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Abstract

This is the report of the LEP2 Monte Carlo Workshop held at CERN from 1999 to 2000. It consists of
four parts. In the first part, the most recent developments in the calculation of four-fermion processes in
electron-positron collisions at LEP2 are presented, concentrating on predictions for four main reactions:
W-pair production, visible photons in four-fermion events, single-W production, and Z-pair production.
Based on a comparison of results within different approaches, theoretical uncertainties on these predic-
tion are established. The second part is devoted to QCD issues, focusing on improving the understanding
and the Monte Carlo simulation of multijet final states due to hard QCD processes at LEP, i.e. quark-
antiquark plus multigluon and/or secondary quark production, with particular emphasis on four-jet final
states and 6-quark mass effects. Specific topics covered are: relevant developments in the main event
generators; description and tuning of inclusive (all-flavour) jet rates; quark mass effects in the three- and
four-jet rates; mass, higher-order and hadronization effects in four-jet angular and shape distributions;
6-quark fragmentation and gluon splitting into fe-quarks. In the third part, 77 physics is discussed. After
a detailed description of the physics modelling of the most recent versions of the currently available
codes, comparisons between the results of the different event generators, as well as between LEP data
and the theoretical predictions are presented, together with the problem of background due to 77 pro-
cesses in searches for new particles. In the last part, recent developments in the theoretical calculation
of two-fermion processes are reported. The Bhabha process and the production of muon, tau, neutrino
and quark pairs is covered. On the basis of comparison of various calculations, theoretical uncertainties
are estimated and compared with those needed for the final LEP2 data analysis. The subjects for further
study are identified.
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PREFACE

After ten years of e+e collisions around and above the Z resonance, an impressive accuracy
in data has been obtained. The sensitivity with respect to the radiative corrections for electroweak ob-
servables, allowing precision tests of the Standard Model, requires the highest standards also on the
theoretical side.

In 1996 the CERN Report 'Physics at LEP2' (CERN 96-01, 2 vols.) as a central documentation
provided the theoretical basis for the physics analysis of the LEP2 results. Although the report is still
quite comprehensive, an update of the discussion of new calculations, improvements and upgrading in
the theoretical understanding and in the Monte Carlo implementations has become necessary for at least
two reasons:

• the experimental accuracy has reached a very high level

• a sizeable amount of theoretical work contributing to a steady improvement of the theoretical
predictions has appeared since the CERN Report of 1996.

The idea of presenting an update in the calculation of the LEP2 observables was triggered by
experimentalists and has been substantiated as far as possible in the present report. New theoretical
input which has appeared since 1996 is included, both for the four-fermion final states as well as for
two-fermion final states, and also QCD and 77 physics. Therefore, this report is structured in four parts
describing the situation for the observables in four-fermion and two-fermion production, QCD, and 77
collisions.

In particular a significant amount of work has been performed in providing higher-order correc-
tions to the WW cross-section and pinning down the theoretical uncertainty of the Standard Model pre-
dictions. More generally, we have summarized the most recent theoretical developments concerning
e+e~ annihilation into four fermions at LEP2 energies: not only the WW signal but also the inclusion of
an extra photon in the final state, the single-W production and the ZZ signal.

New in the four-fermion sector are the double-pole approximation (DPA) in W-pair production, the
exact matrix elements for e+e~ —» 4f -I- 7, the massive Fermion-Loop scheme for single-W production,
the Structure Function and Parton Shower approaches for QED initial-state radiation in processes that
are not dominated by the annihilation channel.

The main aim of the two-fermion section is to collect, calculate and address the question of sys-
tematic errors of the observables needed by the experiments to interpret the experimental errors.

The activities of the QCD working group concentrated on improving the understanding and Monte
Carlo simulation of multijet final states due to hard QCD processes at LEP, i.e. quark-antiquark plus
multigluon and/or secondary quark production, with particular emphasis on four-jet final states and b-
quark mass effects. Specific topics covered are relevant developments in the main event generators;
description and tuning of inclusive (all-flavour) jet rates; quark mass effects in the three- and four-jet
rates; mass, higher-order and hadronization effects in four-jet angular and shape distributions; 6-quark
fragmentation and gluon splitting into 6-quarks.

