
and that therefore some arbitrariness is involved. This is manifest in the choice of which 
parton will be evolved further if both z values are unacceptable, or if mx + m 2 > Ecu-

When acceptable values have been found, the four-momenta px and p 2 may be con
structed. The angular orientation of that pair is assumed unchanged compared to 
the originally on-mass-shell q~q pair. If the daughters q3 and g4 are assumed massless, 
then light-cone four-vectors p^ and p\ may be constructed from a knowledge of p j , 
mi , z\, and an isotropically selected azimuthal angle <f>\. The evolution of the daugh
ters 3 and 4 may now be commenced, subject to the constraints m 3 < Ez — Zi-Ei, 



m 4 < £ i ° ) = ( l - z i ) £ 1 , a n d m 3 - f m 4 < mj . The allowed ranges z3± and z 4 ± are defined 
in analogy with eq. (132). Again the coupled pairs of 2 3 , m 3 and z4, m 4 values may 
be incompatible; in that case the parton with largest ratio mnow/mmax is evolved fur
ther, where mnow is the currently selected mass value and mmax the initially determined 
maximum mass. 

When mass and z values have been fixed, corrected on-mass-shell four-vectors are 

calculated as 

P3,< = PÏÏ ± (UP? - r3pi\ (133) 

where 
m \ ~ \f(mi ~ m 3 ~ ml¥ ~ ^mlml ± (ml - m\) 

r 3 , 4 = —- 2 . (134) 
m 

In other words, the meaning of the zr variable is somewhat reinterpreted, once the 
daughter masses are known. (The formulae are equivalent to the procedure previously 
used for partons 1 and 2, i.e. in the rest frame of 3 and 4 the angular orientation is 
unchanged). 

The process can now be repeated for the decay of the parton pair produced by the 
original "q, and then for the parton pair produced by the branching of parton 3, etc. 
As the shower evolves, it becomes more and more likely that a given parton does not 
branch above its mminia (a = q or g) scale. These partons are assumed not to branch 
at all, and are put on mass-shell, i.e. m = m, for a quark and m = 0 for a gluon. 

M a t c h i n g t o m a t r i x e l e m e n t s . At the branchings of the two initial partons, an 
algorithm is used to match on to the first order three-jet matrix elements, as follows. 
A three-jet event q(xi)q(x2)g(x3), with x,- = 2Ei/EçM, can in the shower be obtained 
either by -y/Z°(0) —» q(l") + ç(2) followed by q(l") —» q(l)g(3), or by a corresponding 
process via a 7/(2"). In the first alternative the shower evolution variables are 

m2 = m\. = ( P l +p3f = (1 - x2)ElM =» dt = —— = 
m2 1 — x 2 

2 = P 2 P L = _ £ i _ = _f i_ ^ d= = - ^ - . (135) 
PoPi- x i + i 3 2 - x 2 2 - x2 

In the definitions of X\ and z 2 , masses other than m ^ are neglected. Combined with 
the 2" possibility, obtainable by an interchange of labels 1 and 2, the net branching 
probability given by the Altarelli-Parisi equations has the same singularity structure as 
the first order three-jet matrix element, 

1 da 4 a 5 A(xi,x2) 

a dxxdx2 3 2 r (1 — xi ) ( l — z 2 ) ' 

•skau,er(Xi,X2) = 1 + ( 1 _ ^ + ( 1 _ ^ (j^) + ^ _ ^ ) + ^ _ ^ {j^TJ > 

AmatriI(xi,x2) = x\ + x\. (136) 

A 

Here A m a t r , r ( i i , i 2 ) < Aahower(xl,x7) everywhere; the ratio is never larger than 
20/9 (equality for i j = z 2 = 1/2), and is unity in the limit x x (or z 2 ) —+ 1. Branchings 
generated as part of the shower, and hence according to a weight proportional to Aahower, 
can therefore be accepted with a probability Amatrix(xi, x2)/AshoweT(x1, x2). This is made 
as part of the veto algorithm, i.e. in case of rejection evolution is continued downwards 
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from the rejected mass value. The procedure is used separately both for the initial q 
and the initial ~q\ in either case the other initial parton is assumed not to branch at all, 
so as to make xx and x 2 well-defined. 

One should note that some implicit differences remain between the shower simulation 
of three-jets and the normal matrix element one. One is that the shower includes a 
Sudakov form factor to dampen the branching probability, and thus avoids the matrix 
element problem of probabilities potentially larger than unity. Another is tha t the as 
scale is given by the transverse momentum of branchings, see below. 

A n g u l a r o r d e r i n g . As the algorithm has been described so far, it provides a shower 
of the conventional branching kind. It is now necessary to impose decreasing emission 
angles. Since the initial angle between partons 1 and 2 is ISO 0, angular ordering gives 
no constraint on the angle 6\ in the branching 1 —> 3 -f- 4 — here the matching to the 
matrix element is instead at play. When parton 3 branches in its turn, however, the 
angle 63 should be smaller than 0j, and correspondingly for subsequent branchings. The 
angular ordering is introduced as follows. The opening angle 8a for a branching a —> be 
is approximately 

ea « En + Eii 
Eb Ec 

\Jza{\ - za)ma 

1 1 
+ _Zahia ( 1 — Za)Ea 

m„ 
\Jza(l — za)Ea 

so the requirement 0 3 < 6X is reduced to 

(137) 

S i i ^ > 1 ^ , (138) 
n?3 Zim\ 

where £3 = Z\E\ has been used to eliminate the energy factors. If a branching of parton 
3 does not fulfill the ordering condition, the branching is rejected and the evolution 
continued, i.e. the test is built into the veto algorithm framework. Eq. (138) is easily 
generalized to subsequent branchings. 

Other shower aspects . A first order a$ is used, with argument Q7 = z{\ — z ) m 2 ss p?, 
where p j is the transverse momentum of a branching. The treatment of as at flavour 
thresholds is fairly primitive: only nj is changed, without a corresponding redefinition 
of the A value. Since as is not defined for z{\ — z)m2 < A 2 , a further constraint 
z(z — l ) m 2 > m ^ ^ / 4 is introduced on allowed branchings, where the requirement 
m-min > 2A is automatically imposed by the program, if it is not already fulfilled. 
As alternatives, it is possible to have an as{m2), or even a fixed a$, in order to test the 
sensitivity of shower properties to the a s choice. 

Previously it was said that azimuthal angles in branchings were chosen isotropic ally. 
In fact, as an option, it is possible to include some effects of gluon polarization, which 
correlate the production and the decay planes of a gluon, such that a g —+ gg branching 
tends to take place in the production plane of the gluon, while a decay out of the plane 
is favoured for g —* qq. The formulae are given e.g. in [14], as simple functions of the 2 
value at the vertex where the gluon is produced and of the z value when it branches. 
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Finally, it should be noted that an Abelian vector toy model is included; in this 
option g —> g + g branchings are absent, and g —• q + q ones enhanced (Casimir factors 
CF = 4/3 -*• 1, Nc = 3 -* 0, TR = rif/2 -> 3n,). 

Matr ix e lements : 
The GKS second order matrix elements are available as an option to the parton shower 
default. The algorithm has already been described in section 3.2, to which the reader 
should turn for further details. Also within the matrix element option, a number of 
alternatives are available. The main ones include the generation 

• of qq events only, i.e. the naive parton model; 
• of qq and q~qg events according to first order QCD; 
• of q"qg, qqgg or q~qq'~q' events only; 
• of q~q and qqg events according to a scalar gluon toy model; or 
• of q'q, q~qg, q~qgg and q~qq'~q' events according to an Abelian vector toy model (in 

addition to a change in the four-jet sector, this option also implies large negative 
virtual corrections to the three-jet rate, but these latter can be switched off, if 
need be). 

In addition one may use a fixed as or an as which runs according to the first or second 
order expression. 

A n g u l a r o r i e n t a t i o n of e v e n t s : 
In the parton shower approach, the jet axis of the two original partons are chosen 
according to the lowest order electroweak formulae. Specifically, a polar angle 9 is 
selected for the q, as described in section 2.1.2, including an energy dependent forward-
backward asymmetry. The formulae used also include the effects of non-zero quark 
masses. If the incoming e± beams are unpolarized, the azimuthal angle 6 is chosen 
isotropically, while transversely polarized beams gives rise to anisotropics. Once a jet 
axis has been chosen, the subsequent shower evolution treatment is assumed to be 
azimuthally symmetric around this axis. 

In the matrix element option, all mass corrections are neglected (unless only two-jet 
events are to be generated). For two-jet events, polar and azimuthal angles, 8 and <j>, 
are chosen as above. For three-jet events, it is necessary to select an additional angle x-, 
which describes the rotation of the three-jet event around its axis. In J E T S E T the quark 
defines the jet axis, as a matter of convention (the final result is, of course, independent 
of this choice). The orientation procedure is then: 

1. start with the event being in the zx plane, with the quark along the +z axis and 
the antiquark in the +x half-plane; 

2. rotate the event an angle x around the z axis; 
3. rotate the event an angle 6 in the xz plane; and 
4. rotate the event an angle <f> around the z axis. 

The necessary cross-sections are taken from [15], and depend on the xi and x2 variables, 
i.e. the energy fractions of the quark and antiquark. The formulae are tedious, but 
straightforward to apply. They contain all Born level electroweak effects, including that 
of beam polarization. 
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No formulae are included for the angular orientation of four-jets. Instead the gg 
pair of a qqgg event, or the q'q' pair of a qqq^q' one, are joined into one effective gluon. 
The gluon mass is removed as in the p parton recombination scheme, so that afterwards 
effective three-jet variables xx and x2 can be defined. After the angles x, & and 4> have 
been chosen, as if the event were a three-jet one, the rotation procedure is applied to the 
actual four-jet configuration. Here initially the q and ~q are oriented as in the three-jet 
case while, of course, now the gg or q^q1 pair is no longer in the plane. 

Finally, if an initial state photon has been emitted, the event is boosted and rotated 
to take this into account, following the procedure suggested by Berends, Kleiss and 
Jadach [12]. Thus the photon is assigned to have been emitted either from the initial 
e + or e~, according to kinematics-dependent relative probabilities, and transformations 
axe defined between the e + e~ CM frames before and after the photon emission, in both 
cases with the e^ moving in the ±z direction in that frame. The partons are transformed 
from the e + e~ after-photon-emission frame, i.e. the partonic CM frame, to the overall 
CM frame. The procedure for initial state photons is common for shower and matrix 
element treatments. 

Fragmentat ion: 
The main fragmentation option is the Lund string scheme, but independent fragmen
tation options are also available. The subsequent four sections give further details; the 
first one on flavour selection, which is common to the two approaches, the second on 
string fragmentation, the third on independent fragmentation, while the fourth and final 
contains information on a few other minor issues. 

Flavour se lect ion in the fragmentation: 
In either string or independent fragmentation, an iterative approach is used to describe 
the fragmentation process. Given a quark çj , it is assumed that a new q2"q2 pair may be 
created, such that a meson q{q2

 l s formed, and a q2 is left behind. This q2 may at a later 
stage pair off with a"g3, and so on. What need be given is thus the relative probabilities 
to produce the various possible q2~q2 pairs, uû, dd, si, etc., and the relative probilities 
that a given q{q2 quark pair combination forms a specific meson, e.g. for ud either ir+ 

or p+. 

In JETSET, it is assumed that the two aspects can be factorized, i.e. that it is 
possible first to select a q27j2 pair, without any reference to allowed physical meson 
states, and that, once the q{q2 flavour combination is given, it can be assigned to a 
given meson state with total probability unity. 

Flavour compos i t ion . The production of q'q' pairs is assumed given by a quantum 
mechanical tunnelling process, as discussed in section 2.3.2. Inside the program, an 
effective parametrization is used, with the relative production of q^q' pairs given to be 
uïï : dd : si — 1 : 1 : j s , where by default 7, = 0.3. There is no production of heavier 
flavours in the fragmentation process, but only as part of the shower evolution. 

M e s o n s tates . In the program, six meson multiplets are included. If the nonrelativistic 
classification scheme is used, i.e. mesons are assigned a valence quark spin S and an 
internal orbital angular momentum L, with the physical spin denoted J, J = L + S, 
then the multiplets are: 

• L = 0, S = 0, J = 0: the ordinary pseudoscalar meson multiplet; 

• L = 0, S = 1, J — 1: the ordinary vector meson multiplet; 



• I/ = 1 ,S = 0, J = l: an axial vector meson multiplet; 

• L = 1, S = 1, J = 0: the scalar meson meson multiplet; 

• £ = 1 , 5 = 1 , J = 1: another axial vector meson multiplet; and 

• X = 1 , 5 = 1 , J = 2: the tensor meson multiplet. 

Each multiplet has the full four-generation setup of 8 x 8 states included in the program, 
although many could never actually be produced. Some simplifications have been made; 
thus there is no mixing included between the two axial vector multiplets. 

In the program, the spin S is first chosen to be either 0 or 1. This is done according 
to parametrized relative probabilities, where the probability for spin 1 is taken to be 
0.5 for a meson consisting only of u and d quark, 0.6 for one which contains s as well, 
and 0.75 for quarks with c or heavier quark. The rationale is that one expects a ratio 
1 : 3 for spin 0 : 1 , from counting the number of states, but that the production of spin 
1 states is suppressed because of the larger mass. Since the mass split is largest for the 
lighter mesons, it is also here that one could expect to find the 1 : 3 ratio most violated. 

By default, it is assumed that L = 0, such that only pseudoscalar and vector mesons 
are produced. For inclusion of L — 1 production, four parameters can be used, one to 
give the probability that a S = 0 state also has 1 = 1, the other three for the probability 
that a S = 1 state has L = 1 and J either 0, 1, or 2. 

For the flavour diagonal meson states uïï, dd and ss, it is also necessary to include 
mixing into the physical mesons. This is done according to a parametrization, based on 
the mixing angles given in the Review of Particle Properties [16]. 

Diquark mechanism for baryon production. Baryon production may, in its sim
plest form, be obtained by assuming that any flavour </, given above could represent, 
either a quark, or an antidiquark in a colour triplet state. Then the same basic machin
ery can be run through as above, supplemented with the probability to produce various 
diquark pairs. In principle, there is one parameter for each diquark, but if tunnelling is 
still assumed to give an effective description, mass relations can be used to reduce the 
effective number of parameters. There are three main ones appearing in the program: 
the relative probability to pick a q~q rather than a q, the extra suppression associated 
with a diquark containing a strange quark (over and above the ordinary s/u suppression 
factor 7 3 ) , and the suppression of spin 1 diquarks relative to spin 0 ones (neglecting the 
factor of 3 difference from the number of spin states). 

Baryon s tates . Only two baryon multiplets are included, i.e. there are no L = 1 
excited states. The two multiplets are: 

• S = J = 1/2: the 'octet ' multiplet of SU(3) (in the full four-generation scenario 

in the program 168 states are available); 

» S = J = 3/2: the 'decuplet' multiplet of SU(3) (120 states in the program). 

In contrast to the meson case, different flavour combinations have different numbers of 

states available: for uuu only A + + , whereas uds may become either A, S° or E*°. 

An important constraint is that a baryon is a symmetric state of three quarks, 

neglecting the colour degree of freedom. When a diquark and a quark are joined to 

form a baryon, the combination is therefore weighted with the probability that they 

form a symmetric three-quark state. The program implementation of this principle is 

to first select a diquark at random, with the strangeness and spin 1 suppression factors 
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above included, but then to accept the selected diquark with a weight proportional to 
the number of states available for the quark-diquark combination. In case of rejection, a 
new diquark is selected and tested, etc. A corresponding procedure is used for the quark 
selection when a diquark has already been formed in the previous step. Apart from the 
tunnelling suppression factors, and influence from the initial qq pair, all baryons are 
therefore represented according to their number of spin states, 2S + 1. 

P o p c o r n mechanism for baryon product ion. A more general framework for baryon 
production is the 'popcorn' one [6], in which diquarks as such are never produced, but 
rather baryons appear from the successive production of several q^' pairs. The resulting 
space-time picture is illustrated in Fig. 25. The baryon-antibaryon pair need no longer 
be nearest neighbours, but can be formed with one or several mesons in between. In the 
program, only one intermediate meson is allowed. The relative proportion of the normal 
diquark mechanism (which may be considered a subprocess of the popcorn scenario) 
and the new popcorn one is an extra parameter; by default the two are assumed equally 
likely. Two additional parameters are related to strangeness suppression. 

In total, the flavour iteration procedure therefore contains the following possible 
subprocesses (plus, of course, their charge conjugates): 

• 9i -» 92 + (9i9 2) meson; 
• 9i -* <h93 + (Ç192Ç3) baryon; 
• 9i92 -» 9 3 + (Ç19293) baryon; 
• 9i92 -+ 9i93 + (?29 3) meson; 

/ / / r F fi. ld \ \ \ 9 9 bb 

Figure 25: A colour field is stretched between a quark q and an antiquark ~q. If 
virtual g'g' pairs are produced, the colour field can be changed from red-antired 
to green-antigreen or blue-antiblue. The direction of the field (going from triplet 
to antitriplet) is also changed. If a second pair is produced inside such a region, 
the colour field can break and a baryon-antibaryon pair can be produced (to the 
right). If two pairs are produced inside the region, a messon is formed between 
the baryon and the antibaryon (to the left). 
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with the constraint that the last process cannot be iterated to obtain several mesons in 
between the baryon and the antibaryon. 

String fragmentation: 
An iterative procedure can also be used for other aspects of the fragmentation. This 
is possible because, in the string picture, the various points where the string break by 
the production of qq pairs are causally disconnected. Whereas the space-time picture 
in the CM frame is such that slow particles (in the middle of the system) are formed 
first, this ordering is Lorentz frame dependent and hence irrelevant. One may therefore 
make the convenient choice of starting an iteration process at the ends of the string and 
proceeding towards the middle. 

The string fragmentation scheme is rather complicated for a generic multiparton 
state. In order to simplify the discussion, we will therefore start with the simple qq 
process, and only later survey the complications that appear when additional gluons 
are present. (This distinction is made for pedagogical reasons, in the program there is 
only one general-purpose algorithm). 

The Lund symmetric fragmentation function. Assume a q"q jet system, in its CM 
frame, with the quark moving out in the +z direction and the antiquark in the —z one. 
We have discussed how it is possible to start the flavour iteration from the q end, i.e. 
pick a q^q^ pair, form a hadron q'q1, etc. In section 2.3.2 it has also been noted that 
the tunnelling mechanism is assumed to give a transverse momentum pT for each new 
q^q' pair created, with the pT locally compensated between the q' and the ~q' member 
of the pair, and with a Gaussian distribution in px and py separately. In the program, 
this is regulated by one parameter, which gives the root-mean-square pr of a quark. 
Hadron transverse momenta are obtained as the sum of p r : s of the constituent ç, and 
<7 i + 1, where a diquark is considered just as a single quark. 

What remains to be determined is the energy and longitudinal momentum of the 
hadron. In fact, only one variable can be selected independently, since the momentum 
of the hadron is constrained by the already determined hadron transverse mass 7717, 

(E + pz){E - Pz) = E2-pl = m2

T = m*+pl + p]. (139) 

In an iteration from the quark end, one is led (by the desire for longitudinal boost 
invariance and other considerations) to select the z variable as the fraction of E + pz 

taken by the hadron, out of the available E+p.. As hadrons are split off, the E+p2 (and 
E — pz) left for subsequent steps is reduced accordingly. The fragmentation function 
/ ( z ) , which expresses the probability that a given z is picked, could in principle be 
arbitrary — indeed, several such choices can be used inside the program, including the 
ones mentioned in section 2.3.1. 

If one, in addition, requires that the fragmentation process as a whole should look 
the same, irrespectively of whether the iterative procedure is performed from the q end 
or the ~q one, 'left-right symmetry', the choice is essentially unique, 

/M-w^r-^)- (i4o) 

There is one parameter a,- for each flavour i, with the index a corresponding to the 'old' 
flavour in the iteration process, and /? to the 'new' flavour. It is customary to put all a, 
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the same, and thus arrive at the simplified expression given in eq. (30). In the program, 
only two separate a values can be given, that for quark pair production and that for 
diquark one; by default the two are taken to be the same. In addition, there is the b 
parameter, which is universal. 

J o i n i n g the j e t s . The f(z) formula above is only valid, for a the breakup of a jet 
system into a hadron plus a remainder-system, when the remainder mass is large. If 
the fragmentation algorithm were to be used all the way from the q end to the q~ one, 
the mass of the last hadron to be formed at the "q end would be completely constrained 
by energy and momentum conservation, and could not be on its mass shell. 

The practical solution to this problem is to carry out the fragmentation both from 
the q and the q end, such that for each new step in the fragmentation process, a random 
choice is made as to from what side the step is to be taken. If the step is on the q 
side, then z is interpreted as fraction of the remaining E + pz of the system, while z 
is interpreted as E — p2 fraction for a step from the ~q end. At some point, when the 
remaining mass of the system has dropped below a given value, it is decided that the 
next breakup will produce two final hadrons, rather than a hadron and a remainder-
system. Since the momenta of two hadrons are to be selected, rather than that of one 
only, there is enough freedom to have both total energy and total momentum completely 
conserved. 

The mass at which the normal fragmentation process is stopped and the final two 
hadrons formed is not actually a free parameter of the model: it is given by the re
quirement that the string everywhere look the same, i.e. that the rapidity spacing 
of the final two hadrons, internally and with respect to surrounding hadrons, be the 
same as elsewhere in the fragmentation process. The stopping mass, for a given setup 
of fragmentation parameters, has therefore been determined in separate runs. If the 
fragmentation parameters are changed, some retuning should be done but, in practice, 
reasonable changes can be made without any special arrangements. The basic stopping 
mass value is modified according to the masses of the quarks involved, see [1,2] for 
details. 

If the remainder-mass is large enough, there are two kinematically allowed solutions 
for the final two hadrons (two mirror images in the rest frame of the remainder-system). 
The choice between these two solutions is also given by the consistency requirements, 
and is suitably parametrized in the program. If, on the other hand, the transverse mass 
of the remainder-system is smaller than the sum of transverse masses of the final two 
hadrons, the whole fragmentation chain is rejected, and started over from the q and ç 
endpoints. The same happens if the very final hadron, for which the flavour content is 
completely constrained, happens to be a diquark-antidiquark state or, in the popcorn 
mechanism, contains a diquark which was supposed to split into a meson plus a new 
diquark. 

While some practical compromises have to be accepted in the joining procedure, the 
fact that the joining takes place in different parts of the string in different events means 
that , in the end, essentially no visible effects remain. 

String mot ion and infrared stability. In moving on to the fragmentation of mul-
tiparton states, it is worthwhile to first consider the string motion in a a three-jet q~qg 
event. Such an event initially corresponds to having a string stretched from the q via 
the g to the q~, i.e. two string pieces. In the string piece between the g and the q (~q~), g 



Figure 26: The string draw
ing for (a) an ordinary three-jet 
event, (b) a three-jet event with 
a soft gluon, and (c) a three-jet 
event with a collinear gluon. 
Dashed lines give the momenta 
(and hence the trajectories) of 
the partons. Full lines give the 
string shape at different times, 
with numbers representing time 
in some suitable scale. 

four-momentum is flowing towards the q (~q) end and q (jq) four-momentum towards the 
g end. Such packets of energy and momentum are called 'genes' [17]. When the gluon 
has lost all its energy, the g four-momentum continues moving away from the middle 
(i.e. where the gluon used to be), and instead a third string region is formed there, 
consisting of inflowing q and ~q four-momentum, Fig. 26a. If this third region would 
only appear at a time later than the typical time scale for fragmentation, it could not 
affect the sharing of energy between different particles. This is true in the limit of high 
energy, well separated partons. 

For a small gluon energy, on the other hand, the third string region appears early, 
and the overall drawing of the string becomes fairly two-jetlike, Fig. 26b. In the limit 
of vanishing gluon energy, the two initial string regions collapse to naught, and the 
ordinary two-jet event is recovered. Also for a collinear gluon, i.e. 9qg (or % 5 ) small, 
the stretching becomes two-jetlike, Fig. 26c. These properties of the string motion are 
the reason why the string fragmentation scheme is 'infrared safe' with respect to soft or 
collinear gluon emission. 

F r a g m e n t a t i o n of m u l t i p a r t o n s y s t e m s . The full machinery needed for a multipar-
ton system is very complicated, and is described in detail in [5]. The following outline is 
far from complete, and is complicated nonetheless. The main message to be conveyed is 
that a Lorentz covariant algorithm exists for handling an arbitrary parton configuration, 
but that the necessary machinery is more complex than in either cluster or independent 
fragmentation. 

Assume n partons, with ordering along the string, and related four-momenta, given 
by 9(Pi)ff(P2)?(P3) " " ' 9(Pn-i)q(Pn)- The initial string then contains n —1 separate pieces. 
The string piece between the quark and its neigbouring gluon is, in four-momentum 
space, spanned by one side with four-momentum p+ =• Pi and another with p_ = P2/2. 
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The factor of 1/2 in the second expression comes from the fact that the gluon shares 
its energy between two string pieces. The indices ' + ' and '-' denotes direction towards 
the q and ~q end. The next string piece, counted from the quark end, is spanned by 
P+ — P2/2 and p_ = P3/2, and so on, with the last one being p+ = p n _ i / 2 and 

(n- l ) 
P - = Pn-

For the algorithm to work, it is important that all p± be light-conelike, i.e. p± = 0. 
Since gluons are massless, it is only the two endpoint quarks which can cause problems. 
The procedure here is to create new p± vectors for each of the two endpoint regions, 
defined to be linear combinations of the old p± ones for the same region, with coefficients 
determined so that the new vectors are light-conelike. De facto, this corresponds to 
replacing a massive quark at the end of a string piece with a massless quark at the 
end of a somewhat longer string piece. With the exception of the added fictitious piece, 
which anyway ends up entirely within the heavy hadron produced from the heavy quark, 
the string motion remains unchanged by this. 

In the continued string motion, when new string regions appear as time goes by, cf. 
Fig. 26, each such string region can be represented as being spanned by one p± and 
another p± four-vector. The classification scheme is illustrated in Fig. 27. The regions 
made up of two p + or two p_ momenta appear when an endpoint quark has lost all its 
original momentum, has accreted the momentum of an gluon, and is now reemitting 
this momentum. In practice, these regions may be neglected, so that only the string 
regions shown in full need be considered. These are all made up by a (p+ ,p_ ) pair of 
momenta. 

In Fig. 27b, the fragmentation procedure can be described as a sequence of steps, 
starting at the rightmost corner of the bottom row line of squares (the quark end) and 

\ S 3 

- *z 

y . A 

x ( 2 ) v \ / \ 
X 

/ N^ 

\ / \ / \ / \ ' \ s \ • \ / \ /" \ 
K K 

ti N .< Ï 

x„ y y 
S s. 

/ \ / N ''(3) 

s \ / \ / ' \ / \ 
' N / \ X X " X ' "V 

< x \ / X V ^ 
v ' \ / \ / x ' x ï ' \ / \ / \ / \ Sxm 

V X x x v " / \ S X / X ** ^V 
X / X ' *» 

^ s \ 
x ? ) X x >< X J\ Xx<-" 

x»\XlyxK 4*& v^X^X/il" 
\ \ / \ t }f \ / 1 
P$ W if»* W JP91 Pq 

b 

Figure 27: Representation of an 
arbitrary jet system, in this case 
qg\g2gz9il- (a) Space picture 
of the string configuration before 
any hadron has lost its energy, 
(b) Parameter space representa
tion of the 41 string regions that 
exist over half a period of the 
full string motion. The five ini
tial regions, bottom row, and the 
other ten actually accessible in 
the fragmentation algorithm are 
shown in full. Bottom line shows 
how the x variables are related to 
the parton momenta. 
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ending at the leftmost corner of the bottom row (the antiquark end). Each step is 
taken from an 'old' q'~q' pair production vertex, to the production vertex of a 'new' q^q' 
pair, and the string piece between these two string breaks represent a hadron. The 
four-momentum of each hadron can be read off, for p+ (p_) momenta, by projecting 
the separation between the old and the new vertex along the diagonal downwards right 
(downwards left). If the four-momentum fraction of p± taken by a hadron is denoted 
i j l , then the total hadron four-momentum is given by 

p = £ x ? p ? + £ xLV_ f c ) + P * i e i " t ] ) + P B , ^ * l ) + Pt2e<»V + P y 2 e ^ \ (141) 

for a step from region (ji,fci) to region (J2,k2). By necessity, x+ is unity for a j t < 
j < }2< and correspondingly for i _ . The ( p r , p y ) pairs are the transverse momenta 
produced at the two string breaks, and the (ex,ey) pairs four-vectors transverse to the 
string directions in the regions of the respective string breaks: 

Jjk)2 _ (j*)2 _ _- , 

e»cW = e ^ U e^pM = 0. (142) 

The fact that the hadron should be on mass-shell, p 2 = m 2 , puts one constraint 
on where a new breakup may be, given that the old one is already known, just as eq. 
(139) did in the simple two-jet case. The other one is, as before, to be given by the 
fragmentation function f(z). The interpretation of such a z is only well-defined for 
a step entirely constrained to one of the initial string regions, however, which is not 
enough. In the two-jet case, the z values can be related to the invariant times of string 
breaks, as follows. The variable T = ( K T ) 2 , with K the string tension and r the invariant 
time between the production vertex of the partons and the breakup point, obeys an 
iterative relation of the kind 

To = 0, 
/ ml.\ 

(143) 

Here To represents the value at the q and ~q endpoints, and T 1 _ 1 and I \ the values at the 
old and new breakup vertices needed to produce a hadron with transverse mass mj,-, 
and with the z, of the step chosen according to f(zt). The invariant time can be defined 
in an unambiguous way, also over boundaries between the different string regions, so for 
multijet events the z variable may be interpreted just as an auxiliary variable needed to 
determine the next T value. (In the Lund symmetric fragmentation function derivation, 
the T variable actually does appear naturally, so the choice is not as arbitrary as it may 
seem here.) The mass and T constraints together are sufficient to determine where the 
next string breakup is to be chosen, given the preceding one in the iteration scheme. 
Actually, several ambiguities remain, but are of no importance for the overall picture. 

The algorithm for finding the next breakup then works something like follows. Pick 
a hadron, p?, and z, and calculate the next T. If the old breakup is in the region (jk), 
and if the new breakup is also assumed to be in the same region, then the m2 and T 
constraints can be reformulated in terms of the fractions i + and iL the hadron must 
take of the total four-vectors p+ and pL : 
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m7 = c, + c 2 x ? + c3xik) + c<x{l:>*L*\ 

T = rf1 + d 2 xï ' ) + d3x
(_*) + d 4 ^

) 3rL f e ) . (144) 

Here the coefficients c n are fairly simple expressions, obtainable by squaring eq. (141), 
while dn are slightly more complicated in that they depend on the position of the old 
string break, but both the c„ and the dn are explicitly calculable. What remains is 
an equation system with two unknowns, x+ and x_ . The absence of any quadratic 
terms is due to the fact that all p± = 0. Of the two possible solutions to the equation 
system (elimination of one variable gives a second degree equation in the other), one is 
unphysical and can be discarded outright. The other solution is checked for whether the 
x ± values are actually inside the physically allowed region, i.e. whether the x± values 
of the current step, plus whatever has already been used up in previous steps, are less 
than unity. If yes, a solution has been found. If no, it is because the breakup could not 
take place inside the region studied, i.e. because the equation system was solved for the 
wrong region.. One therefore has to change either index j or index k above by one step, 
i.e. go to the next nearest string region. In this new region, a new equation system of 
the type in eq. (144) may be written down, with new coefficients. A new solution is 
found and tested, and so on until a physically acceptable solution is found. The hadron 
four-momentum is now given by an expression of the type (141). The breakup found 
forms the starting point for the new step in the fragmentation chain, and so on. The 
final joining in the middle is done as in the two-jet case, with minor extensions. 

I n d e p e n d e n t f r a g m e n t a t i o n : 
The independent fragmentation framework, available as an option in JETSET, is pretty 
much in agreement with what is discussed in section 2.3.1. Therefore only some minor 
points are given here. 

F r a g m e n t a t i o n s c h e m e s . Fragmentation functions can be chosen among those listed 
in section 2.3.1, but also here the default is the Lund symmetric fragmentation function. 

Gluons may be treated either as a single quark jet, or as a qq jet pair, in which the q 
and ~q are parallel and share the gluon energy according to an Altarelli-Parisi type ansatz. 
Fragmentation functions and transverse momenta may be selected independently from 
the ordinary quark jet values. 

C o n s e r v a t i o n i ssues . Flavour conservation can be achieved by an algorithm which 

leaves particle three-momenta unchanged, but reassigns flavours of centrally produced 

particles, in some minimal fashion. 

Four schemes are available for energy and momentum conservation, in addition to 

the default one of having no conservation at all (except in an average sense). 

• Conserve transverse momentum locally within each jet, such that energy and 
momentum conservation can be achieved by a rescaling of longitudinal momenta, 
separately for each jet. 

• Boost the generated event so that net momentum vanishes, and afterwards rescale 

all three-momenta by a common factor, selected to give energy conservation. 

• Shift all particle three-momenta by a common amount to give net vanishing mo

mentum, and then rescale as before. 



• Shift all particle three-momenta, for each particle by an amount proportional to 
the longitudinal mass with respect to the imbalance direction, and with overall 
magnitude selected to give momentum conservation, and then rescale as before. 

In addition, there is a choice of whether to treat separate colour singlets (like q'q' and 
q^q in a q'qq'q'' event) separately or as one single big system. 

Other fragmentation aspects: 
Here two aspects are considered, which are applicable regardless of whether string or 
independent fragmentation is used. 

Small mass sys tems . Occasionally, a jet system may have too small an invariant 
mass for the ordinary jet fragmentation schemes. This is particularly a problem when 
showers are used, since two nearby g —• q' + <f branchings may give rise to a low-
mass colour singlet system. Before the ordinary fragmentation, there is included an 
optional additional step, to catch situations of this kind. First the jet system with 
lowest invariant mass, minus endpoint quark masses, is found. If this is too low for jet 
fragmentation, an attempt is made to split the system into two hadrons by producing a 
new çY pair (with q' chosen according to the standard fragmentation scheme, so that 
e.g. also diquarks are allowed) to go with the existing endpoint flavours. If the sum 
of the two hadron masses is smaller than the total invariant mass, a simple isotropic 
two-particle decay is performed. If not, the endpoint flavours are combined to give one 
single hadron. Next, the parton (or hadron) is found which, when taken together with 
the jet system, has the largest invariant mass. A minimal transfer of four-momentum 
is then performed, which puts the hadron on mass-shell while keeping the mass of the 
parton unchanged. With this done, one may again search for a low-mass jet system, 
and iterate the procedure above, if need be. The procedure may be seen as a 'poor 
man's cluster fragmentation', i.e. a cluster and a low-mass string are considered to be 
more or less the same thing. 

Bose -E ins t e in effects. A crude option for the simulation of Bose-Einstein effects is 
included, but is turned off by default. Here the detailed physics is not that well under
stood, see e.g. [IS). What is offered is an algorithm, more than just a parametrization 
(since very specific assumptions and choices have been made), and yet less than a true 
model (since the underlying physics picture is rather fuzzy). In this scheme, the frag
mentation is allowed to proceed as usual, and so is the decay of short-lived particles like 
p. Then pairs of identical particles, 7r+ say, are considered one by one. The Q value is 
evaluated, 

Qn = yf(pi+P2y-(rnl+m2)2, (145) 

and a shifted (smaller) Q' is found such that the (infinite statistics) rat io Ci(Q) of 
shifted to unshifted Q distributions is given by the requested parametrization. The 
shape may be chosen either exponential or Gaussian. 

C 2 (Q) = l + A e x p ( - ( Q A f ) r ) , r = l o r 2 . (146) 

(In fact, the distribution dips slightly below unity at Q values outside the Bose en
hancement region, from conservation of total multiplicity.) The change of Q can be 
translated into an effective shift of the momenta of the two particles, if one uses as 
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extra constraint that the total three-momentum of each pair be conserved in the CM 
frame of the event. Only after all pairwise momentum shifts have been evaluated, with 
respect to the original momenta, are these momenta actually shifted, for each particle 
by the sum of evaluated shifts. The total energy of the event is slightly reduced in 
the process, which is compensated by an overall rescaling of all CM frame momentum 
vectors. Finally, the decay chain is resumed with more long-lived particles like TT°. 

Two comments can be made. The Bose-Einstein effect is here interpreted almost 
as a classical force acting on the 'final state ' , rather than as a quantum mechanical 
phenomenon on the production amplitude. This is not a credo, but just an ansatz 
to make things manageable. Also, since only pairwise interactions are considered, the 
effects associated with three or more nearby particles tend to get overestimated. (More 
exact, but also more time-consuming methods may be found in [19].) Thus the input 
A may have to be chosen smaller than what one wants to get out. This option should 
therefore be used with caution, and only as a first approximation to what Bose-Einstein 
effects can mean. 

Part ic le masse s : 
Known particle masses are taken from the Review of Particle Properties [16]. Some 
charm and most heavier hadron masses are calculated according to mass formulae of 
the type 

m = m 0 + £ r n , + * £ ^ . (147) 

Here the m; are the valence quark constituent masses, the fiîëj) are the quark spin-spin 
correlation expectation values, and m 0 and k are free parameters, determined for each 
multiplet separately, from the known spectroscopy. 

Particles may also have a finite width. The mass is then selected according to a 
simple Breit-Wigner shape, either in m or in m 2 , according to choice, but truncated, 
\m — mnominai\ < 8. The 8 value is chosen individually for each particle, such that 
m n o m i n a / — 8 is larger than the sum of (nominal) decay product masses for all possible 
decay channels. This crude approach is introduced so that the choice of a particle mass 
can be decoupled from the subsequent selection of a decay channel. 

Part ic le decays: 
Where known, decay channels and branching ratios are taken from the Review of Particle 
Properties [16]. For r , D° and D+, this information is complemented by additional 
guessed-at decay modes and branching ratios. Also a few other explicit branching 
ratios are based on guesswork. 

For D+, charmed baryons and all bot tom hadrons, the more or less known semilep-
tonic branching ratios are supplemented by phase-space models for the hadronic decays. 
Here an initial flavour content is given, e.g. B+ = ub —* ucud, according to a reasonable 
composition (taking into account Cabibbo suppressed flavour combinations and anni
hilation graphs, where present). A hadron multiplicity is picked, according to a simple 
Gaussian parametrization, which depends on the mass of the decaying particle and the 
decay product flavour composition. Starting from the existing flavours, new q1^' pairs 
are created, according to exactly the same algorithm as used in the fragmentation (thus 
also diquark production is allowed) and paired off with the old flavours, or with each 
other, to give the desired number of hadrons. If the sum of hadron masses exceeds the 
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mother particle mass, the decay channel is rejected, and a new one is selected, starting 
with the same flavour content but a new hadron multiplicity. If the channel is accepted, 
particles are distributed according to phase-space. 

For top hadrons, and other heavy objects, the decay is assumed to take place into a 
new partonic state. This state may contain one or two q{q2 colour singlet systems. For a 
system made up out of a spectator quark and another quark, there is assumed to be no 
QCD shower evolution, since the mass of this state normally is small anyway. Special 
care is also taken to check if this system should be collapsed into one or two particles. 
For other systems, i.e. normally W decay products, shower evolution is performed. 
Thereafter jet systems are fragmented, and so on. 

Most decays are performed according to phase-space, with up to ten decay products 
possible. Some exceptions exist, where matrix element information is included. The list 
contains 

• u; or <p —* 7r+7r~7r°; 

• ~° or TJ —» je+e~ (Dalitz decays); 
• the decay of a pseudoscalar into three pseudoscalars via an intermediate vec

tor-fpseudoscalar state; 
• Y —> ggg or ~/gg; and, of course, 
• V" — .4 weak decay matrix elements, for top and heavier with W propagator effects 

included (and with special care taken so that the W mass generation is done 
efficiently, also if the W and t masses are more or less degenerate). 

U t i l i t i e s : 
JETSET contains utility routines for: 

• event listing, particle data listing and parameter listing; 
• rotation and boosting of events; 
• selective editing of the event record; 
• editing of particle data (including masses, decay modes, and branching ratios); 
• calculation of particle properties not stored (like, e.g., rapidity); 
• sphericity analysis (also with linearized momentum dependence); 
• thrust analysis; 
• cluster finding, either according to a native version with a distance measure of a 

transverse momentum type, or according to the JADE invariant mass recipe [20] 
(which is the better of the two depends on what the reconstructed jets are to be 
used for); 

• calorimeter cell cluster finding of the generic UAl type (i.e. not directed towards 
e + e~ applications); 

• Fox-Wolfram moments analysis; 
• statistics on parton and particle content of event (cumulative during course of 

run); 
• statistics on factorial moments of the charged multiplicity distribution (cumula

tive); and 
• statistics on the energy-energy correlation and its asymmetry (cumulative). 
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4.8.4 Some C o m m e n t s on P r o g r a m Limitat ions 

J E T S E T is a model for hadron production, not a theory. It is therefore clear that some 
ideas work less well than others. On the other hand, JETSET is no worse off in this 
respect than are any of the other program presented in this report. Below, some of the 
limitations and unresolved issues are mentioned. In addition, the subsequent section 
contains a list of disagreements between program and data. 