In the 77 section the improved versions of the 77 generators are described and compared. Recent
theoretical progress in heavy flavour production is presented and a study is performed on 77 processes
as a background to searches.

In all parts we have tried to give a widely homogeneous summary for the precision observables.
Comparisons among the various groups of authors are documented reflecting the status of our theoretical
knowledge. This may be understood as concluding a certain period of theoretical developments and
providing a common opinion about the present situation in the calculation of the precision observables



and their theoretical errors. As a conclusion, we have collected and presented enough evidence to make
the reasonable statement that the theoretical errors are sufficiently small for the current interpretation of
LEP2 data, but in a few cases we are not at the same level - theoretical uncertainty much below 1/3 of
the experimental error - if the final LEP luminosity is considered.

The present documentation is the result of a Workshop started at the beginning of 1999 at the
request of experimentalists. The progress over the subsequent twelve months and the final report have
been made possible by the support of CERN.

We are obliged to CERN for acting as the host of the Workshop and for publication of the results,
in particular to the Theory Division, especially to Guido Altarelli, Michelangelo Mangano and Alvaro de
Rujula for their support and encouragement; to the Desktop Publishing Service for page layout; to Suzy
Vascotto and Egil Lillest0l for organizational and technical assistance.

We gratefully acknowledge also partial support from CERN and INFN.

5. Jadach
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Experimental Aspects

Martin W. Griinewald

Institut fur Physik, Humboldt-Universitat zu Berlin, Germany

The year 2000 is the 12th and, as currently foreseen, last year of operation for the large e+e
collider LEP at CERN. By all standards, both the performance of the LEP machine and the wealth and
precision of experimental results obtained by the four LEP experiments ALEPH [1], DELPHI [2], L3 [3]
and OPAL [4] constitute an exciting success story in high-energy physics.

Operation of LEP started in summer 1989 at centre-of-mass energies around 91 GeV, correspond-
ing to the mass of the Z boson (LEP1). Six years and 17 million Z events later, the second phase of
LEP running boosted the centre-of-mass energy by a factor of 1.5. During the years 1996 until 2000, the
energy of LEP increased further, from 161 GeV, the threshold of W + W~ production, up to 209 GeV at
the time of writing this report (LEP2).

Doubling the centre-of-mass energy opens up interesting new areas in electron-positron physics [5,
6]. In particular, while two-fermion production at LEP1 [7,8] is analysed to study the Z boson [9], four-
fermion production at LEP2 allows us to measure precisely the properties of the W boson [9]. More than
500 p b - 1 of luminosity above the W-pair production threshold is collected by each LEP experiment, ex-
ceeding the original goal of the LEP2 programme [5]. These data sets correspond to a combined sample
of about 30 000 W + W ~ events. The increase in energy also pushes the sensitivity to new particles, for
example the Higgs boson or SUSY particles, towards higher and higher particle masses.

Now, a few weeks into the last data-taking period at LEP, it is crucial to prepare both the final
months of LEP running for an optimal search for new particles, and the final precision analyses of the
data collected at LEP2. A year ago the LEP2 Monte Carlo Workshop was initiated with these goals in
mind. Clearly there is no end to the list of specific processes and phase-space regions accessible at LEP2
energies. The important Standard Model physics topics studied at LEP2 are fermion-pair production,
four-fermion production, quantum chromodynamics (QCD), and two-photon collision processes.

• Two-fermion production has the highest cross-section of all hard processes. At LEP1 it serves as
the unique reaction to study the properties of the Z boson. At centre-of-mass energies far above
the Z pole, the radiative tail of the Z develops where QED radiative corrections are several times
as large as the Born cross-sections. The production of secondary fermion-antifermion pairs due to
the radiation of off-shell photons and Z bosons from the initial- or final-state need to be accounted
for. This ties in with the signal definition, i.e., the separation between radiative corrections to
two-fermion production and genuine four-fermion production.