Electroweak physics . The electroweak cross-section formulae and the initial state 
radiation algorithm give a satisfactory description up to PETRA energies, and a passable 
description up to TRISTAN, but are not suited for precision studies at the Z° peak. 
In particular, it is known that the first order unexponentiated QED radiation formulae 
tend to overestimate the effects of photon emission on the naive Z° line shape. Further, 
the lack of electroweak loop effects in JETSET means that , even disregarding initial 
state radiation, the cross-section is incorrectly described in the Z° region. A number 
of more sophisticated generators for initial state radiation and hard interactions have 
been developed; these are described in the electroweak generators report. Due to the 
modular structure of JETSET, it should be easy to take a qq pair thus generated and 
feed it into J E T S E T for subsequent showering, fragmentation and decays. 

The flavour composition formulae are reasonably complete. The behaviour at flavour 
thresholds is only crudely described, but this should not be important for LEP physics. 
The additional contributions to the bb cross-section that will appear for a heavy top, 
due to loop diagrams, are not included. If JETSET is to be interfaced with an initial 
state radiation program, it may make sense to let that program select the flavour as 
well, since that generally gives more flexibility in the interface structure. 

Like all other programs, JETSET does not address the issues of final state QED 
radiation or initial-final state interference. 

T h e parton shower. The JETSET shower algorithm is less well founded in theory 
than an algorithm like the HERWIG one. In particular, the choice of z variable and 
evolution strategy leads to somewhat different boundaries on the allowed z range for 
branchings than in HERWIG. One peculiar feature is that the evolution of two sister 
partons has to be considered in parallel, with interrelated kinematics cuts. All such 
correlations are absent in the HERWIG algorithm. While the differences formally should 
be of subleading character, this does not mean they need be small. Indeed, there are 
already some indications of such differences, e.g. in that the average parton multiplicity 
increase with CM energy is somewhat slower in JETSET than in HERWIG. It is here 
believed that the HERWIG algorithm does give the correct subleading behaviour. 

Another difference is that the J E T S E T evolution is performed in terms of masses, 
with angular ordering imposed by a veto on nonordered branchings, while HERWIG has 
angular ordering built in already by the choice of evolution variable. Even apart from 
the z differences noted above, this means that there is a difference in the Sudakov form 
factor dampening. In JETSET, with its ordering in masses, large masses for daughters 
are preferred, since then the Sudakov form factor is close to unity; by the same token the 
HERWIG algorithm favours large emission angles, close to the maximum allowed one. 
Of course, one should not overinterpret the word 'favour'; in either case the regions of 
large Sudakov form factors also correspond to regions of small differential cross-section: 
the singularities of the emission process are at low mass and small angles. 



The choice of z definition, discussed above, was selected so as to make the matching 
to first order matrix elements easier. This matching has proved phenomenologically 
successful, in providing a reasonable amount of hard gluon emission. It is still fairly 
unclear whether this is really a consequence of the shower matching procedure in itself; 
equally likely it could be a consequence of the z choice. Also, a proper amount of 
hard gluon radiation is no guarantee that the algorithm handles soft and collinear gluon 
emission properly, and obviously the latter ones are those which will determine the high 
energy behaviour of the algorithm. 

Like most other algorithms presented here, the JETSET algorithm is not fully 
Lorentz covariant. Everything is in principle formulated in term of four-vectors and 
Lorentz scalars, but it is necessary to include the four-momentum vector p0 of the ini
tial 7 / Z 0 in the construction of the invariants. This might seem reasonable for the 
branchings of the initial q and ~q, but in the standard JETSET algorithm po has to 
be used for the z definition in every step of the shower, however removed from the 
primary vertex. An alternative z definition exists in the program, where the reference 
vector is always related to the 'grandmother' parton of a branching, and hence is more 
locally defined, but in this scheme the allowed z range becomes too constrained to give 
a reasonable amount of shower evolution. 

Finally, a note on the angular ordering conditions of eqs. (137) and (138). It might 
seem that the approximation used for the angle is fairly crude. One should remember, 
however, that angles are not Lorentz covariant objects, and so the statement of angular 
ordering is in itself somewhat fuzzy. In addition, the original derivation of coherence 
actually gave a constraint of the kind in eq. (138), which only afterwards was interpreted 
in terms of angular ordering. 

M a t r i x e l e m e n t s . It has already been pointed out, in section 3.2, that the GKS second 
order matrix elements implemented in JETSET are incomplete. When comparing with 
data, this will give somewhat different a s values than would be obtained with other 
matrix elements. Despite this, the JETSET matrix element package is elaborate, flexible 
and user-friendly. The lack of mass effects and the simplified angular orientation scheme 
for four-jets may be seen as shortcomings, but are still of minor importance for most 
LEP applications. 

F r a g m e n t a t i o n . Of the two fragmentation options, only string fragmentation should 
be taken seriously. The independent fragmentation algorithm, in itself, is as powerful 
as any presented in these proceedings, but we know that it fails to describe a number 
of experimental observations, and that there are a number of conceptual shortcomings. 

The string fragmentation algorithm has been very successful experimentally. Cer
tainly a number of compromises have been made in the practical implementation, like 
in the procedure to join the two fragmentation chains in the middle, in some details of 
the string motion, in the translation of the fragmentation function z into the step to be 
taken, and in other issues, but none of these are known to give any real problems. 

The flavour production properties rest on shakier ground. Maybe the whole tun
nelling concept is wrong. Certainly the neglect of hadron mass effects in flavour selection 
is incorrect, or at least only a crude approximation; else it would not have been nec
essary to include separate parameters for the vector to pseudoscalar production ratio 
according to the quark content. The baryon production scenario, with its popcorn 
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mechanism, also seems to have problems in describing the data, despite a large number 
of free parameters. 

Part ic le decays . For very light and very heavy particles, JETSET should have a fairly 
realistic description of decays. It may be the intermediate range which contains the most 
problems: the neglect of r polarization effects, the incomplete usage of experimental 
information on D° and D+ decays, and the uncertain quality of the phase-space decay 
scheme used e.g. for B mesons, to mention the three most obvious cases. 

4.8.5 Comparison wi th D a t a 

For the last five years or so, JETSET has been the most frequently used e + e~ QCD event 
generator for applications above the T region, both at PETRA, P E P and TRISTAN, 
and for LEP and SLC preparatory studies. Considering the verdict of the experimental 
groups, it seems that Lund string fragmentation still is the most successful fragmentation 
model we have today. As for the showering algorithm, it does not seem to fare worse 
than any other currently used. Much of these studies were carried out with version 6.3, 
which, from a physics point of view, is just about equivalent to 7.1. A few examples 
of comparison between model and data are given in section 5 of this report. A slightly 
longer discussion, from the horizon of the JETSET author, may be found in [21]. 

The main problems known in comparisons between data and model include. 

• The B meson fragmentation spectrum is too hard. In principle, with the a and b 
parameters of the Lund symmetric fragmentation function determined by inclusive 
event properties, a unique prediction exist for charm and bottom fragmentation 
functions. Charm seems to come out reasonably well, but not bottom. Conceiv
ably the problem could be, at least partly, in an underestimation of gluon emission 
from b quarks, but it could also signal a breakdown of the 'left-right' symmetry 
argument for leading particles. 

• Despite a large number of flavour composition parameters, it is not possible to 
achieve a completely satisfactory description of particle production rates. In par
ticular, the fi~ rate seems to be underestimated by more than a factor 10 in the 
program as compared to P E T R A / P E P data (whereas the difference with CLEO 
and ARGUS data seems to be less). 

• The program overestimates the fraction of protons among high-momentum charged 
particles. This could signal the need for a separate a parameter for baryon pro
duction, but could also arise from more fundamental problems. 

• Baryon-antibaryon correlations favour a low pure diquark pair production rate, 
i.e. most event seems to have (at least) one meson produced between the baryon 
and the antibaryon. It is then not a good approximation to only allow for one 
intermediate meson in the popcorn scenario, as is done in the program. Ultimately, 
the whole baryon production philosophy may be put in question. 

• Raising the sight beyond the e + e~ horizon, the model has met with additional 
problems. While most of these fall outside the frame of this report, it may be 
interesting to note that even a parameter as fundamental as the s/u quark sup
pression factor, 7i, seems to vary from process to process, and with CM energy. 
This could signal a breakdown of jet universality, or serious model deficiencies. 
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4.8.6 Installation and Running 

JETSET is written entirely in FORTRAN 77, and should run on any machine with a 
reasonable FORTRAN 77 compiler. Problems may exist on some machines. Thus the 
use of sequential access files for unformatted read/write is not allowed on the APOLLO, 
but this feature is anyway not strictly needed (it only appears in the optional storing 
of random number seed values). 

More importantly, options for generating optimized code are known to cause prob
lems on a number of machines, including IBM and DEC. These are not bugs in JETSET, 
but compiler bugs, and can be avoided by choosing a low optimization level. One typi
cal problem, that appears on the IBM with optimization level 3, is that statements get 
pulled out of an IF . . . THEN . . . ELSE structure inside a DO loop, and placed before 
the loop, without the IF test being performed. Then an uninitialized variable may be 
used, leading to a program crash. 

While version 6.3 required the user to interface and link an external random num
ber generator, version 7.1 includes the new RANMAR [22] machine-independent, long-
period random number generator, in a slightly modifed version compared to the CERN 
library one (a different seed value etc.). There is therefore no need to link to any external 
libraries. 

All particle data and default values are stored in a BLOCK DATA subprogram, 
LUDATA, which appears at the end of the program file. This subprogram must be 
properly linked, something which may require extra machine-dependent commands. 

Since most machines in current use are 32 bit ones, this is the precision normally 
assumed. A few pieces of code have therefore had to be written in double precision. 
On a 64 bit machine, it is not useful to have double precision at all; either this can be 
switched off by a compiler option or by minor changes in the code (as described in the 
manual). 

A test program, LUTEST, is included in the JETSET package. It is disguised as 
a subroutine, so the user has to run a main program consisting of the two lines CALL 
LUTEST(O) and END to generate 600 events of varying types. If JETSET has not 
been properly installed, this program is likely to crash, or at least generate a number 
of erroneous events, which will then give error warnings. 

JETSET is built as a slave system, run by subroutine calls from a user-written main 
program, with details set by commonblock switches and parameters. The complete list 
of switches/parameters is very long, essentially for three reasons: 

• the physics model in itself is complicated and has many free parameters, in par
ticular for the flavour description; 

• the author is fairly conscientious in making even rather peripheral and seldom used 
parameters available in commonblocks, instead of just assigning values inline; 

• JETSET contains a broad range of physics options, which e.g. means separate sets 
of parameters for string and independent fragmentation, or for matrix elements 
and parton showers. 

Some of the switches and parameters most relevant for e +e~ applications are collected 
in Table 10. 

For each e +e~ annihilation event to be generated, a call is to be made to the sub
routine LUEEVT, which has two parameters. The first, KFL, is the requested flavour 
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Table 10: Main switches and parameters in JETSET 7.1. The description is rather 
simplified; more details and options are given in the program manual. 

Parameter Default Meaning 
name value 

MSTJ(104) 5 number of flavours allowed in e+e~ —• qq 
MSTJ(107) 0 0/1 = off/on switch for initial state 7 radiation 
MSTJ(lOl) 5 QCD: 2 = second order matrix el., 5 = parton showers 
MSTJ(42) 2 1/2 = conventional/coherent shower evolution 

MSTJ(105) 1 0/1 = off/on switch for fragmentation and decays 
MSTJ(l) 1 1/2 = string/independent fragmentation 
MSTJ(l l ) 1 Lund fragmentation function, or other shapes 

PARU(lOl) 0.0072974 Oem 

PARU(102) 0.229 sin2#vv 
PARJ(123) 92.4 mz used in electroweak cross-section (GeV) 
PARJ(124) 2.55 Tz used in electroweak cross-section (GeV) 
PARJ(122) 0.5 AÂTS for second order matrix el. and RQCD (GeV) 
PARJ(125) 0.02 y matrix element cut-off 
PARJ(Sl) 0.40 A-QCD in shower evolution (GeV) 
PARJ(82) 1.0 lower mass cut-off of shower evolution (GeV) 
PARJ(l) 0.10 diquark/quark production ratio 
PARJ(2) 0.30 s/u quark production ratio 
PARJ(3) 0.40 extra strange diquark suppression 
PARJ(4) 0.05 spin 1 diquark suppression factor 
PARJ(ll) 0.50 spin 1 fraction for light (u, d) mesons 
PARJ(12) 0.60 spin 1 fraction for strange mesons 
PARJ(13) 0.75 spin 1 fraction for charm and heavier mesons 
PARJ(21) 0.35 width of quark transverse momentum dist. (GeV) 
PARJ(41) 0.5 a parameter of Lund fragmentation function 
PARJ(42) 0.9 b parameter of Lund fragmentation function (GeV - 2 ) 

PMAS(6,1) 60. top quark mass (GeV) 
PMAS(7,1) 120. fourth generation low quark mass (GeV) 
PMAS(8,1) 200. fourth generation high quark mass (GeV) 

J PMAS(17,1) 60. fourth generation x lepton mass (GeV) 

of the primary qq pair, with 1 - 6 corresponding to <f, u, s, c, b and t, respectively, and 
0 to the physically expected mixture. The second parameter, ECM, is the total CM 
energy of the event, given in GeV. 

The typical generation time per 92 GeV e +e~ event is 0.035 s (true) IBM 3090 time. 
There are no particular problems associated with running JETSET. The modest 

amount of initialization that may be needed is taken care of by the program automat-



ically. Parameter values need not be fixed once and for all at the beginning of a run, 
but may be changed freely at any time. A user should note, however, that the order 
of indices in two-dimensional arrays is the opposite to what is used in other programs: 
in the momentum array, e.g., the first index is the particle number and the second the 
momentum component. Thus the components of a particle's four momentum are not 
stored in contiguous locations in computer memory, which can lead to inconvenience in 
the manipulation of the JETSET event record by the user. 

Version 7.1 is based on the Particle Data Group standard particle numbering scheme, 
see section 6.1. A separate compressed code is used internally for the storage of particle 
properties, but is not visible to the outside observer. 

4.8.7 Availability and Future P lans 

JETSET version 6.3 is available in the CERN library, and can either be accessed in 
PATCHY format or as a ready-made TXTLIB; on the IBM do 'FIND J E T S E T ' for 
further details. A non-PATCHY copy is stored on disk TORSJO 192 as JETSET63 
FORTRAN. Since 6.3 still is the default version for many users, it is expected that 
version 6.3 will coexist for some time to come with later ones, i.e. 7.1 and beyond. 

Version 7.1 is so far only available in JETSET71 FORTRAN on the TORSJO 192 
disk, with the companion file JETSET71 MANUAL (4200 lines) containing the complete 
manual. The compiled version JETSET71 T E X T can be linked with an INCLUDE or 
a LOAD statement. The version on this disk may be gradually updated, if bugs are 
found, or for minor additions. When JETSET 7.2 appears, 7.1 will first be frozen, and 
later completely removed. Version 7.2 will be submitted to the CERN library. 

From outside CERN, programs may obtained over BITNET by contacting the author 
on TORSJO@CERNVM. 

Version 7.2 will probably appear during the course of 1989. Changes compared 
to 7.1 will be modest, and backwards compatibility will be kept, with some minor 
exceptions. A subroutine which performs conversion from the LUJETS commonblock 
to the proposed standard HEPEVT commonblock discussed in section 6.2, and the 
other way around, will be included (conceivably that routine could be added already to 
version 7.1). Further changes and additions may include 

• photon emission as part of final state shower evolution; 
• azimuthal asymmetries in shower evolution, as caused by soft gluon interference; 
• more second order matrix element options, in addition to the GKS one; 
• the possibility to pick an optimized scale for second order matrix elements; and 

• a retuning of fragmentation parameters with tensor meson production included. 
In the long term, it is planned to make use of the PYTHIA program [10] for the 

generation of the hard scattering process and to use JETSET only for the subsequent 
shower evolution, fragmentation, decays, and utility functions. Thus it will be possible 
to use the same matrix elements, e.g. to generate a W+W~ pair, or to describe Higgs 
production via various processes, whether the incoming beams be e + e~ or pp (or a 
few other alternatives). Much of the machinery for this already exists inside PYTHIA, 
although additional components will have to be added for a realistic description, in 
particular of threshold behaviour. 

285 



References 

[1] T. Sjôstrand, Computer Physics Commun. 39 (19S6) 347 
[2] T. Sjôstrand, M. Bengtsson, Computer Physics Commun. 43 (19S7) 367 
[3] B. Andersson, G. Gustafson, C. Peterson, Z. Physik C l (1979) 105; 

B. Andersson, G. Gustafson, Z. Physik C3 (1980) 22; 
B. Andersson, G. Gustafson, T. Sjôstrand, Z. Physik C6 (1980) 235; Phys. Lett. 
B94 (1980) 211; Nucl. Phys. B197 (1982) 45; Z. Physik C12 (1982) 49; 
B. Andersson, G. Gustafson, B. Sôderberg, Z. Physik C20 (1983) 317 

[4] B. Andersson, G. Gustafson, G. Ingelman, T. Sjôstrand, Phys. Rep. 97 (1983) 31 
[5] T. Sjôstrand, Phys. Lett. B142 (1984) 420; Nucl. Phys B248 (1984) 469 
[6] B. Andersson, G. Gustafson, T. Sjôstrand, Physica Scripta 32 (1985) 574 
[7] T. Sjôstrand, Z. Physik C26 (1984) 93 
[8] M. Bengtsson, T. Sjôstrand, Phys. Lett. B185 (19S7) 435; Nucl. Phys. B289 (1987) 

810 
[9] F.A. Berends, R. Kleiss, Nucl. Phys. B260 (1985) 32 

[10] H.-U. Bengtsson, T. Sjôstrand, Computer Physics Commun. 46 (1987) 43 
[11] G. Ingelman, T. Sjôstrand, LU TP 80-12 (1980); 

G. Ingelman, LEPTO version 4.3, CERN program pool long writeup, program 
W5046 (1986) 

[12] F.A. Berends, R. Kleiss, S. Jadach, Nucl. Phys. B202 (1982) 63; Computer Physics 
Commun. 29 (1983) 185 

[13] G. Bonneau, F. Martin, Nucl. Phys. B27 (1971) 381 
[14] B.R. Webber, Ann. Rev. Nucl. Part. Sci. 36 (1985) 253 
[15] H.A. Olsen, P. Osland, I. 0verb0, Nucl. Phys. B171 (1980) 209 
[16] Particle Data Group, G. P. Yost et. al, Phys. Lett. B204 (1988) 1 
[17] X. Artru, Phys. Rep. 97 (1983) 147 
[18] B. Lôrstad, Int. J. of Mod. Phys. A4 (1989) 2861 
[19] W.A. Zajc, Phys. Rev. D35 (1987) 3396 
[20] JADE Collaboration, W. Bartel et. al, Z. Physik C33 (1986) 23; 

S. Bethke, Habilitation thesis, LBL 50-20S (1987) 
[21] T. Sjôstrand, Int. J. of Mod. Phys. A3 (1988) 751 
[22] G. Marsaglia, A. Zaman, FSU-SCRI-87-50 (1987); 

F. James, CERN-DD/8S/22 (1988) 

286 



287 

4.9 NLLjet 
4.9.1 Basic Facts 

Program name: NLLJET, a QCD parton shower Monte Carlo based on 
the Next to Leading Logarithmic Approximation [1] 

Version: NLLJET 0.1, from March 19S9 
Authors: K. Kato 

Physics Dept., Kougakuin Univ., Shinjuku-ku, 
Tokyo, Japan 160 
T. Munehisa 
Faculty of Engineering, Yamanashi Univ., Kofu, 
Yamanashi, Japan 400 
T. Kamae 
Dept. of Physics, Univ. of Tokyo, Bunkyo-ku, 
Tokyo, Japan 113 
A.Shirahashi 
Dept. of Physics, Univ. of Tokyo, Bunkyo-ku, 
Tokyo, Japan 113 

P r o g r a m size: 8266 lines 

4.9.2 Physics Introduct ion 

The Monte Carlo simulation of perturbative QCD is ordinarily based either on matrix 
elements or on the Leading Logarithmic Approximation (LLA), as discussed in sec
tion 2.2. The advantage of the former is the well denned nature of the theory, leading 
to quantitative predictions which may be tested experimentally. The disadvantage of 
matrix elements is that they exist to low orders only, due to the complexity of the cal
culations. Matrix element predictions exist only up to second order for the differential 
cross-sections which are necessary for a Monte Carlo simulation. Meanwhile various 
experimental studies have established the likely importance of multiple QCD radiation 
for the description of the overall characteristics of multihadronic annihilation da ta at 
LEP energies [2]. In contrast, Monte Carlo simulations based on the Leading Logarith
mic Approximation do possess multiple parton emission terms. However QCD to the 
leading logarithmic level contains many ambiguities not present in the matrix element 
formulations. These ambiguities include the functional forms of the arguments Q and 
z of the strong coupling constant as(Q2) and of the Altarelli-Parisi splitting kernels 
P;_jjfc(r). In addition, the renormalization scheme is left ambiguous in LLA models, 
in that calculations employing different renormalization schemes are equivalent to the 
leading logarithmic level. As a consequence, quantitative tests of QCD are difficult with 
leading logarithm based Monte Carlos. In particular, the QCD scale variable A, which 
is present as a fundamental parameter in the LLA models, cannot be calculated theo
retically. Therefore the values of A extracted from LLA models through comparision 
with data have no real theoretical meaning. 

The NLLJET Monte Carlo of Kato et. al. at tempts to remedy this situation through 
the construction of a parton shower algorithm based on the Next to Leading Logarith
mic Approximation (NLLA), which includes one-loop corrections to the LLA picture. 
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At the NLLA level, the theoretical ambiguities discussed in the previous paragraph are 
no longer present. The renormalization scheme may be specified unambiguously, for 
example. As a consequence, NLLJET holds the promise for a QCD Monte Carlo algo
rithm which possesses the advantages both of matrix elements (well defined theoretical 
input permitting a quantitative test of QCD) and of parton showers (incorporation of 
multiple parton emission and a better overall description of data at high energies). 

It should be stated that NLLJET is in an active state of development. The authors 
do not claim that the full promise of their program has yet been realized. The computer 
code for NLLJET has not been 'officially' released to the general user. One aspect of 
the program which the authors feel requires further work is the inclusion of the qqg 
state from the electroweak vertex (in e + e~ annihilations), to supplement the qq state, 
in a manner which is theoretically consistent and which has been adequately tested. 
Such work will certainly be necessary before the claim may be substantiated that the 
'A parameter ' of NLLJET is equivalent to Ajjg. 

4.9.3 Detai led Phys ics Descr ipt ion 

Electroweak c ross - sec t ion a n d Q E D radiative co r r ec t i ons : 
The electroweak point-like scattering in NLLJET is based on first order electroweak 
matrix elements describing the exchange of a photon or a Z° in the 5 channel. At 
most one initial-state photon may thereby be emitted in the scattering process. Quark 
mass effects are included in these expresssions. The electroweak cross-section and QED 
radiative corrections implemented in NLLJET are therefore similar to those of JETSET. 
The authors of NLLJET state that they intend to extend their program to include higher 
order QED radiation in the electroweak scattering at some point in the future. 

It is possible with NLLJET to specify the creation of a specific quark flavour or to 
generate a mixture of flavours according to the relative values of the cross-sections for 
the individual quarks. 

T h e N e x t to Leading Logarithmic Par ton Shower: 
The physics behind the Next to Leading Logarithmic Approximation as implemented 
into the NLLJET parton shower algorithm is presented in refs. [3,4], which also contains 
references to the underlying theoretical work. Briefly, the Next to Leading Logarithmic 
Approximation is a summation over terms which represent the mass singularities in 
a perturbative expansion - as is the usual LLA - but it improves on the LLA by 
including parton branchings which are valid to the second order rather than to just the 
first order of the strong coupling constant. The NLLA thus includes the three body 
parton splittings 

q -+ q + g + g, 
q -» q + q'+q', 

9 -» 9 + 9 + 9, 
g -> g + q + q, (148) 

where q represents a quark and g a gluon. The two body parton splittings, 

9 -* 9 + 9, 
9 -* 9+9, 
9 -» q+1, (149) 



are of course also included in the NLLA summation, with the Altarelli-Parisi splitting 
functions Pa->bc n e r e given to second order in 0-5 (i.e. including one-loop effects). In 
contrast, the usual Leading Logarithmic Approximation includes only the parton split
tings (149), with splitting functions only given to first order in as- The Next to Leading 
Logarithmic Approximation might thus be said to hold the same position relative to 
the Leading Logarithmic Approximation that second order matrix elements hold to the 
first order expressions. 

The Monte Carlo algorithm itself is discussed somewhat in [1]. In its general prin
ciples this algorithm is not so different from those of other QCD cascade Monte Carlos 
(see the description of the parton shower simulation in HERWIG, for example); how
ever there is necessarily much richness of detail in the implementation because of the 
multitude of branching possibilities (148) and (149). 

The main evolution variable is the parton virtuality, i.e. Q2

evol — m 2 . At an a —• be 
branching, the z variable is chosen as the light-cone fraction 

Eb + PLb , . „ . 
-ka + PU 

where the longitudinal momentum direction is chosen along the a parton momentum 
vector. At an a —* bed branching, two variables z^ and zc are to be selected, with 
Zd = 1 — Zb — zc by energy and momentum conservation. In addition, the full kinematics 
is rather more complicated. 

In its earliest versions, the NLLJET showering algorithm used a gauge choice such 
that only one of the initial partons (q or "q) was free to radiate [3]. In the current version, 
both initial partons are on equal footing and may radiate [4]. Due to the light-cone 2 
definition, a low z value corresponds to a parton emitted in the backwards hemisphere. 
To avoid doublecounting in the total emission probability, it is therefore necessary to 
impose an extra cut on allowed z values, a cut which depends on the virtuality of the 
emitting parton and which uniquely separates q from ~q emission. 

The NLLJET Monte Carlo includes angular ordering in the polar emission angles of 
the partons in its shower, in order to simulate some of the consequences of interference 
due to the coherent emission of soft gluons. 

Fragmentation and Decays : 
Originally, a separate fragmentation package was used. In this model, gluons were split 
into q^q' pairs, with final quarks rearranged into colour singlet systems (just like e.g. in 
HERWIG). Each q{q2 system was then fragmented like a pair of back-to-back jets, in 
the spirit of independent/string fragmentation models (the two essentially agree for this 
simple system), with special provisos for the handling of low-mass systems. 

In the current version, the fragmentation of partons and the decays of hadrons are 
performed using the JETSET library, version 6.3. 

4.9.4 Comparison w i th D a t a 

The authors of NLLJET have compared the predictions of their Monte Carlo, for global 
multihadronic event shapes (thrust, sphericity etc.), for the energy-energy correlation 
and its asymmetry and for jet multiplicités, to experimental data in e+e~ annihilations 
at CM energies between 29 GeV and 60 GeV [1,5]. Generally they find quite good 
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agreement between model and data except for the energy-energy correlation asymmetry 
(EECA). They suggest that the problem with the EECA is a consequence of the lack 
of a complete integration of the matrix element for e + e~ —» qqg into their model [1]. 

4.9.5 Instal lat ion and Ava i l ab i l i ty 

The NLLJET program has not yet been released to the general public. The au
thors first wish to further develop and test their program. BITNET mail may be 
addressed to KAMAESJPXKEKVM or DECNET mail to KEKVAX::KAMAE or to 
TKYVAX::KAMAE for inquiries, however. 

The current version of the program (version 0.1) is written in VAX specific Fortran 
but is convertable to run on IBM VM/XA with relatively modest effort. The program 
initialization time is very long, about twenty IBM 3090 minutes or about two VAX 8530 
hours. This time is (mainly) spent in tabulating the Sudakov form factors needed in the 
shower evolution. The authors intend to reduce this time in the future. A feature exists 
by which the start-up data may be stored on disk so as to avoid the long initialization 
time, except for the first time the program is run. Even when making use of this feature 
the initialization time is several IBM 3090 minutes, however. The long initialization time 
cannot be avoided should either one of the main perturbative parameters controlling 
the parton shower or the CM energy be changed. 
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4.10 PAR JET 
4.10.1 Basic Facts 

Program n a m e : PARJET for paxton shower evolution [1,2,3] 
BAMJET for fragmentation [4,5] 
DECAY for decays [6] 

Vers ion : PARJET-8S from 19SS [7] 
Authors: Fippel, K. Haensgen, R. Kirschner, J. Ranft, S. Ritter 

Arbeitsgruppe Hochenergiephysik 
Sektion Physik 
Karl Marx Universitât 
Karl Marx-Platz 10-11 
DDR-701 Leipzig 
BITNET RAN @ CERNVM (J. Ranft; only occasionally at CERN) 

P r o g r a m size: 4542 lines 

4.10.2 Phys i c s In troduct ion 

The PARJET code of Ritter [1,2,3] implements the evolution of quark-antiquark jets, as 
produced in e + e " . The parton decay into partons is treated on the basis of perturbative 
QCD in the leading logarithmic approximation (LLA), according to the procedures 
developed in Refs. [2,3,8,9]. The LLA allows a simple probabilistic interpretation of 
the parton evolution as a branching process. The branching process is stopped if the 
invariant masses of the decaying partons become less than a non-perturbative cut-off 
parameter fi, in the order of a typical hadronic mass scale. PARJET was modified in 
1988 by Kirschner and Fippel [7], so as to include the angular ordering scheme [10,11,12], 

PARJET uses for the fragmentation into hadrons the code BAMJET [4,5], and for 
the decay of hadron resonances the code DECAY [6]. Both are included in the PARJET 
package. The Refs. [1,4,6] contain the long writeups of these procedures. 

4.10.3 Comparison wi th D a t a 

A comparison of the results obtained with the Monte Carlo code P A R J E T (without 
angular ordering) has been published in Ref. [3] (1982). Good agreement with data 
from e + e~ annihilation into hadrons from the PETRA storage ring in the energy range 
up to ^/s « 30 GeV was found. Studied were in particular average charged multiplicities, 
charged multiplicity distributions, average multiplicity for charged pions, charged kaons 
and antiprotons, average transverse and longitudinal momenta, and average transverse 
momentum-squared of charged particles, all as a function of y/$; further transverse 
momentum distributions dN/dpj of all charged particles, the cross-section s da fdz as a 
function of scaled hadron momentum fraction z = 2p/y/s for charged particles, rapidity 
distributions, inclusive cross-sections for ir*, K±, pp and AA production, energy-energy 
correlations, and charge compensation probabilities as a function of rapidity. 
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4.10.4 The code: Availabil ity and Plans 

The Monte Carlo code PARJET, originally written in FORTRAN 4, runs in its present 
version under FORTRAN 77. It has been tested on the IBM mainframe computer. For 
1000 events at v ^ ~ 100 GeV, one needs about 1 minute of CPU time on the IBM 3090. 

The most important input parameters are: 

• centre of mass energy y/s of the qq system; 
• initial quark flavour ( in the present version only utx, dd, ss, and cc initial states 

are possible); 
• QCD scale parameter A; 
• minimal allowed final parton mass p.. 

The fragmentation code BAMJET is controlled by some parameters, which allow a 
modification of the fragmentation, see Ref. [4]. The published writeups [1.4,6] are valid 
also for the new code PARJET-8S. 

Present plans include a detailed comparison of PARJET-SS with data and a mod
ernizing of the fragmentation and decay codes, especially regarding charm and bottom 
decays. 

The code is freely available, and can be found on disk RAN 195 on the CERNVM 
system, as follows: 

• the file TEBAMPAR FORTRAN contains the program proper; 
• the file TEBAMPAR DATA contains necessary runtime data; and 
• the file BAMPAR EXEC contains a sample command file for running the program. 
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4.11 TIPTOP 
4.11.1 Basic Facts 

Program name: TIPTOP, a Monte Carlo for Heavy Fermion Production and Decay 
in e + e~ Annihilation [1,2]; 

TIPLOT, a Monte Carlo for Forward-Backward Asymmetries 
in Heavy Fermion Production 

Version: T I P T O P version 1.1, T IPLOT version 1.1 
Authors: S. Jadach 

Institute of Physics 
Jagellonian University 
Cracow, Poland 
BITNET JADACH @ CERNVM (when at CERN) 
Johann H. Kûhn 
Max Planck Institute for Physics 
Miinchen, Fed. Rep. Germany 
BITNET JXK @ DM0MPI11 

Program size: T I P T O P 2150 lines, TIPLOT 387 lines 

4.11.2 Physics Introduct ion 

One of the important aims of LEP will be the search for heavy fermions. Besides the 
top quark, these heavy fermions include a fourth generation down type quark b', a 
fourth generation lepton Z-, as well as other coloured fermions predicted by more exotic 
models. It is thus important to have a Monte Carlo that gives a precise simulation of 
the production and the decay of these fermions. Because of the short lifetime of heavy 
fermions, it is convenient to treat production and decay jointly. 

A description should take into account the electrodynamic radiative corrections, 
which are known to give important contributions to lepton and quark production. Ide
ally, the Monte Carlo should also include QCD corrections. Finally, the semileptonic 
and hadronic decay modes require the use of a hadronization scheme. 

The Monte Carlo T I P T O P is designed to fulfill some of the requirements above by 
having the following features: 

1. It simulates the production process e + e~ —*• FF(~f) followed by the decay F —* 

/i + / 2 +7 3 -
2. It incorporates initial s tate bremsstrahlung. 

3. It takes into account spin and mass effects of F and the weak isopartner / j . 

4. It has a switch for simulation of the production and decay of a heavy lepton L, 
top quark t, or fourth generation 6', followed by their decays. 

5. It takes into account polarization of F , and its effect on the decay products. 

6. It takes into account longitudinal beam polarization. 

7. For mp < mw the effect of the W propagator are included, and for mp > m\y the 
production of a real W with finite width, with subsequent decay including spin 
effects. 
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The program is a natural extension of KORALB of Jadach and Was [3.4] for r 
production, generalized to include heavy quarks. It has thus the important features 
of the inclusion of mass and spin effects of that program. The TIPTOP package also 
comes with a program to calculate the forward-backward asymmetries by taking into 
account initial state radiation, quark polarization, and kinematical effects on the heavy 
quark decay. In particular, spin effects contribute to these asymmetries. 

The program package consists of the five distinct and relatively well separated parts: 

1. EMAUS Monte Carlo for the production process e + e ~ —• FF(~f). 

2. TOPOLA for the decay F -> / j + f2 + / 3 . 

3. MATRIX ELEMENT for EMAUS. 

4. JMCLIB general purpose library of Monte Carlo and kinematics. 

5. T IPLOT Monte Carlo for calculating forward-backward asymmetries. 

The detailed description of each of these programs follows. 

4.11.3 Deta i l ed Phys ic s Descr ipt ion 

P r o d u c t i o n of the fermions: 
The heavy fermion production process e+e~ —• FF(*y) is very complicated from the 
simulation point of view [5]. This is because the differential cross-sections does not 
factorize into production and decay parts, heavy fermion decay being sensitive to spin 
polarization.This difficulty is resolved in T I P T O P in the following fashion. 

First, the e + e ~ —* FF event is generated, assuming that the incoming electron/posi
tron pair is unpolarized, and similarly the fermion decays are simulated with the neglect 
of spin polarization effects. Only afterwards is any e+e~ polarization dependence intro
duced, together with all polarization effects in the fermion decays, in the form of one 
singe overall event weight, which is used to decide whether to keep or reject the event. 

This part of the program is based on the program KORALB for the production of 
r pairs. The amplitude for the process e + e~ —+ FF is written in a similar fashion as 
that for T pairs [2], i.e.: 

T = - k(F)QF7liv(F)v(e+)Qel-u(e-)+ 
s l 

X{s)a(F)(vF + aFl5)^v(Fp{e+)(ve + ael<,)tYu{t-)\ , (151) 

where x(s) i S *h e ratio of Z° and 7 propagators, eq. (5). 

The novel feature of the program is the fact that spin effects are included. The 

cross-section is given by: 

(1 -f a^s" + v s " + c^s's"). (152) 

Here (da/dQ.)0 stands for the spin averaged differential cross-section, and s" and 3 M for 
the spin vectors of F and F, respectively. The au, a„ and cM„ are functions of the four-
momenta of the initial and final particles, including any photon. The explicit formulae 
are given in ref [6]. 

Initial state radiation is also included in the production part of the Monte Carlo, 
EMAUS. If a photon is emitted, the four-momenta of the F and F are chosen in the 
reduced center of mass system, according to the lowest order do /dSl. 

da__( 
dÙ~{ 
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Initial s tate QED radiation: 
In the first part of the production algorithm, the photon momentum E1 is generated 
according to the distribution: 

-£ = cr0 [6{k)ps(k0) + 0(fc - ko)p(k)}, (153) 

where k — E^jE\,tam. The pointlike cross-section a0 — 4<ra 2e 4/3.s is used as normaliza
tion. A cut at k0 = 0.003 (called EPS in the program) is introduced in the photon energy 
spectrum, so as to isolate the infrared singularity. Hard events, with k > k0, and soft 
events are handled separately. The function p, collects contributions from the lowest 
order virtual and soft radiation graphs, whereas p(k) gives the hard contributions. 

The method used for the generation of the photon is the weighting rejection technique 
described in [5]. 

Inclusion of spin effects: 
The production cross-section, including the dependence of the spin vectors, is given in 
eq. 152. The decay amplitude(s), given in the appendix of [1], can be cast in the form 

dTF = (1 + 6„5")((fI»o, 

dTj = (1+~b^)(dTT)0. (154) 

Here {dT)o is the spin independent cross-section, which is a function of the initial and 
final momenta. 

The second part of the program, TOPOLA, first simulates the decays as the F and 
the F unpolarized. It also calculates the vectors 6 and 6, and transfers them back to 
EMAUS. At this stage, the e ± polarization effects and the spin effects in the fermion 
decay are introduced as a single weight, which is used to reject events. The resulting 
multi-differential cross-section for the combined production and decay process is given 
by 

dvspin = ( l - a ^ - a^b" + c^b^b") {da)0(dT F)0(dTj)0 (155) 

The complete description of this technique is given in [3]. 

Polarization effects may enhance or deplete distributions of decay products of one 
fermion by a factor between one and two, and of two fermions between one and four. 
For heavy quarks, it must be noted that hadronization may alter the spin dependence 
of the production and decay cross-sections. In general, one assumes that the form of 
these terms is not changed, but that only their magnitude is reduced by a factor / [7]: 

dajinai = [l - / ( M " + ô ft) + / 2 c M V 6 " F ] (da)o{dTF)0(dTT)0DFDT, (156) 

where DF and Dj are the fragmentation functions for F and JP, see section 2.3 and the 

JETSET description. 

Fragmentat ion: 
Fragmentation is performed by calls to the J E T S E T program. 

Forward-backward asymmetr ies : 
Forward-backward asymmetries constitute important measurements at LEP, since they 
serve as tests for the electroweak couplings of heavy quarks, and of any new couplings 
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envisaged beyond the standard model. Two types of asymmetries can be studied, us
ing TIPLOT in conjunction with T IPTOP: either the asymmetries of the hevy quarks 
themselves, by reconstruction from their decay products, or, more directly, the asym
metries of the leptonic final states. Experimentally, the first method is subject to the 
uncertainty arising from the choice of reconstruction technique, as well as the effects of 
QCD corrections, but it is directly related to the asymmetry. The second method is 
cleaner, but is less direct. 

The study of forward-backward asymmetries of decay product leptons avoids the 
complications of QCD corrections. However, because of the energetics of the decay 
process, there is a spillover of decay products into the opposite hemisphere, which 
affects the lepton asymmetries. The spin polarization of the quarks also affects results. 
All this can be well studied by this Monte Carlo. Initial s tate radiation effects can 
also be studied, and are seen to affect the quark and lepton asymmetries only slightly. 
As mentioned above, in the hadronization process the spin polarization is assumed to 
be diluted by a factor / . The dependence of the asymmetries on / can and has been 
studied by this Monte Carlo; thus various models can be tested by studying both the 
angular and energy distributions of heavy quark decays. 

4.11.4 Limitat ions of the Program 

The major limitations of T IPTOP are the following: 
1. It does not include QCD corrections, which may have important effects on the 

shape of the lepton spectrum and on the total decay rate of heavy quarks. In 
particular, gluon radiation effects are not included. 

2. Final state QED radiation is not included. 
3. The /1/2 isodoublets couple in a pure V — A fashion. 

4.11.5 Comparison with D a t a 

Although, of course, no data is presently available to compare the results of this Monte 
Carlo for top and b' production, several test runs have been made by the authors to test 
the effects of initial state radiation and fermion polarization on the single muon energy 
spectrum of the decay of the heavy lepton/quark. Muons are studied so as to avoid the 
complications mentioned earlier about the choice of the fragmentation function. For a 

' lepton mass of the order of 75% of beam energy E (tested at E = 80 GeV) the initial 
state radiation has negligible consequences. However, as the lepton mass becomes a 
smaller fraction of the beam energy, the effects are more pronounced. 

Fermion polarization, on the other hand, has more dramatic effects on the single 
muon distribution. This is because in Z° decay into heavy fermions, the polarization is 
large and the distributions reflect this. The authors have studied the effect for mt = 40 
GeV and three values for the depolarisation factor, / = 0 , 1 /2 ,1 (see ref. [1]). 

The same studies have been performed for the forward-backward asymmetries, both 
for the heavy fermions and for the prompt muon decays. The effect of the initial state 
radiation is much more pronounced in this case, see ref [2]. 