• Four-fermion production through resonant gauge bosons, in particular W bosons, constitutes an
exciting new process at centre-of-mass energies far above the Z pole. A main aspect of the LEP2
physics programme is given by the measurements of the properties of the W boson, such as its
mass, decay width, and branching fractions. In addition, triple and quartic electroweak gauge
boson couplings are studied, testing the non-Abelian nature of the electroweak Standard Model.
Improved predictions need to take into account radiative corrections to four-fermion processes,
including the radiation of photons, in a more complete manner. This is rather complex due to the
number of Feynman diagrams involved, but important as it also affects the W-mass analysis due to
photons visible in the detector.

• Hard QCD processes in quark-pair production allow tests of QCD at higher energy scales than
before. Their understanding is also needed as QCD four-jet production constitutes a background
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to electroweak four-jet production via Z and W bosons but also Higgs bosons. The rate of QCD
multijet final states must be well known, thus higher-order QCD corrections in multijet production
need to be taken into account in the calculations.

• The two-photon collision process is viewed as a soft process but it has the highest cross-section
in large regions of phase space at LEP2. In particular, the interest lies in predictions and sim-
ulations for hadronic two-photon collision processes, including heavy quark production. Also,
for many new-particle searches with signatures involving large missing energy, two-photon colli-
sion processes form an important background which must be well modelled, including radiative
corrections.

In each case, not only improvements in the predictions and Monte Carlo simulations are needed
but also the size of the remaining theoretical uncertainties associated with the predictions. In particular
the uncertainties were rarely estimated quantitatively in the past. Already now, the accuracy of the LEP2
measurements is so high that uncertainties on predictions can no longer be neglected. One prominent ex-
ample out of many is given by the total W-pair production cross-section: while the theoretical uncertainty
of previous calculations was estimated to be 2% [6], the experimental accuracy at LEP2, combining all
measurements, is well below 1% [9]. Too large a theoretical uncertainty is therefore equivalent to a large
loss in collected luminosity, which weakens the corresponding test of the theory. This must be avoided
through improved predictions.

Accurate theoretical predictions are, however, not only crucial to confront the theory with the
experimental result, but also in looking for the effects of new physics - new particles - beyond the
Standard Model. In order to find such new physics effects as quickly as possible - and thus know how
to plan the data taking - the collected data is continuously compared to the predictions in order to find
deviations in distributions. The significance of such deviations depends on the uncertainties both in the
measurement and in the prediction, which thus must be known.

To this extent an assessment of the prediction of Standard Model processes and their accuracies
is mandatory also as the basic ingredient in the search for physics beyond the Standard Model: only if
the Standard Model physics together with its uncertainty is precisely known, will the experiments find
reliably and early the - at first small - indications for new physics, such as the production of Higgs or
SUSY particles [6], or put tight limits on new physics beyond the Standard Model.

An effort such as this workshop requires very close collaboration between many people from
theoretical and experimental high-energy physics. Based on the needs arising in and developed dur-
ing the experimental analyses, many problems and detailed questions have been formulated, discussed,
re-formulated and mostly solved. Improved predictions and quantitative estimates of the theoretical un-
certainty on the prediction of a large variety of observables are now available. In many but still not
all cases discussed in detail in this report, the theoretical uncertainty is smaller than the projected ex-
perimental uncertainty on the measurement combining all LEP2 data. As an example, for the W-pair
cross-section discussed above, new calculations exist with a theoretical uncertainty of 0.4% on the W-
pair cross-section at 200 GeV. By summarizing all results this report serves the intended purpose and
will be very useful for the final analyses of the LEP2 data.
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1 INTRODUCTION

During the year 1999 an informal workshop on Monte Carlo (MC) generators and programs took place
at CERN, concentrating on processes in e+e~ interactions at LEP2 centre-of-mass energies (161 GeV
to 210 GeV). One of the goals was to summarize and review critically the progress made in theoretical
calculations and their implementation in computer programs since the 1995 workshop on Physics at
LEP2. One of the reasons for this report was the need of having an official statement on various physics
processes and the accuracy of their predictions, before deciding on LEP2 activities in the year 2000.