4.11.6 Installation and R u n n i n g 

The following programs are installed on the CERNVM, on disk BAMBAH 191. They 
can also be obtained directly from the authour Kûhn. 

1. TIPDEMO FORTRAN: The main demonstration program. 

2. T IPTOP FORTRAN : The T I P T O P program itself. 

3. TIPDEMO DATA : Input data. 

4. TIPDEMO LISTING : Output listing from TIPDEMO. 

The TIPDEMO is an example of how to use the program as a black box. By default, it 
generates heavy lepton events. 

A complete e + e~ event is generated by calls to the subroutine 
TIPTOP(MODE,IDPROC,ENE,IPAR,PAR), where the first parameter MODE is - 1 , 
0 or + 1 depending on whether T I P T O P is in the initialization mode, the generation 
mode, or the termination mode. The Parameter IDPROC selects the heavy fermion 
type. IDPROC = 2, 3 and 4 corresponds to a heavy lepton, top and b', respectively. 
ENE is the beam energy. The array IPAR(l-6) contains switches which can turn initial 
state radiation and spin effects on and off. The array PAR(1-16) contains information 
about polarization, fragmentation depolarization factor, particle masses, and various 
couplings. The assignments are well explained in the program. 

In the generation/production mode, MODE = 0 , the events produced are stored in 
the common LU JETS. The hadronization takes place by a call to LUEXEC. The demon
stration program TIPDEMO provided with T I P T O P can be run without LUJETS by 
deactivating the commented lines. It should be noted that the original program uses 
the old version of HBOOK - this has been altered in the files listed above. 

In the post-generation mode, MODE = 1, information concerning the integrated 
cross-section and the partial decay rates of the heavy fermions can be printed in the 
output files and can be read through the arrays PAR and IPAR. 
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5 Physics Issues 
This section has three main purposes: 

1. to give an overview of experience gained in comparing e + e ~ data with existing 
event generator models; 

2. to remind the reader of unresolved issues, tha t maybe have not been considered 
in programs development, or are present only at a very primitive level; and 

3. to point at experimental studies at LEP that could help us increase our under
standing of multihadronic events and the modelling necessary to describe them. 

In the first half of the section, the emphasis is mainly on the experience gained in the 
past, while the latter half is more directed towards the future and unresolved issues. 

5.1 On Comparisons between Models and Data 
Hadron distributions in a jet are due to soft interactions and cannot be calculated from 
first principles. Instead one has to rely on models which are more or less inspired by 
QCD. These models provide an essential tool for understanding how hadronic events 
evolve. The exploration of the structure of jets was one of the main activities at high 
energy e + e~ colliders in recent years. The sizable event rates at PETRA and P E P 
at Q 2 ' s around 1000 GeV2 boosted our insight into jet properties. In this section we 
review the published comparisons between fragmentation models and the data collected 
at PETRA, P E P and TRISTAN. More details on QCD analyses in e + e~ experiments 
and on the measurements of the structure of jets in e+e~ collisions can be found in [1]. 

Comparing models and data is complicated due to the existence of more or less many 
free parameters. These are frequently not related to the basic ideas of the model, but 
affect the final distributions strongly. The number of free parameters differs quite a lot 
among the various models. In most cases these parametrizations cannot be measured 
directly but have to be inferred from the data in an indirect way. Flaws in the basic 
concepts of a model can at least in part be covered by a favourable parametrization. 
Also the reverse is true: an unappropriate choice of fragmentation parameters can spoil 
the evaluation of a model: a basically correct concept can be put aside because of that. 
To evaluate the validity of a certain concept requires therefore to find distributions 
which reflect it most directly and to separate it from the uncertainties in the details of 
hadronization. 

The importance of knowing the structure of hadron production goes beyond the 
search for a correct description of QCD at low Q2. Being able to predict and estimate the 
features of hadronic events is important for extracting information about the production 
of new particles, for tagging the primary parton type and in such a way measuring 
quark couplings, or for unravelling fundamentals of high Q2 QCD properties. Apart 
from trying out basic concepts for hard and soft hadronization effects, these models 
may serve the additional purpose of just having a parametrizations of the data. 

The comparisons of data and models can be crudely subdivided into those testing 
the underlying more or less hard parton structure and those testing its transformation 
into hadrons. The former is predominantly done using global event features, the latter 
using details of the particle flow and particle content. 
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In the following we will concentrate on the most frequently used models. Alternative 
appoaches not based on QCD ideas exist and they sometimes reproduce specific mea
surements. In most cases they are not cast into a detailed simulation code and they are 
therefore difficult to assess. Obviously a good candidate for ' the ' fragmentation model 
has to describe all features of the data and not only a few. 

5.2 General Features of the Event Topology at W = 30 GeV 
Data and model predictions have been compared in a much detail for distributions 
characterizing the overall event topology. To evaluate the validity of the various models 
the uncertainties from the free parameters were minimized. They were determined 
by a multi-parameter fit to sensitive distributions. On the basis of these optimized 
parameters the underlying concepts can be meaningfully compared. 

Such analyses have been presented by the Mark II [2] and TASSO Collaborations 
[3]. The values obtained for the various models from this optimization procedure at 
CM energies W of 29 and 35 GeV, respectively, are listed in Tables 11 - 14. In gen
eral the fitted values agree quite well for the two experiments with the exception of 
the parametrizations of the symmetric Lund fragmentation function. One should also 
note that the number of free parameters is larger for the J E T S E T (Lund) [4] and the 
CALTECH [5] model than for Webber (i.e. the EARWIG predecessor to HERWIG) 
[6]. This reflects the two basically different ways of converting the generated parton 
distribution into the final hadrons in these models. The latter applies the rather simple 
assumption of a phase-space decay of clusters. The final distribution is determined es
sentially by the cluster mass. In the Lund model the hadronization occurs by break-ups 
of the string requiring several parameters for the fragmentation functions in addition 
to those determining the parton distributions. The CALTECH model uses a mixture of 
those two. 

One should note the very low cut-off masses for the parton evolution in the Webber 
and JETSET shower models. They lead to a maximum number of individual generated 
partons before hadronization sets in. 

On the basis of these parametrizations Mark II and TASSO analyzed the overall 
features of events. To cover the different facettes of fragmentation properties, distribu
tions reflecting specific aspects were selected (some of them are displayed in Fig. 28): 
the broadness of events is measured by the thrust and sphericity being sensitive to 
hard QCD bremsstrahlung, the aplanarity is sensitive to soft effects and higher order 
hard QCD processes, the particle multiplicity and fragmentation function / ( x ) with 
i = 2p /W, the scaled momentum, reflects the impact of soft processes. 

The general conclusions from these comparisons are 
• The CALTECH-II model (only considered by the Mark II Collaboration) describes 

the data poorly. The predictions for the distributions related to the transverse 
momentum pr both in and out of the event plane have deficiencies: there are too 
many high aplanarity events, too many events of very high thrust and too many 
at very low thrust. 

• The Webber Monte Carlo describes quantities well which are related to the pj 
out of the event plane, whereas distributions related to pj in the event plane are 
predicted to be too broad. 
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Table 11: Optimized parameters for the Webber model. 

type Mark II TASSO 
ALLA (GeV) 0.2 0.25 
mg (GeV) cut-off mass 0.75 0.61 
Mc (GeV) Cluster mass 3.0 2.3 

Table 12: Optimized parameters for the CALTECH-II model. 

type Mark II TASSO 
ALLA (GeV) 0.5 
tQ(GeV2) cut-off 2.0 
p(GeV~2) string breaking 1.6 
wmax{GtV) cluster decay 2.2 
wmi„(GeV) cluster decay 0.25 

Table 13: Optimized parameters for the JETSET shower option. 

type Mark II TASSO 
ALLA (GeV) 0.4 0.26 
Qo(GeV) cut-off 1.0 1.0 
a( fragmentât ion function) 0.45 0.18 
b(fragmentation function) 0.90 0.34 
aq(GeV) for px 0.33 0.28 

Table 14: Optimized parameters for the JETSET 0(a2

s) option. 

type Mark II TASSO 
A ^ ( G e V ) 0.5 0.62 
y m t n cut-off 0.015 0.02 
a( fragment at ion function) 0.9 0.58 
b(fragmentation function) 0.7 0.41 
oq(GeV) for PT 0.33 0.28 

• The JETSET option based on the second order QCD matrix element gives a good 
description for event and particle properties in the plane, but has a deficiency of 
events of high aplanarity. 

• The JETSET option using the first order QCD matrix element supplemented by a 
shower approach for higher parton multiplicities gives the best description of the 
data. Both the components in and out of the event plane are well described. 

The results of the fits are expressed in terms of x7- Using 450 data points, the 
Mark II Collaboration finds a x 2 of 960 for the JETSET shower option, and 1230 for 
the JETSET 0 ( a | ) option. The Webber simulation gives 2S70 and CALTECH-II gives 
the worst x* of 6830. Similar results were obtained by TASSO. These numbers should 
only be seen as indicators of some trend but not as exact statistical probabilities. They 
depend on what distributions have been used for their determination. In addition these 
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are strongly correlated, something which is not properly taken into account in the \ 2 

calculation. 
A similar assessment of the various models has been obtained by studying the fre

quency of cluster multiplicities. In a first measurement [7] the observed n-cluster rates 
were compared to the JETSET (0(0^)) option and to the shower model of Webber. It 
was found that this JETSET option predicts too few four and five cluster events at W 
= 34 GeV. On the other hand the shower model of Webber does reproduce these rates 
quite well, but underestimates those for the three-cluster rate and overestimates those 
for two clusters. These trends were confirmed in reference [8]. In addition it was shown 
there that the JETSET option based on a mixture of first order QCD matrix element 
calculation and subsequent showering leads to a much better agreement with the data 
for all cluster multiplicities (Fig. 29). 

In summary these results suggest the following trend. 
• The exact matrix element calculations up to the second order as implemented in 

the JETSET program underestimates the number of partons. This can be inferred 
from the deficiency of events with a large component out of the event plane or 
more directly from the cluster multiplicity. Higher order QCD corrections seem 
to be necessary. Their calculation is a formidable task and has as yet only been 
achieved either on the tree level or for the inclusive total hadronic cross-section. 
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Recent results weaken this conclusion: it has been shown [9] that second order 
QCD corrections describe the data well if the renormalization point is optimized. 

• The other approach is to calculate higher orders using the Leading Log formalism. 
This is the basis for the shower approaches. They give a good account of high jet 
multiplicities. 
Taken at face value, the results discussed above suggest some caution: the defi
ciencies of the pure leading log approach in the model of Webber could be cured 
by forcing the first branching to occur according to the exact matrix element. 
One may infer that the shower development alone does not exactly reproduce the 
true parton distribution. However, the differences may also be due to the different 
fragmentation schemes applied in the two models. 

Although the JETSET option combining first order QCD matrix elements and Lead
ing Log Approximation to generate additional partons seems to be the best candidate 
for the structure of hadronic events at LEP energies, the recent results using the second 
order matrix element at a different Q2 scale indicate a viable alternative. It will be 
interesting to see how the multiplicities and the differential distributions of partons at 
the Z° will agree with the results of the various approaches to multi-parton production. 

5.3 The Q2 Dependence of Inclusive Distributions 
Apart from detailed studies at a fixed energy the energy dependence of fragmentation 
properties has been analysed. Data from PETRA exist for various CM energies between 
W = 14 GeV and 46 GeV. Recent results from TRISTAN extend the energy range of 
data on jet properties up to TV = 56 GeV. This large span of CM energies allows one 
to check also the Q2 dependence of the model predictions. This is especially important 
for extrapolating jet properties to LEP energies. 
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In [3] the W dependence of average event properties were analysed. They were 
compared to the models using the parameters optimized for W = 35 GeV. The general 
trend of the data is very well reproduced by all the models (see Fig. 30). Differences 
exist in detail. The measured average thrust between 20 and 45 GeV seems to change 
less than conceived in (all) the models. There is a slightly better agreement of the 
JETSET cascade option with the data. Discrepancies between model and data exist 
also for the average pr in the event plane. Here the JETSET shower option predicts 
too small values. Webber and the second order JETSET option are in better agreement 
with the data. 

No clear preference for either of these models can be inferred from the Q2 dependence 
of the average values. 

Some evidence for a stronger energy dependence of jet properties than anticipated 
in the second order formalism comes from the scaling violation of the fragmentation 
function [1]. The ratio R(x p) with xp = 2p/W of the particle yield at W = 14 GeV 
to that at W = 34 or 44 GeV shows a significant drop of 25% for xp >0.2 (Fig. 31). 
Whereas the second order matrix element calculation (using the traditional Q2 scale, 
not the optimized scale discussed before) falls short of describing the size of the scaling 
violation, the shower approach provides a good description if the cut-off mass is set to 
the low value of 1 GeV. 
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Experiments at TRISTAN have reported on studies of jet properties on the basis 
of about a thousand hadronic events up to now (see e.g. [10]. Distributions like those 
of the cluster multiplicity, of the transverse momentum out of the event plane, or of 
the charged multiplicity were compared to the J E T S E T shower approach and the exact 
matrix element using their default parameter's. Those are rather similar to the ones 
used by the Mark II Collaboration. In general the measurements can be well described. 
However, the da ta sample is too small for detailed conclusions. 

A recent study on the energy dependence of n-jet rates may be found in [11]. While 
primarily directed towards perturbative QCD studies (like AJJJ determinations), this 
kind of studies could be used to test existing models, not least parton shower based 

ones. 
In summary: the global features of hadronic data can be described by fragmenta

tion models based on QCD parton evolution and more or less ad hoc prescriptions for 
hadronisation. This is true at least at a fixed CM energy. Their predictive power for 
the evolution of the event properties with CM energy seems to be good, although there 
may be considerable deviations in detail. No systematic model comparison of the energy 
dependence of the complete particle and event distributions has been published up to 
now. As the lever arm in energy is increased by LEP, and later LEP 200. the energy 
dependence will provide increasingly stringent tests on models, see e.g. [12]. 
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5.4 The String Effect 
The particle and energy flow in the event plane has been shown to be a particularly 
good way for discriminating various approaches to hadronization. As was suggested in 
[13] it is a sensitive measure of the colour flow in the event. 

It was applied to discriminate between the Lund (string) model and the independent 
fragmentation (a.k.a. independent jet) model. The latter was frequently used in the 
first years of data taking at PETRA and PEP. It views the hadronization process as 
developing independently for each parton along its direction. The prototype of these 
independent fragmentation models is that of Field and Feynman [14]. If supplemented 
by hard gluon bremsstrahlung [15] it can account for many features of the data. The 
basic concept of this model disagrees with the conjecture of colour confinement. Each 
quark or gluon fragments without any relation to a colour compensating partner. As a 
result the particle and energy flow in an event is distributed symmetrically around the 
individual partons. 

In contrast to this, the hadronization occurs in the string model in colour neutral 
tubes formed between two partons. 

It is easy to realize (see Fig. 32) that differences in the event topology predicted by 
these models should not show up if only two partons are produced (back to back). In 
both models the axis of hadronization coincides with the parton direction. If a gluon 
is emitted, this leads to an underlying three parton state. Now colour lines and parton 
directions do not fall on top of each other. In the string model they stretch between 
the quark and the gluon and the gluon and the antiquark (see Fig. 32). No direct 
colour connection exists between the quark and the antiquark. As a result the particle 
flow should fill the region between quark/antiquark and gluon leading to a depletion in 
the region between the quark and antiquark. This is different if all partons fragment 
independently from each other. 

For the experimental tests [16] (see Fig. 33) three jet events were selected and the 
jets aligned in the event plane. The jet of highest energy ('jet 1') is directed along 
0= 0 degrees. The jet with the second largest energy ('jet 2'), in most cases a quark 
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or antiquark, is adjusted to have an angle smaller than 7r. The least energetic jet 
('jet 3') which is supposed to be predominantly due to the gluon shows up at 6 about 
200 degrees. As can be seen from Figs. 33 and 34 the string model reproduces the 
measured particle and energy flow very well whereas the independent fragmentation 
model fails significantly. The failure is most prominent in the region between jet 1 
and jet 2 reflecting the colour flow between quark and antiquark. The independent 
fragmentation model predicts too many particles in this region. The observed depletion 
is in agreement with the basic concept of the string model. 

Additional and related measurements on the string effect have been presented. No
tably the analysis of events where a photon instead of a gluon is emitted (suggested in 
[17] and experimentally tested in [IS]) shows that the string effect is due to the different 
interplay between quark and gluons and quark/antiquark. 

The energy and particle flow has also become a tool to study effects in the parton 
shower framework. As was calculated by [19] in the framework of the leading log ex
pansion subsequent gluon emission is strongly correlated. The angle of emission of a 
gluon emitted at the nth branching has to be smaller than tha t originating from the 
(n — l ) " 1 branching. As a result the phase-space for low energy gluons becomes smaller 
leading to a depletion of the particle yield at low energies (rapidities). This was assumed 
to be the most prominent effect due to this coherence. Although the data agree with 
this conjecture [20] they are far from being conclusive: phase-space effects as well as 
fragmentation effects tend to wash the dynamical effects out. 
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In a subsequent step this coherent gluon emission was incorporated into a Monte 
Carlo framework [6] and the energy and particle flow was tested. As a result the data 
could be very well described [21]. Shower models without coherence did not reproduce 
the string effect. In Fig. 34 the ratio of particle yields between jet 1 and jet 3 (mostly 
quark and gluon) to that between jet 1 and 2 (mostly quark and antiquark) is displayed 
as seen in the data and as predicted in various fragmentation models. Only the string 
model and the Webber model reproduce the data. The independent fragmentation mod
els (Hoyer, Ali), a shower model without coherence (Gottschalk) and a model without 
hard gluon emission (Firestring [22]) predict too small a ratio. The theoretical evalua
tion of secondary gluon emission showed that the coherence leads to a colour flow which 
can be regarded as being due to two incoherent qq systems [17]. As can be expected 
from the discussion above, the string phenomenon does not necessarily require coherent 
gluon emission. In the shower formalism the observed energy and particle flow can be 
reproduced without coherent gluon branching if the hadronization is modelled along the 
string mechanism [23]. 

To summarize: the energy and particle flow is an effective tool to discriminate 
between various models of jet development. Both the string model and the shower model 
with coherent gluon emission can accomodate the observed features. The independent 
fragmentation model and shower models without coherence but using cluster decays 
fail. This is not the only distribution showing agreement between string models with 
fixed order QCD corrections and QCD shower models including coherence. The dip in 
the rapidity as well as the energy dependence of the maximum in the ln(x p ) distribution 
show very similar features. Again those cannot be reproduced by models based on 
independent fragmentation. In the technical terms of the simulation programs the 
string effect seems to be a result of a specific interplay between the generation of the 
underlying parton distribution and its subsequent transformation into hadrons. 
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5.5 Identified Particles 
The analysis of the production of specific types of hadrons provides insight into the 
details of the local structure of the hadronization. Measurements have been performed 
on the total yield of various particles, on the dependence on kinematical variables, and 
on the correlations between particles of opposite flavour. 

The experimental evaluation is complicated due to the additional requirements for 
particle identification leading to sizeable statistical and systematic errors. Still, a large 
amount of data has been collected at W's ~ 30 GeY at P E T R A and P E P and at W's 
~ 10 GeV at DORIS and CESR. Most pseudoscalar and vector mesons have been iden
tified. In addition signals for 0 + and 2+ mesons ( / 0 (975) , and / 2 (1270) , A'2"(1430)) have 
been seen. The considerable amount of baryons found within jets has provided special 
information about the fragmentation process. About 0.1-0.6 octet baryons (p. A, E) have 
been found per event at CM energies around 30 GeY. Decuplet baryons are much less 
frequently produced. For many of those only upper limits could be given. It is common 
folklore that charmed and bottom hadrons can only be due to the primary interactions. 
They will be discussed separately. 

Various ways of producing the variety of particle species have been implemented in 
the standard fragmentation models. 

• In the traditional approach used in the independent fragmentation model and 
the string model qq pairs are successively created in the confinement colour field. 
They combine with the remnant quark antiquark from the primary interaction or 
the previous hadronization process to form hadrons. The probability of picking 
a certain quark flavour and of producing a hadron of a certain spin cannot be 
calculated but is given by some free parameters. 

• The cluster decay is often applied as the hadronization step in shower models. 
Here the virtual gluons finally branch into qq pairs. Their flavours are given by 
some probability function. These quarks are then combined into colour neutral 
clusters which then decay according to phase-space. 

As mentioned before, the number of free parameters differs considerably in the var
ious models. For example the Lund model requires apart from the quark and diquark 
masses at least 5 parameters to steer meson and ban-on production. Several other 
parameters are foreseen for more detailed considerations. The phase-space model con
ceptually requires none. However reality has turned out to be more complicated: to 
accomodate the measurements additional parameters had to be introduced. (Recently 
a string type model has been proposed [24] in which hadrons are produced according to 
their masses, i.e. with no explicit dependence on the masses of the constituent quarks 
is included, and therefore with few parameters. The model describes the particle yields 
well, but is not (yet) part of the standard models.) 

In Fig. 35 the observed rates of the various particle species are displayed together 
with the predictions from various models (taken from [25]). The data are the aver
ages from the P E T R A and P E P experiments normalized to W = 29 GeV. In general 
the models describe the production yields quite well. The Lund model reproduces the 
measurements best. This is not surprising in view of the many parameters that can be 
adjusted. However, note that no prediction for tensor mesons existed in the version used 
for this comparison (provisions to generate them have only been included in the recent 
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version 7.1). The Webber simulation underestimates the production of strange mesons, 
most prominently for the K'%s. In addition the baryon sector is badly described: the 
prediction exceeds the observed rate for heavier baryons (E, £*). The CALTECH-II 
model has a similar problem with the A '"s but reproduces the baryon yield somewhat 
better. To parametrize the production of baryons most models adopt the notation of 
diquarks. Without them the relative yields would be determined by the folded proba
bilities of single qq pairs in the sea and by phase-space. Models like that of [26] based 
on this simple parametrization failed. 

All models have difficulties in describing the measured rate of 0.014 ± 0.006 ± 0.004 
fi's per event [27] . It is much larger than expected. The Lund model expects about two 
orders of magnitude less. The ÇI yield is even larger than the 90% confidence upper limit 
of E*~ production (0.008 per event). This is surprising since the Q contains an additional 
s quark and is therefore expected to be subject to a further suppression. The assessment 
of this problem has to await more precise data. The one (published) measurement on 
Q, production requires confirmation, and observed rates instead of upper limits for the 
other decuplet baryons would help. (Cl production has also been observed at W ~ 10 
GeV [2S]. Better agreement with the expectation from Lund has been found at these 
low energies.) 

Going one step further one can compare the fragmentation functions of the differ
ent particle species. Taking into account the feed-down from decays and the limited 
experimental accuracy of the data, all particles made up of light quarks have a similar 
fragmentation function and px dependence. A recent analysis [29] of data on the proton 
and A fragmentation functions suggests them being softer than those for mesons. This 
is expected if diquarks are not pointlike. 
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Apart from studying the flavour dependence of particle production, the use of par
ticles of known quantum numbers allows one to analyze how flavours are compensated 
within a jet. To do this one has to proceed from one particle distributions to two particle 
correlations. 

In a first step experiments have studied the mechanism of charge compensation. 
Particularly two effects have been found. 

• The charge of high momentum (rapidity) particles in one jet tends to be compen
sated by the charge of a high momentum (rapidity) particle in the opposite jet. 
This effect reflects the high Q2 production of the primary quarks which become 
constituents of hadrons of high momentum, flying apart into opposite directions. 
This effect is reproduced by all models based on primary quark production and 
recursive emission of hadrons. 

• At very low Q7 Bose-Einstein symmetry leads to an excess of pairs of particles of 
the same charge over particle pairs of opposite charge [30]. This effect is usually 
neglected in fragmentation models, although models have been proposed [31]. It 
has only recently been provided for in the JETSET framework. 

More information from two particle correlations can be extracted if the compensation 
of less frequently produced quantum numbers is studied. In particular the relation 
between a baryon and an antibaryon within a hadronic event shows the tendency of short 
range quantum number compensation. This contradicts models based on a stochastic 
hadron production as conceived in some models (for example [32]). It is reproduced by 
all of the standard fragmentation models. They are based on subsequent emissions of 
qq pairs. 

The details of the short range behaviour provides a discriminative test for some 
hadronization mechanisms. In [33] the pp correlations were used in this respect. The 
angular distribution of a proton in the BB rest system was analysed and compared to 
the expectations from a cluster decay and from the string fragmentation. For the cluster 
decay the particles are expected to be isotropically distributed. In the case of the string 
fragmentation the particles are assumed to be produced with a limited py of 300 MeV 
but a considerably larger longitudinal momentum. As a result the protons/antiprotons 
tend to be aligned along the forward or backward direction in the pp~ rest system. 
Comparison with the da ta (see Fig. 36) shows a clear preference for the string model. 

5.6 Heavy Flavour Jets 
Information on the production and properties of heavy flavours in e + e " annihilation 
largely stems from two types of analysis: the study of inclusive lepton production 
[34], and the reconstruction of heavy hadrons through their hadronic decay [35]. Since 
prompt leptons arise from the semi-leptonic decays of both charmed and bottom flavour
ed hadrons, they provide insight, albeit indirectly, to the production mechanisms in
volved in both cc and 66 events. Until recently, this had been the only way to study 
the hard fragmentation of bottom quarks. Of particular interest to LEP experiments, 
is, however, the progress made, with the aid of a vertex detection system, in tagging 
6 events through the long decay length of the 6-flavoured hadron [36]. The subsequent 
study of the rapidity and charged multiplicity distributions of the 6-enriched sample 
unveils results that are in gratifying agreement with those from inclusive-lepton studies. 
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They imply that (xE)b = EB hadr0n/Ebeam at 29 GeV is 0.76±0.03, where the softening of 
the spectrum due to QED radiation has been corrected for. A comparison of the parton 
shower models shows that this is well represented by the Webber model {{xE)b « 0.73), 
though the prediction of the Lund model ((xE)b » 0.8S) gives a spectrum that is evi
dently too hard. Replacing the default parameters of the Lund Monte Carlo with those 
suggested by TASSO [3] does not result in an improvement. 

The method of reconstruction, on the other hand, allows a more direct analysis of 
the fragmentation of the heavy quark. It has been applied to a variety of charmed 
hadrons at P E P and PETRA energies, with notable success for the D' meson. Since 
the majority of the reconstructed D's are the direct product of the transition of the 
primary charm quark to the primary hadron, the resulting energy spectrum closely 
corresponds to the charm fragmentation function. Other processes yielding D's, such 
as decays from higher charmed states and bottom hadrons, can largely be avoided at 
P E P and PETRA energies by studying only that part of the energy spectrum with 
xE = Ep-/EBeam greater than 0.5. At LEP energies, a harder cut may be necessary due 
to the relative increase (decrease) in the bottom (charm) cross-section. The production 
of charm within the shower itself is also realised at a level of « 2% of events. Again, it 
is pleasing to note that results from D' analyses are in agreement with those obtained 
from prompt lepton studies. They give (xE)c = 0.57 ± 0.03 at 29 GeV, where the 
softening due to initial state radiation has been corrected for. A comparison of the 
parton shower models shows both Webber {{xE)c « 0.54) and Lund {{xE)c « 0.62) to 
be in agreement with data, though at opposite ends of the allowed band. Replacing the 
Lund parameters with those suggested by TASSO, results in a better agreement with 
data: (xE)c « 0.59. 

So what of the heavy hadron energy spectrum at the Z° pole? If we extrapolate 
the existing results on both charm and bottom data, to a centre of mass energy of 92 
GeV, using the JETSET parton shower algorithmn (with parameter values given by 
TASSO) to describe the evolution of gluon radiation with increasing centre of mass, we 
would expect values of (xE)c = 0.48 ±0 .04 and (xE)b = 0.64 ±0 .04 . These numbers can 
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be compared with the direct predictions of the Lund (Webber) parton shower Monte 
Carlo: {x£;)c « 0.52 (0.41) and (xE)b « 0.78 (0.62). The discrepencies between the 
models at 29 GeV are likewise evident at 92 GeV. They should be clarified with the 
expected large yield of Z° events. More details together with the relative heavy particle 
production rates predicted by the shower models are to be found in an accompaning 
report [37]. 

5.7 Coherence Effects at LEP 

Progress has been made in writing Monte Carlo simulation programs. Many important 
ingredients of pcrturbative QCD are nowadays taken into account. In particular, by 
the choice of an appropriate evolution parameter in parton showers (jet opening angle), 
it is possible to account for the angular dependence of soft emission, while maintain
ing a probabilistic interpretation. Reasonable fragmentation models are also available. 
The success of the resulting picture should not blind us to its shortcomings. Below, 
three examples are given, where naive notions do not agree with the expectations from 
perturbative QCD [38]. 

At P E T R A / P E P energies, observed coherence phenomena could be explained en
tirely in terms of first order matrix elements (i.e. qq and qqg parton configurations) 
combined with the string fragmentation picture, without any reference to (perturba
tive) soft gluon emission. This will no more be true at LEP energies. Consider e.g. 
Figs. 33 and 34, where it was shown that string effects in the ratio of particle flows 
are enhanced by studying only particles with large momentum out of the event plane, 
P j u l , or large hadron mass, mh. If interpreted in terms of a Lorentz boosted string, 
this enhancement will be of the same strength at all CM energies, given fixed angles 
between jets. In the perturbative QCD scenario, on the other hand, the string effect is 
given by the number and energy of soft gluons emitted in the different interjet regions. 
No enhancement is then expected for the subsamples with large p™* or mh [39]. While 
fragmentation effects may dominate at low energies, ultimately the perturbative QCD 
picture will win out. (This does not necessarily make the string concept wrong: it is 
only going to be irrelevant for these variables.) Fig. 37 shows the energy evolution 
of the ratios in the ARIADNE program, which contains both soft gluon emission and 
string fragmentation. 

The canonical Lund scheme, in which three independent partons are replaced by two 
fragmenting string segments, in principle represented a step forward. However, even this 
scenario incorporates, in some sense, the traditional ideas of independent fragmentation, 
in that the two string segments are assumed to act as two uncorrelated sources of hadron 
production. The limitation of this approach to a basically quantum mechanical problem 
could be manifested, e.g., in double-inclusive correlations of the particle flow in three-jet 
events [41]. More specifically, one may compare the two ratios 

dN I dN 
r, = dQ.qg J dÇlgq 

dN I dN 

dQ,qgdQ.fg J dClqqdQqg 

where aN/dCl^ represents the particle flow in the angular range between partons a and 
b. In the string scenario, the effect of the additional detection of particle flow in the ~qg 
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ber of particles between the q 
and the g jet to that between 
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ric three-jet configurations (us
ing the central 40% of each an
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the ARIADNE program at differ
ent CM energies [40]. 

sector cancels in the ratio of correlation functions (modulo fragmentation px effects). 
Therefore, in such a case, it is natural to expect rl ~ r 2 . Perturbative QCD, on the 
other hand, predicts rx = 2.42 and r? = 2.06 for symmetric three-jet events, i.e. an 
anticorrelation in the particle production between q and g and that between ~q and g. 
The relative smallness of this colour shielding effect does not diminish the fundamental 
importance of nonclassical effects. 

Parton shower models, as well as string and cluster fragmentation models, are based 
on a neglect of colour suppressed terms, i.e. terms down in order by 1/NQ compared 
to the leading contribution. This is for a good reason: these terms often appear with 
a negative sign, or correspond to events with an undefined colour flow, and so we do 
not now know how to handle them in Monte Carlo simulation. Normally the neglect 
is not serious, but under special conditions 1/Nç terms may become sizeable or even 
dominant. Consider e.g. the emission of a soft gluon off a qqg configuration 

dN 
oc 

1 - nqng 

r r= r + 
1 - nqng 1 nqnj 

dQ. (1 - nqn)(l - ngn) (1 - nqn)(l - ngn) NQ (1 - n , n ) ( l - n^n) 
(15S) 

with its well-know subdivision into a qg, a qg and a qq term, the last negative and 
neglected in shower programs. If the q and ç are close to each other, this term is 
kinematically enhanced, and is no longer negligible. It can be studied experimentally 
by looking at the azimuthal distribution of particles around the quark direction, which 
is most conveniently done by tagging heavy flavour quark jets, see [42,38]. 

5.8 Intermittency 
Unusually large density fluctuations in (pseudo)-rapidity have been observed in cosmic 
ray events [43] as well as in hadron-hadron [44,45], hadron-nucleus and nucleus-nucleus 
[46] collisions. These fluctuations have led to interpretations in terms of possible evi-
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dence for a hadronic phase transition [47], hadronic Cerenkov radiation [4S], hadronic 
hydrodynamics [49] or, simply, a cascading mechanism [50,51.52]. 

Before trying to distinguish between the different interpretations in terms of possibly 
new physics, the density fluctuations have to be shown statistically significant and not 
reproducable by present fragmentation and hadronization models. 

To prove statistical significance, Bialas and Peschanski [50,51] have suggested to 
study the dependence of the scaled factorial moments of order i 

1 1 M 

(Fi) = Tr - r -<Tj £ nm(nm - 1) • • • ( n m - * + 1)) 
\nml I U

 m = l 

1 A / 

with (nm) = (— Y. "m> (159) 

on the size of the rapidity resolution 8y. In (159), the original rapidity window Ay (of 
say 4 units) is divided into M bins of size 6y = A y / M . The multiplicity is nm in bin 
m(m — 1...M). The average () is over all events in the sample. The authors show the 
following: 

1. Saturation of (F,) with decreasing resolution 6y is expected if the fluctuations are 
purely statistical, or the correlation is of range do > 6y. 

2. If non-statistical self similar fluctuations of many different sizes in rapidity exist, 
the 8y dependence follows the power law 

(F t) oc {Ay/Sy)1' with /,- > 0. (160) 

This latter effect is refered to as ' intermittency 1 . 
Using these scaled factorial moments, the authors of [50.51] show that the JACEE 

density fluctuations [43] indeed provide indication for being intermittent. 
Recent evidence for intermittent behaviour in nucleonic accelerator experiments 

comes from the Krakow-Minneapolis-Louisiana Emulsion group for pEm at 200 and 
800 GeV as well as for 0 1 6 £ m at 60 and 200 A GeV [53]. 

Surprisingly, intermittency has been shown by NA22 [54] to be even stronger in 
hadron-hadron collisions at comparable energy. The slopes / , for 0.1 < 6y < 1.0 are 
compared to those obtained by the Emulsion group [53] in Fig. 38a. There is a clear 
increase of the slope /,- with increasing order i, for all types of collision and. in particular 
for the higher moments, the /,• are larger for the NA22 data than in the OieEm da ta at 
similar energy. 

Whatever the mechanism that causes intermittency in hh. hA and .4.4 collisions, it 
also seems to be present in e+e~ collisions. Buschbeck, Lipa and Peschansi [55] have 
been able to convert small 6y negative binomial multiplicity fits of the HRS Collabora
tion [56] into scaled factorial moments via the relations [57] 

(F 2 ) = l + 1/Jfc and <F3) = 1 + 3/Jfc + 2(k\ (161) 

thus connecting to the cascade picture of Van Hove and Giovannini [5S]. 
Extracting the slopes f2 and / 3 from the distributions for e+e~ data (with a 2-

jet cut) of Fig. 39 and comparing to the hadronic ones in Fig. 38a, we conclude that 
intermittency is at least as strong in the former. This finding has now been confirmed by 
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a direct measurement in e + e~ collisions by the TASSO Collaboration [59] and rules out 
the interpretation of intermittency as due to a hadronic reaction mechanism, including 
hadronic phase transition or hadronic Cerenkov radiation. It is, however, consistent 
with a cascade type fragmentation. 

Can this intermittent behaviour be reproduced by currently used fragmentation and 
hadronization models? The fitted slopes of the two chain version of DPM [60] FRITIOF 
2.0 and FRITIOF 3.0 [61] are compared to NA22 data in Fig. 38b. No intermittency 
can be expected from DPM, since this uses two (Lund) chains of independent particle 
and resonance production. Intermittency can, however, be expected in the FRITIOF 
model from the cascade-like treatment of multi-gluon radiation. It is better reproduced 
by version 3.0 than 2.0, but the effect is too low even there and something is missing. 
Furthermore, as shown in Fig. 39, the e + e~ slopes at y/s= 29 GeV/c are not reproduced 
by the cascade like JETSET shower model [62]. This conclusion has now been confirmed 
by the TASSO Collaboration [59]. 

The scaled factorial moment analysis according to eq. (159) is a standard service 
routine from JETSET 7.1 onwards [63]. In Fig. 40, (F2) is shown for the case of 
simultaneous subdivision in rapidity y with respect to the linear sphericity axis at the Z° 
peak (y/s = 92 GeV). Four cases are considered as indicated in the figure. In the simple 
2-jet case (not to be confused with the 2-jet cut of Fig. 39), the model even contains 
'anti-intermittency', i.e. a suppression of nearby particle production. A separate slicing 
in y and <j> (not shown) demonstrates that the effect is indeed in the latter, probably due 
to local pr compensation. The use of second order matrix elements (mainly three-jet) 
gives larger factorial moments than the more realistic multijet configurations obtained 
with parton showers. The reason is the broadening of the jet profile in the showering. 
Bose-Einstein interference, as treated in this model by the routine LUBOEI, does not 
increase the effect considerably. 

For a comparison of ARIADNE-3 and J E T S E T 6.3 to the HRS points, the normal
isation in the analysis in JETSET was changed from that of [50] to that of [51] suited 
for all multiplicities. The conclusion of [55] is confirmed by a number of runs, both with 
and without Bose-Einstein interference included by means of the routine LUBOEI. In 
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Figure 40: (F2) for e + e~ events at the 
Z° peak in J E T S E T 6.3. as a function of 
the bin size (Ay = A<̂ >). The dotted line 
is for 2-jet events, the dashed one with 
second order matr ix elements. The full 
line corresponds to parton showers, the 
dot-dashed one with Bose-Einstein effects 
[63]. 

Fig. 41, the results of a standard parameter JETSET 6.3 run of 100 000 events, with 
Bose-Einstein effects, are compared to the (Fi) for the inclusive e + e~ results from HRS 
[56]. Even though agreement looks better than for the 2-jet cut in Fig. 39, the model 
predictions are lower than the data, in particular for (F2) where the statistics is better, 
and become flat for Sy smaller than the conventional short range order. 

Also shown in Fig. 41 is a run of 100 000 events with ARIADNE-3. again including 
Bose-Einstein effects. Also this Monte Carlo comes close to the data, but does not show 
the increase for small Sy. A likely explanation of the apparent failure of the FRITIOF, 
JETSET shower and ARIADNE Monte Carlos seems to be the following. Because 
of the self-similar character of these cascading models, intermittency is in principle 
present on the parton level (see also [64]). Due to necessary cut-offs a rd /o r resonance 
decays, the effect is, however, smeared out over the conventional short range order 
during hadronization. Therefore, an improved hadronization picture seems to be needed 
and a generalized local parton-hadron duality [65,66] where 1/k (and via these {Fi)) is 
preserved may be a good candidate. 

We conclude that 
1. An increase of the normalized factorial moments with decreasing resolution down 

to Sy = 0.1 (intermittent behaviour) is observed in all types of collision. 
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The effect tends to be larger in e + e and hadron-hadron than in nucleus-nucleus 
collisions. 
This observation favours jet cascading over a hadronic reaction mechanism as 
possible interpretation, but presently used cascade models jail to reproduce the 
effect. 

5.9 Other Unresolved Issues 
5.9.1 The e/ir Ratio at Low Transverse Momentum 

That electron production at low pr is more abundant than can be expected from known 
sources (hadronic bremsstrahlung or decay of charmed particles) has been observed in 
several experiments [67] during the last decade. Furthermore, a dilepton continuum of 
mass m < 0.6 GeV has been observed both in the e+e~ [68] and n+fj.~ [69] system, up 
to two orders of magnitude above that expected from the Drell-Yan process. 

A possible explanation is 'soft annihilation' [70], where low mass lepton pairs are 
created through the annihilation of quarks and antiquarks produced during the hadronic 
collision. An alternative explanation has been suggested in terms of a thermodynamic 
model [71]. 

Of particular interest in this connection is the correlation between lepton and pion 
production. If the leptons are created after the final hadrons have been produced (i.e. 
by hadronic bremsstrahlung or hadron decays), the mean number of leptons per event 
will be proportional to the number of final hadrons, thus giving a constant e/îr ratio. 
If, on the other hand, lepton pairs are produced over an extended volume at an early 
time during the collision, when new quarks and antiquarks have been created, lepton 
production is enhanced by interactions between the quarks and antiquarks produced in 
the hadron-hadron collision. The production rate then should be proportional to the 
density of quarks times that.of antiquarks, i.e. to the square of the charged particle 
multiplicity [70,71]. In this case, the ratio e/n should increase linearly with the charged 
multiplicity n. 
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Figure 42: The residual e + / ~ ra
tio after background subtraction 
as a function of total energy. The 
top scale indicates the charged 
multiplicity corresponding to the 
Etot given on the bottom scale 
[72]. 

The production of prompt positrons has recently been studied [72] as a function 
of the associated charged particle multiplicity in the rapidity region |y| < 1. Fig. 42 
shows the e +/7r ratio after background subtraction and efficiency corrections versus 
the central energy (depending linearly on the charge multiplicity, see upper scale), for 
three different pT regions. While the e+/•* ratio is approximately constant for pT > 0.4 
GeV/c, it definitely increases with n at smaller pT values. 