This part of the workshop report summarizes the findings in the area of Four-Fermion final states.
At the beginning of the workshop the following goals were identified for the Four-Fermion sub-group:

a) Describe the new calculations and improvements in the theoretical understanding and in the up-
graded MC implementations.

b) Indicate where new contributions have changed previous predictions in the MC adopted by the
collaborations, and specify why, how and by how much.

c) In those cases where a substantial discrepancy has been registered and the physical origin has been
understood, recommendations should be made on what to use.

d) In those cases where we have found incompleteness of the existing MC, but no complete improve-
ment is available, we should be able to indicate a sound estimate of the theoretical uncertainty, and
possibly way and time scale for the solution.

Our strategy is determined by the physics issues arising in the experimental analyses performed at LEP2.
Therefore, the four LEP Collaborations have been asked to provide a list of relevant processes together
with the level of theoretical accuracy needed.

Clearly, the LEP experiments investigate many different processes. For theoretical predictions
we thus have to manage with lots of different sets of cuts. At the beginning of our activities the four
experiments have presented us with lists that reflect rather diverse styles and different approaches: The
complexity of the observables varied greatly, ranging from those defined by simple phase-space cuts
on four-fermion (+ photon) level to complete event-selection procedures requiring parton shower and
hadronization of quark systems.

An effort was made to settle as much as possible on a set of quasi-realistic but simple cuts for each
process. We have collected processes and/or phase space regions where improved theoretical predictions
are desirable. A weight has been assigned to each process according to its relevance and urgency.

The focus of activity has been on improving the theoretical predictions for the relevant processes
and/or phase space regions. Also, all contributors have been asked to give an estimate for the remaining
theoretical uncertainty. As a consequence, the output of the whole operation should not be a mere
collection of comparison tables but a coherent attempt in assessing the theoretical uncertainty to be
associated to any specific process.

The realm of theoretical uncertainty is ill defined and in order to reach a general consensus one
cannot be satisfied with just some statement on the overall agreement among different programs. When-
ever differences are found, one has to make sure that they are due to physics, and not to some different
input. So our project had to foresee a preliminary phase with more of a technical benchmark. Once triv-
ial discrepancies are understood and sorted out, one can start digging into inevitable differences arising
from different implementations of common theoretical wisdom.

In a vast majority of cases the main theoretical problem is represented by the inclusion of QED ra-
diation. Therefore, one of the main questions was: can we improve upon our treatment of QED radiation
and/or give some safe estimate of the theoretical uncertainty associated with it?



Below we will present our reference table of four-fermion processes. It is an idealised common
ground where, in principle, all theoretical predictions should be compared. More advanced setups would
be accessible only to a more limited number of generators, built for that specific purpose.

It is useful to recall that the ultimate, perfect program does not exist and, most likely, will never
exist. Roughly speaking, programs belong to two quite distinct classes. On one side there are event
generators, usually interfaced with parton shower and hadronization packages. They may miss some fine
points of the theoretical knowledge but represent an essential ingredient in the experimental analyses
concerning the evaluation of signal efficiencies and backgrounds. Thus they create the necessary bridge
between the raw data recorded by the detectors and the background-subtracted efficiency-corrected re-
sults published. At the other end of this cosmos we have semi-analytical programs that are not meant to
generate events. Rather, they show their power in dealing with the signal, furnishing the implementation
of (almost) everything available in the literature concerning the calculation of specific processes. In ei-
ther case, we want to know about the theoretical uncertainty, process by process, to make clear which
program is able to achieve that level of accuracy under which configuration. For W-pair production,
however, the scenario is slightly changed: We have now MC event generators that, at the same time,
represent a state-of-the-art calculation. Nevertheless, we do not have yet the ultimate MC: the one with
radiative corrections, virtual/soft/hard photons, DPA, complete phase-space including single-W, single-
Z, Z7* and able to produce weight-1 events in finite time.