This observation is important by itself, but even more when related to heavy ion 
collisions. It has been suggested that the expected phase transition between hadronic 
and quark matter could be detectable by just this quadratic multiplicity dependence of 
the dilepton production rate (last ref. [71])! 

5.9.2 Soft P h o t o n s 

Sea-quark annihilation [70] into virtual photons (observed as lepton pairs as discussed 
above) would imply also an excess of soft real photons. The study of soft photon 
production and its comparison to the electron-pair production would, therefore, be an 
ideal next step. 

An excess of soft photons at pT < 60 MeV/c of 307c above expectations from 
decay products of known particles and 5 times higher than expected from hadronic 
bremsstrahlung has indeed been found in K+p collisions at y/s - 12 GeY [73] and 
(earlier, but less significant) in 7t + p collisions at 10.5 GeV [74]. 

More recently, the AFS Collaboration [75] has looked for a possible excess of photons, 
both in e + e~ pairs from conversions and in electromagnetic showers. The results are 
not very conclusive, but in any case exclude a strong increase of the direct 7 signal 
between ^ s = 12 and 63 GeV. However, the HELIOS Collaboration [76] finds a signal 
at PT < 30 MeV/c in p(Be,Al) collisions at 450 GeV/c, approximately 5 times higher 
than the level of hadronic bremsstrahlung, thus beautifully confirming the K+p result. 
In the same analysis, the production of real photons is compared to that of virtual 
photons, i.e. lepton pairs, in terms of MT = y/M* + pT. As shown in Fig. 43, the data 
seem to follow the same trend and thus suggest a common source. 
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Further evidence for the same underlying physics process is provided by the same 
quadratic multiplicity dependence as that shown in Fig. 42, both in slope and absolute 
magnitude. 

The effect is, however, not only present in hadronic collisions. As shown in Fig. 44 
also the EMC Collaboration [77] has recently observed an excess of direct photons. The 
solid line corresponds to the Lund model prediction with parameters chosen to match 
the measured n° and p° inclusive yields in the same experiment. The Monte Carlo 
includes photons from all known hadronic electromagnetic decays. The excess photons 
are shown as triangles in Fig. 44 and, at p2

T < 0.5(GeV/c)\ cannot be explained by an 
addition of muon bremsstrahlung (dashed) alone. 

The experiment further shows that the prompt photons are emitted preferably along 
the struck quark direction. This suggests that their origin is at the quark level, but the 
multiplicity is an order of magnitude larger than expected from a radiating fractionally 
charged struck quark of conventional mass. 



320 

Figure 45: Normal
ized ratio of the px 
distributions for dif
ferent multiplicity 
bins for QQ collisions 
at 31.2 GeV and pp 
collisions at 63 GeV 
[78]. 

5.9.3 Very Low pT H a d r o n s 

In Fig. 45, the normalized semi-inclusive px distributions 

Rnipr) = (n''dn/dpT)J((n)-1(dn/dPT)) (162) 

are shown for charged particles produced in the central region (|y| < 2) of OQ collisions 
at yfiNN = 31.2 GeV and pp collisions at yfs = 63 GeV [7S]. The distributions are 
shown for different bins of the multiplicity. The shape of the function stongly varies 
with increasing multiplicity. For low multiplicity a dip is seen at small pj and a bump 
at pj « 0.4 GeV/c. On the contrary, at large multiplicity a steep maximum builds up 
at px ~ 0 and a minimum at px ~ 0.4 GeV/c. 

Fig. 46 shows the px spectra for negative particles observed in pW and 16OW colli
sions at 200 A GeV [79], respectively (|y| < 0.9). The dashed Une gives the -~ spectrum 
from a MC generator representing pp collisions at FNAL and ISR after including nuclear 
effects. For both proton and 1 6 0 data, a deviation from the generator is observed for 
px < 0.025 GeV/c. 

Furthermore^n Fig. 47 is shown the normalized ratio of the px distribution of 
negative particles produced in 1GOAu and pAu collisions at 200 A GeV [SO] to that for 
pp collisions. An effect strongly reminiscent of that for the high multiplicities in Fig. 
45 is found and cannot be reproduced by the Lund-FRITIOF model [SI]. 

5.9.4 Relevance for e + e~ Coll is ions 

Why are these observations important for e + e " collisions? Recently, Van Hove [82] has 
suggested a picture of cold quark-gluon plasma production, where the QCD cascade 
does not necessarily stop at a certain Q2 cut-off, but can continue down to very low 
gluon virtualities. This super-soft process cannot be calculated in QCD and is not 
included in present cascade Monte Carlo programs. Because it is the end of a gluon 
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tive particles in pW and 1 6 C W collisions 
at 200 A GeV/c [79]. 
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cascade process and not due to a (hot) quark-gluon plasma, it is indeed also expected 
in e + e~ collisions. A possible evidence for that is the observation of soft photons in the 
EMC Experiment. The picture implies local parton-hadron duality [82,83,84,85] and 
may well alter our present ideas of parton hadronization. 
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6 Standards 
The writing of most event generators started in a University environment, as rather 
limited projects related to specific physics interests of the authors, and without too much 
thought of eventually making them available to experimentalists. Therefore, each author 
developed his own rules for things like particle code, event history and four-momentum 
representation. As the program grew, so did these conventions. For the outside user, 
getting acquainted with a new program therefore means learning a completely new set 
of rules. Furthermore, today we are in a situation where different programs are often 
good at different things, so that there is an ever-increasing need of interfacing generators 
with each other, and, of course, in the end, with detector simulation programs. 

In recent years, the idea of setting common standards for program builders has 
therefore surfaced. In particular, the Particle Data Group spearheaded an effort to 
come up with a common standard for representing particle codes. This standard is now 
published [1], and has already appeared in event generators like EURODEC, HERWIG 
and JETSET. A brief summary is found in section 7.1. In the future, we expect this 
standard to be universally used. 

Within our working group, we have tried to take the next step on this pa th , and 
devise a standard commonblock, in which events are to be stored. In the end, we came 
up with two commonblocks, where the second one is devoted to spin information, which 
is still not used by many programs, and where we also know of no solution that covers 
all eventualities. 

It would be a major work to rewrite existing programs to use these commonblocks 
internally. More importantly, many programs need to use special kinds of information 
that could not easily be standardized (at least not before the day we have solved QCD, 
and know what the 'correct' approach to perturbative QCD and fragmentation is). We 
therefore propose the more modest solution, where each program builder keeps the 
commonblocks he already has, but adds an interface for translation to the standard 
commonblock. In its basic form, this would be a routine called after an event has 
been generated in full, and only requiring translation to the standard commonblock. 
To take full advantage of this approach, it would be necessary to translate also from 
the standard storing to the program-specific one. This is not always unique, but a 
rule of 'most reasonable interpretation' would have to be implied. In particular, with 
breakpoints suitably defined in the program, it should ultimately be possible to generate 
the hard process (including initial state radiation for e+e~ events) in one program, the 
parton shower in a second, the fragmentation in a third, the decay in a fourth, perform 
detector simulation and reconstruction in a fifth, and analyze the event in a sixth. 

The proposed standard was sent to most QCD event generator authors, and also 
to several experimentalists outside the LEP community. Responses were obtained from 
H.-U. Bengtsson, R. Brun, P. Burrows, F. Carminati, 0 . Di Rosa, T. Hansl-Kozanecka, 
G. Ingelman, S. Jadach, K. Kato, R. Odorico, F. Paige, J. Ranft, B. Ward, Z. Was 
and B.R. Webber. Suggestions for improvements and changes were discussed, and some 
modifications were introduced, while others were rejected. This led to a new draft, 
included in section 7.2. We have received enough encouragement, in particular from the 
program authors, that we hope this may now be considered a new de facto s tandard. 

Standards are not only important for comparisons and interfacing of programs, but 
also for comparisons of data. Here we have not tried to give definitive answers, but 
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Table 15: Some of the most frequently used PDG standard particle codes [1]. 
Codes for antiparticles to the ones listed here, where existing, are obtained by 
adding a - sign. (Kindly note the misprint for the fi~ code in the PDG listing: it 
is given correctly here.) 

1 d 
2 u 
3 s 
4 c 
5 b 
6 * 

11 e~ 
12 ue 

13 fi
ll v„ 
15 T-
16 vr 

21 g 
22 . 7 
23 Z° 
24 W+ 

25 # ° 

2 1 1 7T+ 

311 A' 0 

321 K+ 

411 D + 

421 D° 
431 Df 

1 1 1 7T° 

221 7? 
331 T?' 

130 K°L 310 A'g 
213 p+ 

313 A"*0 

323 A'-+ 

413 £>'+ 
423 D*° 
433 D's

+ 

113 p° 
223 u; 
333 <j> 

2112 n 
2212 p 
3122 A 0 

4122 A+ 

3112 E" 
3212 E° 
3222 E + 

3312 E-
3322 E° 

1114 A-
2114 A 0 

2214 A + 

2224 A + + 

3114 E " 
3214 E'° 
3224 E ' + 

3314 E -
3324 E"° 
3334 fi~ 

1103 ddi 
2203 uui 
3303 SSÏ 

2101 ud0 

3101 sd0 

3201 su0 

2103 udi 
3103 5C7! 

3203 sui 

section 6.3 contains a few comments on current practices, which may be useful as a 
guideline. In particular, one should note that even as simple a property as the charged 
multiplicity may be (and has been) denned in slightly different ways. 

Finally, note that there are also standards set e.g. by machine builders. One such 
is the coordinate frame of the incoming e + and e~ beams. Here the e + is taken to be 
moving in the — z direction and the e~ in the +z one. Of course, Monte Carlo authors 
should respect that. 

6.1 The PDG Particle Codes 

The standard particle codes are described in [1]. Some of the most frequently used codes 
are collected in Table 15. 

A few general comments on the underlying principles: 

• Where particle-antiparticle pairs exists, the antiparticle is distinguished by a -
sign. The convention for which is particle and which antiparticle was settled by 
the PDG a few years ago; for the non-trivial case, see the note on mesons below. 
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• 'Fundamental' objects are given codes in the range below 100. In particular, 
quarks axe in the range 1 - 10, leptons in the range 11 - 20, and standard model 
gauge bosons in the range 21 - 30. Quarks and leptons are arranged according to 
generation and, within each generation, according to weak isospin. Although not 
part of the official standard, it is generally foreseen to use 31 - 40 for non-standard 
model gauge bosons (H+, Z10, etc.), 41 - SO for supersymmetric partners, and 81 
- 100 for internal program purposes. Actually, codes 91 - 94 are assigned specific 
such functions in section 6.2. 

• Composite objects, made out of quarks, are also given composite codes, where the 
flavour and spin content is readily visible. In general, the last digit is 2 - 5 + 1, 
where 5 is the spin of the object, the previous three digits give the quark content 
in descending order (using the quark codes 1 - 6 of Table 15), and any digits 
before that are used to distinguish higher multiplets with the same flavour and 
spin content. A few exceptions exist. The rules are given in somewhat more detail 
in the following. 

• A meson is normally given a code of the form 100 • |çi| + 10 • |ç2| + 2 • 5 + 1, where 
the two relevant quark codes of the meson are assumed to be arranged so that 
k i | ^ l^l- If \li\ 7̂  IÇ2I) the meson is the one where qi is u, "s, c, b, or 2. Flavour 
mixed states are marked by having the last digit 0, and giving the flavour content 
in ascending order for the long-lived member. So far, only the K^-K^ system is 
used this way. 

• A baryon is normally given a code of the form 1000 • q\ + 100 • 92 + 10 • <fo 4- 2 • .s + 1, 
where the three quark codes of the baryon are arranged in descending order, 
Ci > Ç2 > Î3- An exception is A-like spin 1/2 baryons, where the last two quark 
flavours are given in reversed order, to distinguish them from the corresponding 
E-like baryons. 

• A diquark is given a code of the form 1000 • qx + 100 • ç 2 + 2 • s + 1, where the two 
quark codes are given in descending order, qx > q2. 

6.2 A Proposed Standard Event Record 
The proposed standard contains two commonblocks, with contents as described below. 

T h e main commonblock: 
The main commonblock, with information on particle content, event history, momenta 
and production vertices, is 

PARAMETER (NMXHEP=2000) 
COMMDN/HEPEVT/NEVHEP,NHEP,ISTHEP(NMXHEP).IDHEP(NMXHEP) , 

&JM0HEP(2,NMXHEP),JDAHEP(2,NMXHEP),PHEP(5,NMXHEP),VHEP(4,NMXHEP) 

Here the different parameters, variables and arrays have the following meaning. 
NMXHEP: maximum numbers of entries (partons/particles) that can be stored in the 

commonblock. 
NEVHEP: is normally the event number, but may have special meaning, according to 

the description below. 
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> 1: event number, sequentially increased by 1 for each call to the main event 
generation routine, starting with 1 for the first event generated. 

== 0: for a program which does not keep track of event numbers. 
= - 1 : special initialization record, see note 3 below. 
= -2: special final record, see note 4 below. 

NHEP: the actual number of entries stored in current event. These are found in the first 
NHEP positions of the respective arrays below. Index IHEP, 1< IHE P<XHE P, is 
below used to denote a given entry. 

ISTHEP(IHEP): s tatus code for entry IHEP, with following possible values. 
= 0: null entry. 
= 1: an existing entry, which has not decayed or fragmented. This is the main 

class of entries which represents the 'final state ' given by the generator. 
= 2: an entry which has decayed or fragmented and therefore is not appearing in 

the final state, but is retained for event history information. 
= 3: a documentation line, defined separately from the event history. This could 

include the two incoming reacting particles, etc. 
= 4 - 1 0 : undefined, but reserved for future standards. 
= 11 - 200: at the disposal of each model builder for constructs specific to his 

program, but equivalent to a null line in the context of any other program. 
= 201 - : at the disposal of users, in particular for event tracking in the detector. 

IDHEP(IHEP): particle identity, according to the Particle Da ta Group standard. Four 
additional codes have been defined for use in making event history more legible, 
see note 5. 

JMOHEP( l , IHEP) : pointer to the position where the mother is stored. The value is 0 
for initial entries. 

JMOHEP(2,IHEP): pointer to position of second mother. Normally only one mother 
exists, in which case the value 0 is to be used. 

JDAHEP(1,IHEP): pointer to the position of the first daughter. If an entry has not 
decayed, this is 0. 

JDAHEP(2,IHEP): pointer to the position of the last daughter. If an entry has not 
decayed, this is 0. See also note 6. 

PHEP(1,IHEP): momentum in the x direction, in GeV/c. 
PHEP(2,IHEP): momentum in the y direction, in GeV/c. 
PHEP(3,IHEP): momentum in the z direction, in GeV/c. 
PHEP(4,IHEP): energy, in GeV. 
PHEP(5,IHEP): mass, in GeV/c 2 . For spacelike partons, it is permissible to use a 

negative mass, according to PHEP(5,IHEP) = —y/—m2. 
VHEP(1,IHEP): production vertex x position, in mm. 
VHEP(2,IHEP): production vertex y position, in mm. 
VHEP(3,IHEP): production vertex z position, in mm. 
VHEP(4,IHEP): production time, in m m / c (= 3.33 • 1 0 " 1 2 s). 

The following notes have been added, with some clarifications and further definitions. 
1. The three characters HEP (for High Energy Physics) have been chosen as a stan

dard part of all names, in order to make them easily distinguishable and to avoid 
overlaps with other names. 

2. The default size has been chosen to be 2000 entries, with the option to change 
that via the parameter construction. It is assumed that active use will be made of 



the NMXHEP value in the translation routine, to ensure that this limit is never 
surpassed. 

3. A record with NEVHEP = -1 may optionally be written by an initialization rou
tine. This record may be arbitrarily large, and contain program-specific informa
tion, but the first entry (IHEP = 1) is reserved for standard quantities: 
ISTHEP(l ) : identifier for run, defined by user. 
IDHEP(l) : identifier for generator used, defined by user. 
JM0HEP(1,1) : date of run, in form yymmdd. 
JM0HEP(2,1) : time of run, in form hhmmss. 
JDAHEP(1,1): version and subversion of generator, in form vvss. 
JDAHEP(2,1): last date of change of generator, in form yymmdd. 
Additional lines may e.g. contain information on subprocesses switched on. 

4. A record with NEVHEP = -2 may optionally be written by a routine called after 
events have been generated. This record may be arbitrarily large, and contain 
program-specific information, but the first entry (IHEP = 1) is reserved for stan
dard quantities: 
ISTHEP(l) : number of events generated in current run. 
PHEP(1,1): total cross-section for the simulated process(es), as obtained by Monte 

Carlo integration during the course of the event generation, in mb. 

5. The following four codes have been defined, in addition to the standard ones given 
by the PDG: 

91: a cluster; 
92: a string; 
93: an independent fragmentation parton system; and 
94: a showering parton system. 

Thus a particle produced in fragmentation should not point back directly to the 
parton it comes from, which anyway (usually) is not well-defined, but rather point 
to one of the objects 91 - 93 above. Similarly 94 may be used to define the effective 
CM frame of a showering parton system. 
Note that the flavour content of this object, as well as details of momentum 
sharing, has to be found by looking at the mother partons, i.e. the two partons 
in positions JM0HEP(1 , IHEP) and JM0HEP(2 , IHEP) for a cluster or a shower 
system, and the range JM0HEP(1 , IHEP) - JM0HEP(2 , IHEP) for a string or an 
independent fragmentation parton system. 

6. It is assumed that the daughters of a particle (or another object like a cluster 
or a string) are stored sequentially, so that the whole range JDAHEP(1,IHEP) -
JDAHEP(2,IHEP) contains daughters (with one exception, see note 7). Even in 
decays with only one daughter (e.g. A' 0 —• K$) both values should be defined, to 
make for a uniform approach in terms of loop constructions. 

7. Normally daughters are stored after mothers, but in backwards evolution of initial 
state radiation the opposite may appear, i.e. that mothers are found below the 
daughters they branch into. Also, the two daughters need then not appear one 
after the other, but may be separated in the event record. 

8. Only production vertices are given. For a particle which decays, the decay vertex 
can be found by looking at the production vertex of its daughters. 
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9. Some programs may not provide all output or input, and should then leave the 
corresponding positions blank. Example: a program without vertex information 
should just put VHEP = 0 on output; it is then up to the user to read the program 
manual and check what information a given program does indeed provide. 

10. When reading in from / H E P E V T / to the program-specific commonblocks, min
imal assumptions should always be made. This means that lines which have 
ISTHEP(IHEP) > 11 should be considered empty lines in the same sense as those 
with ISTHEP(IHEP) = 0, that particle codes unknown to the program should 
just be skipped and the corresponding entries left inert by future physics calls, 
that a jet system that is to undergo string fragmentation is already ordered with 
partons sequentially along the string, etc. Each Monte Carlo programmer may 
here want to specify exactly what is achievable by a simple translation call, and 
what needs special editing in the internal commonblocks afterwards. 

T h e polarizat ion commonblock: 
Polarization information has not been included in the commonblock above, since it is 
not used by many programs (yet), and since no simple approach can give the full answer 
for all possible spins. 

For a spin half unstable particle, it is convenient to keep record of its spin polarization 
density matrix in the form of a vector. 

The following commonblock is therefore supplied, which is supposed to parallel 
/ H E P E V T / , entry by entry: 

COHMDN/HEPSPN/SHEP(4,NMXHEP) 

For a given entry, SHEP gives the four-vector s, according to the following well-
defined convention. In the rest frame of the fermion, p = (m; 0,0,0), the three-vector 
part S* is related to the spin density matrix p in the conventional way. i.e. 

p = -a • s = -(<?xSx + aysy + (72S;). (163) 

where the a,- are the ordinary Pauli matrices. In this frame, we define the contravariant 
four-vector to be s = ( l ; s ) . The 1 for the zeroth component is a matter of convention, 
but it makes a number of expressions simpler. 

The important second part of the prescription is the following. The transformation 
properties of the spin four-vector 5 is taken to be the same as for the four-momentum 
p, i.e. the same boosts and rotations are to be applied to both. In particular, if we later 
on come back to the fermion rest frame (e.g. to simulate the decay), we automatically 
keep track of a possible change of the quantization axis CWigner rotation). 

It is neither necessary nor profitable to put any restriction on the modulus of s (in 
the rest frame), apart from the trivial one \s\ < 1. A pure spin state corresponds to 
11*1 = 1. Correlations between particles (say in a T+T~ pair) may be simulated by an 
appropriate choice of the spin vectors at the production vertex; different strategies are 
here possible, but need not be specified as part of the s tandard. 
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6.3 Conventions for Inclusive Distributions 
To obtain the 'real' inclusive distributions of hadron production in e+e~~ collisions, most 
experiments at PETRA and P E P corrected their distributions according to 

( d n / d x ) g e B e r B t o r 

(dn/dx)irue ^ Ngen (dn/dx)ob3erved 

Ntrut ~ (dn/dx)"Mnd,„rirH Nobs ' { } 

where x is the quantity studied, the capital JV stands for the number of events, and the 
small n denotes the number of particles or tracks. In addition, 

• (dn/dx)iTue is the true distribution;, 

• (dn/dx)generator is the original distribution as generated in the Monte Carlo; 

• (dN/dx)\fcdetected is the distribution generated in the Monte Carlo and subjected 
to all experimental effects; and 

• (dN/dx)observed is the directly measured distribution. 
Obviously the Monte Carlo distributions are to approximate the real world as close as 
possible, both for the generator and the simulation of the detector. 

In order to understand the systematic errors of the correction procedure, it is recom
mended to compare at least two event generators for the correction factor calculation; 
the generators should be based on as different physics assumptions as possible while 
still in reasonable agreement with data. 

There is some ambiguity which particles and events to choose as those contributing 
to the generated distribution. Experiments at previous e + e~ colliders adapted some 
conventions which in part have historical reasons and which are by no means straight
forward. Still, taking into account these prescriptions simplifies the comparisons of low 
and medium energy e + e~ results (e.g. [2,3,4,5]) with the measurements around and 
above the Z°. 

Ambiguous areas are particularly what kind of particles to consider as 'generated', 
which particles (or partons) to consider for the determination of the true axis, and what 
to do with QED bremsstrahlung. We will outline the most common approaches to these 
points. 

In principle, one would like to include only those particles that emanate directly from 
the interaction point, i.e. before decays. However, since it is by no means clear how 
many of the different types of resonances are produced in a jet event this would lead to a 
large model dependence. On the other hand, particles like the Jv£ decay far outside the 
detector and therefore their decay products do not contribute to the measured particle 
yields and should not be included in the generated sample. The borderline between 
these extremes is defined to include decay products from particles with a lifetime of 
T < 3 • 1 0 _ l o s in the sample of generated events. Those of a longer lifetime are regarded 
as stable. Particularly this implies that all A'°'s and A's will be treated as decayed, 
irrespective of how far they travelled. On the other hand A'£'s or 7r's etc. are treated 
as stable, even if they decay in the detector. One should be aware that the omission of 
the pions from A' | decays reduces the average charges multiplicity by about 10%. 

In many e + e " experiments at lower energies only the charged tracks were measured 
reliably. This led to additional choices for defining the ' true ' event axis and related 
quantities like thrust or aplanarity. In general the 'generated axis' was calculated from 
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the charged and neutral particles. These particles were put into the routines for calcu
lating thrust and sphericity. On the other hand, the measured distributions, both on 
the Monte Carlo level and for the real data, were based on the charged tracks only. The 
corrected distribution still reflects the charged and neutral particles. 

Of special importance for e + e~ interactions is the QED bremsstrahlung. Photon 
radiation reduces the effective CM energy of the hadronic system leading to a range of 
effective CM energies. As a result the particle spectrum and topological event properties 
are changed. To correct for this effect, only events at the nominal CM energy are 
taken for the generated spectrum. On the Z° peak initial state radiation affects the 
particle spectrum only little. This is drastically different above the peak: the relevant 
distributions are quite strongly distorted. In Figure 48 the ratios of the momentum 
spectrum in terms of i = 2-p/W, with and without initial s ta te radiation, are displayed 
for CM energies on resonance and at W = 110 GeV. 

A very important step in understanding jet development is the analysis of the depen
dence of their properties on the CM energy. The measurements at the Z° will largely 
extend the lever arm for such an analysis. For a comparison to low energy da ta it is 
warmly recommended to apply the above prescriptions to the LEP data. 

When comparing to multiplicity distributions in hadron-hadron collisions (e.g. [6,7,8]), 
the following differences have to be taken into account: 

1. A distinction has to be made between diffraction-dissociation and non-(single-) 
diffractive mechanisms. Diffraction-dissociation in general leads to low multiplicities, 
but often is not excluded from the multiplicity distribution. 

2. V° decays, Dalitz decays and 7 conversions are in general excluded in hadron-
hadron experiments, either by an extrapolation from decays observed at larger distances 
down to the vertex region [6], by Monte Carlo simulation [7] or by a proper renormal-
ization [S]. 

3. Similarly, corrections are applied for secondary interactions of charged particles. 
In recent studies [6,7,8], efficiencies and corrections are fed into a system of equations 

in the true and the observed multiplicities, and the system is solved for the true ones. 
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7 Summary and Recommendations 
The preceding sections have concentrated on physics present (or, sometimes, not present) 
in programs. This may seem factual enough, but obviously some value judgment is 
always implicit in anything written (starting with the space devoted to the various pro
grams, which was determined by a mixture of deliberate decisions and random factors). 
The summary and recommendations in this section are no exceptions to the rule. So, 
if you disagree with our conclusions, please feel free to do so. Remember. QCD is com
plicated enough that we do not know the true answer. It would therefore be dangerous 
to limit our frame of reference at a time like this, when LEP offers the opportunity to 
test, and maybe falsify, many of our preconceived notions. 

There is a flip side to this coin. From most experimentalists point of view, the rôle 
of a QCD generator is to help them in understanding event structures and interpreting 
data. Unfortunately, for them, the situation is all too often the other way around, with 
data being used to test generators. 

Having said that , let us now proceed with a set of observations, conclusions, and 
recommendations. The first conclusion is that no one single QCD program is best for 
all the subtasks of e + e ~ annihilation event generation. It may therefore be necessary to 
combine several programs for the best overall description. The subsequent discussion 
will be structured according to the main issues involved. 

H a r d c ross - sec t ion a n d ini t ia l s t a t e r a d i a t i o n : 
Most programs have the full Born level j/Z° cross-section included. Modifications to 
this cross-section come mainly from three sources. In order of ascending importance, 
they are: 

• Final state QCD corrections. These give an extra factor RQCD, e <3- i3). While the 
size of the third order term has caused some worry, see the QCD theory report, 
the net contribution is known to be small, and is easily included. In fact, many 
programs include RQCD, a ^ least to second order. 

• Electroweak loop corrections. These are covered in detail in the electroweak theory 
reports. The full expressions, as known today, are very lengthy, and beyond 
the scope of any QCD generator. However, a very good approximation can be 
obtained by using an effective description, in terms of a modified Z° mass, width 
and coupling strength, and a modified sm28w in the calculation of axial vector 
couplings of quarks to the Z°. This machinery is not included in any of the QCD 
generators, but it would be no problem to do so. In some programs this only 
requires a judicious reinterpretation of already existing program parameters, i.e. 
no change at all in the actual code. 

• Initial state QED radiation. Since the effect of initial s tate photon emission is to 
reduce the mass of the f/Z° propagator, large changes of cross-sections are induced 
by this mechanism, in particular in the region around the Z° peak. Many QCD 
programs have nothing to offer here. JETSET, NLLJET and T IPTOP include 
emission of (at most) one photon, in lowest unexponentiated order. This is known 
to be insufficient in the Z° region. COJETS has been announced to include 
multiple photon emission, but this version is not yet ready for distribution, so we 
can say nothing about its quality. 
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In view of the last point above, in particular, we recommend that people do not use 
the existing QCD generators to describe initial state radiation and the subsequent in
teraction, at least not for any precision tests. Instead, dedicated electroweak generators 
should be used for this task. The field of possibilities is described in the electroweak 
Monte Carlo report. The task of generating a qq pair is rather similar to that of gen
erating a fi+fi~ pair, but note that no muon pair generator can be used as it is. Not 
only have couplings and masses to be changed, and a NCRQCD factor to be included, 
but furthermore final state QED radiation and initial-final state interference has to be 
switched off (in a consistent manner), for reasons to be discussed in the next section. 

Final state QED radiation and interference: 
In the final state, the original qq pair successively loses its initial energy, by gluon radi
ation (whether it be hard or part of the soft confinement potential). At some stage, the 
fragmentation process proper starts, leading to the formation of the final s tate hadrons. 
Thus, while hard, non-collinear final state photon emission should be describable in 
terms of the perturbative quark picture, and soft photon emission by the current of 
final state hadrons, there exists an uncomfortably large region in between where we do 
not know the correct procedure. This obviously not only affects the description of final 
state QED radiation, but also that of initial-final state interference. 

Given the uncertain state of affairs, it is maybe not surprising that no existing pro
gram, neither QCD nor electroweak, addresses these issues. A first step would be to 
include hard, non-collinear photon emission as part of the shower evolution algorithm, 
with the cut-off of the photon emission as an additional parameter, independent of the 
standard shower cut-off for gluon emission. We recommend Monte Carlo authors to 
consider this seriously. The actual extra work for a crude implementation into an exist
ing shower algorithm is modest, and yet it would provide some of the tools needed for 
an experimental study, which could pave the way for an eventual better understanding. 

From a practical point of view, neither final state radiation nor initial-final inter
ference are expected to have major implications for any of the planned LEP studies, so 
the issue is somewhat decoupled from other aspects. 

Perturbative QCD: 
Today, two approaches to perturbative QCD are available, the matrix element one and 
the parton shower one. Both have been extensively described. In weighting one against 
the other, we recommend parton showers as the standard option, to be used when there 
are no obvious counterarguments. The reason is that showers are expected to give the 
most realistic overall picture of the complex multijet structure of e + e~ hadronic events 
at high energies. Applications for which matrix elements should nonetheless be used 
include as determinations, studies of the three-gluon vertex, and other similar topics. 

Matrix e lements: 
Some QCD studies, like as determinations, require all matrix elements to be given to 
the same order, i.e. in practice second order. The main comments on second order 
matrix elements are as follows. 

• The y cut-off approach is to be preferred over the (e, 6) one, so as to keep the 
number of parameters and the amount of possible confusion to a minimum. 
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• Based on experience from lower energies, a low y cut-off value should be used; 
if possible y = 0.01 is a good value. Even with this value, the implied invariant 
mass cut-off of ~ 9 GeV is uncomfortably large, but small valuer are excluded, 
since then the two-jet rate would be negative. 

• Several implementations exist which give rather different results. Unless one can 
explicitly show that some implementations are wrong, the disagreement should 
be taken as an indication that systematic method errors are not negligible, and 
properly include this in any quoted as values. 

• It should be clearly stated which implementation is used in a study. For future 
reference, it is helpful if experimental plots for a given quantity not only include 
the data and the full Monte Carlo result, but also the parton level result from the 
generator. 

• Among the implementations reviewed, we see no reason to favour one above the 
other on theoretical grounds, except that the GKS option of JETSET, where the 
matrix elements are acknowledged to be incomplete, is disfavoured. 

• From the point of view of compactness, and hence transportability, the Zhu 
parametrization stands out. It could be a suitable standard to refer to. The 
way the Zhu algorithm has been used in the past, with weighted events, is not to 
be recommended, however. The JETSET approach here seems to be preferred, 
for its greater flexibility and ease of use. 

• The concept of optimized perturbation theory, applied to second order matrix 
elements, is growing in general acceptance, and will certainly play a prominent 
rôle in perturbative QCD studies at LEP. It is only this way the matrix element 
approach yields a reasonable description of two-, three- and four-je: rates simulta
neously. After the recent successes, optimized scale matr ix elements have become 
more appealing also for other studies, although we still expect the '.ack of multiple 
soft gluon emission to be visible at LEP. 
As to the numerology of this approach, values of y' = Q2/s ~ 0.002 — 0.005 seem 
preferred, i.e. Q ~ 5 GeV at LEP energies. With this choice, one obtains a small 
A, ~ 100 MeV, but a large as, ~ 0.18. The interpretation of these values is rather 
less clear than with the standard ansatz Q2 — s. 

Going beyond second order, we are pleased to note that now three independent cal
culations exist of third order five-jet matrix elements, and that they have been checked 
against each other to agree. Furthermore, these calculations have been lumed into rea
sonably easy-to-run programs, which could come in handy in studies of the three-gluon 
vertex, and a number of other precision tests. No interface to fragmentation models 
exists so far. Program authors are recommended to give this some thought. It would be 
trivial to use independent fragmentation, while string or cluster fragmentation in prin
ciple would require additional colour information to be retained in the matrix element 
expressions. Approximate approaches could be found without too much ado, however. 

There is little to be gained in going beyond third order matrix elements for LEP 
studies (at least, so long as loop calculations are lagging behind Born Term ones), but 
general approximate expressions exist, and also a few exact ones, that could then be 
useful. 



P a r t o n Shower s : 
The modelling of parton showers is the central task in many QCD programs. Therefore 
a wide selection of algorithms is available. There is also a continued improved under
standing of the underlying perturbative QCD picture, which goes hand in hand with the 
improvement of the programs. It is probably true to say that four groups, more than 
others, have viewed their development work as long-term projects, and thus invested a 
significant amount of time to cover aspects not included in other programs. The four 
favoured programs are. 

• HERWIG, which is the latest version in the Marchesini-Webber line of algorithms, 
and supersedes its (fairly similar) predecessors. The authors were the first to 
introduce angular ordering in Monte Carlos, and HERWIG still enjoys the status 
of the technically most advanced leading log shower program, also with many 
effects not part of standard leading log included. The detailed treatment of spin 
correlations is worth a special accolade. 

• NLLjet, developed by Kato, Munehisa and coworkers, is the first full-scale program 
to offer parton shower evolution beyond the leading logarithmic approximation. 
This makes for a more exact and reliable description of the showering process. 

• ARIADNE, developed by the Lund group, based on a picture originally proposed 
by the Leningrad group, is the only program not formulated in terms of parton 
branchings, but rather in terms of colour-anticolour dipole branchings. While the 
two pictures are formally equivalent to lowest order, the dipole scheme may come 
closer to a ' true' description of the underlying physics. 

• JETSET, which is similar to HERWIG, but with important differences, and with
out many of the advanced features of HERWIG. However, it does contain some 
practical aspects, not found elsewhere, which come in handy in experimental stud
ies. 

In fact, these four algorithms, if combined with string fragmentation, tend to give an 
about equally good description of PEP and PETRA global event properties, according 
to studies in the literature. There is no reason to expect anything different at LEP, at 
least not until more detailed aspects of the programs are probed. This does not mean 
that all shower algorithms are equivalent; there certainly is a dividing line between 
coherent and conventional showering programs, but also coherent programs may have 
divergent predictions. 

While it is clear that much interesting work exists, we still do not have one program 
that 'does it all1. The list of specific problems, either addressed only in a few programs, 
or not addressed at all, includes the following. 

• Soft gluon interference effects. The angular ordering of subsequent branchings 
is here the most obvious manifestation, which is nowadays included in most pro
grams. The related azimuthal asymmetries of soft gluon emission are only included 
in a few programs, however. 

• Gluon polarization. Locally, this means that the production and decay planes of 
a gluon are related in a non-trivial manner. Also non-local correlations may arise; 
these are only covered by HERWIG. 

• Lorentz covariance. The selection of a gauge for the evaluation of branching 
probabilities implies the need to pick a specific Lorentz frame. Therefore, no 
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current showering algorithm is fully Lorentz covariant. The dipole algorithm of 
ARIADNE shows that it can be done, however. 

• Hard emission. The leading log picture is based on a collinear approximation to the 
full kinematics. Therefore it is expected to describe the internal structure of jets 
well, but it is not guaranteed to give the proper rate of hard, non-collinear part on 
emission. As it happens, it is mainly the latter process which is probed by the 
standard subdivision of events into two-, three- or four-jet ones. Some programs 
(starting with JETSET) make use of the exact first order three-jet matrix element 
to adjust the probability for hard emission. This is mainly a patchwork solution 
of uncertain validity, but it is the best we know how to do today. 

• Higher orders. Here, of course, NLLjet is the only program which has something to 
offer. While the A parameter of leading log programs stands in no simple relation 
to the fundamental AJJJ one, the inclusion of loops in NLLjet implies a bet ter 
defined A scale. Since the expansion is around a collinear emission picture, there 
is still no guarantee that hard, non-collinear emission is correctly reproduced. 

• Shower cut-off. The shower evolution is cut off at some Q 2 scale, nowadays typ
ically Ql ~ 1 GeV 2 , not because the branching probability becomes small, but 
because it becomes unmanageably large. It is assumed that emission below this 
scale can be included in the effective fragmentation picture, but we have some 
hints (e.g. the soft photon excess discussed in section 5.9) that this might not 
always be correct. 

It is not obvious whether all the features above will be found in one single program in 
the near future, but , at least, the evolution of shower algorithms is certain to continue. 

Parton Showers vs . Matr ix Elements: 
In order to make QCD generators more useful tools, it is probably necessary to combine 
the best features of the two approaches above, to obtain a consistent picture of both hard 
and soft parton emission. It is therefore recommended that Monte Carlo authors work 
towards a generator which, in a consistent manner, incorporates second order matrix 
elements, followed by next to leading order parton shower evolution. In addition, it 
would be desirable to have a complete C ( a | ) matrix element package. 

Fragmentat ion: 
The task of describing fragmentation is unquestionably the most difficult ia QCD Monte 
Carlos, since the underlying'QCD theory is not understood in the fragmentation region. 
Thus, contrary to most other topics, technical skills of Feynman graph calculation and 
the like are of no use; what is needed of program authors is a 'sound physical intuition', 
combined with a portion of luck. 

Traditionally, one distinguishes three fragmentation schools. 
• Independent fragmentation, here represented by C O J E T S , EURODEC and PAR-

JET . Inside isolated jets, this picture is in reasonable agreement with data, but it 
is known to fail (for very fundamental reasons) in providing a complete description 
of event structures, in particular for the production of particles in between jets. 
Independent fragmentation should never be taken as the basic scenario, but can 
be useful to study variations. 

• String fragmentation, represented by JETSET and programs based on J E T S E T : 
ARIADNE, NLLjet and TIPTOP. The development of the Lund string model, 
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embodied in JETSET, probably represents the largest and most successful project 
of fragmentation studies. And yet, the final description is riddled with parameters, 
and leaves many questions unanswered. 

• Cluster fragmentation is, in a fairly pure form, represented by HERWIG, and, 
in a hybrid string-cluster arrangement, by CALTECH-II. The cluster approach 
provides a viable alternative to strings, but some admixture of stringlike ideas 
seems to be required for successful phenomenology. 

Although it is often possible to find good agreement between models and data, it is 
clear that we still do not have a fundamental understanding of the underlying physics. 
One may then worry about specific unsolved problems, like 

• what is the actual mechanism of flavour production, in particular of baryon for
mation? 

• how does intermittency arise? 
• what is a correct description of Bose-Einstein effects? 
• how shound one understand the soft photon and low mass dilepton excess observed 

in hadron collisions, and is it present also in e + e~ annihilations? 

and many more. 
What we need, obviously, is to have QCD solved for us. Failing that , we need 

more alternative models, which can help us put things into perspective. One full-scale 
at tempt, which does provide an alternative to conventional approaches, is the EPOS 
progam. DPSJET is an interesting toy model, and several ideas not yet implemented in 
complete programs could also be mentioned. However, the amount of current activity 
in the field of fragmentation studies compares rather unfavourably with the attention 
given e.g. to parton showers. 

D e c a y s : 
The decaying of unstable hadrons into the observable final state particles is often consid
ered trivial. Indeed, the construction of accurate and reliable decay routines is probably 
the most ungrateful undertaking in QCD Monte Carlo development. And yet, the task 
is neither simple nor unimportant. 

Most programs do contain decay routines as a matter of course. Depending on which 
particular decay is considered, one may be better than another. 

• Ordinary light hadron decays are based on known branching ratios, and so dif
ferences between programs should be minimal. EURODEC and JETSET may 
contain slightly more explicit matrix elements than do others. 

• Charm and r decays are particularly well modelled in EURODEC. This is (to
gether with T I P T O P ) the only program to keep track of polarization information, 
especially important for the r. 

• For bottom decays, experimental knowledge is limited, and the use of various 
phase-space models the only practical way out. Again EURODEC and J E T S E T 
should be about comparable. 

• For top and other heavy objects, the decay into quarks is associated with non-
negligible parton shower evolution. This is included e.g. in HERWIG and JET
SET. 
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Standardizat ion: 
After the standard particle codes proposed by the Particle Da ta Group, we have here 
taken a second step by defining a set of commonblocks that should be used as a s tandard 
for all interfacing of event generators. It must be realized tha t the road does not end 
here, however, and that further standards will have to be defined in the future. As 
part of this evolution, Monte Carlo authors should strive to make their programs more 
modular. 

Famous last words: 
If, after having read this report, or even only the summary, you still do not know which 
one single program to use, then you may agree with our last conclusion: 
Due to the large uncertainties present in any realistic QCD Monte Carlo, 
physics studies must be based on the use of at least two complete and 
independent programs. 
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