The results presented in this report are based on several different approaches and on comparisons
of their numerical predictions. They are calculated with the following computer codes: BBC, Comp-
HEP, GENTLE, grc4f, KDRALW/YFSWW/YFSZZ,NEXTCALIBUR, PHEGAS/HELAC, RacoonWW, SWAP/WRAP,
WPHACT and WTO/ZZTO.

This article is organised as follows. In Section 2 we present the four-fermion processes looked
at in detail. Then we review the most recent theoretical developments in four-fermion physics in e+e~
interactions. In Section 4 we discuss the CC03 aww cross-section and predictions based on the DPA.
Here different approaches are compared. In Section 5 we discuss the radiative process with 4f + 7 final
states. In Section 6 the single-W production is critically discussed. Finally the NC02 cross-section, azz

is analysed in Section 7 Conclusions and outlook are presented in Section 8

2 FOUR-FERMION PROCESSES

Here we present our basic reference table and specify the calculational setup. One should read it as
summarizing our original manifest. After reading the following sections, it will be instructive to come
back here with a critical eye: not all the items and questions listed below have found a satisfactory
answer. This was, somehow, foreseeable. If one thinks carefully one will easily discover some important
message also for those issues that remain unsolved: they cannot be solved in any reasonable time scale
and the associated effect is a real source of uncertainty.

2.1 List of processes

The following list provides the observables together with precision tags in %, as requested by the exper-
imental Collaborations. The accuracy of MC simulations should be better than the requested precision
tag, i.e. the physics uncertainty should be smaller and at worst the one indicated. How much better is left
to the contributors. For benchmarking it is certainly advisable to use the maximum available precision.

In general, radiative corrections and radiative photons in the final state should be considered for all
processes, including the discussion of photon energy and polar-angle spectra. Typical minimal require-
ments on real photons are: energy E 7 > 1 GeV; polar angle | cos 07| < 0.985,0.997,0.9995 depending
on channel; and minimal angle between photon and any charged final-state fermion £ > 5°.



• WW and ZZ type signal:

1. e+e~ —> WW —> all (CC03). The full phase space is needed and the inclusive cross-section
accuracy is 0.2%, which is 1/3 of experimental accuracy combining all LEP2 energies,

The spectrum for the photon energy and the polar angle is needed (| cos 07 | < 0.985 (0.997)).

2. e+e~ —> ZZ —» all (NC02). The full phase space is needed and the inclusive cross-section
accuracy is 1%. The spectrum for the photon energy and the polar angle is needed (| cos#7 | <
0.985 (0.997)).

3. e+e~ —> lvlv{^) where all {e/fi/r} <g> {e//j,/r} combinations are requested with the following
conditions: (|cosfy l / ;2| < 0.985, Eh/h > 5GeV, M(l+l~) > 10 (45) GeV (full and high-mass
region). The inclusive cross-section accuracy is 4% for individual combination; the inclusive cross-
section accuracy is 1% for the summed one; photon energy and polar angle spectrum (| cos 07 | <
0.985 (0.997)).

4. e+e~ -» qqev(i) (CC20), ^-flavour blind, | cos<9e| < 0.985, Ee > 5 GeV, M(qq) > 10 (45) GeV
(full and high-mass region); inclusive cross-section accuracy is 1% (5% for low-mass region);
photon energy and polar angle spectrum (| cos 97\ < 0.985 (0.997)).

5. e+e~~ —•> qq/J'Vi'y) and e+e~~ —• qqTU^) (incl. taupolarization in tau decay) (CC10), | cos 9^T\ <
0.985, E^/T > 5 GeV, M{qq) > 10 (45) GeV (full and high-mass region), inclusive cross-section
accuracy 1%. Photon energy and polar angle (| cos 9y\ < 0.985 (0.997)) spectrum.

6. e+e~~ —> qqqq^'y), flavour blind, bbqq, bbbb. At least two pairs with M(q^qj) > 10 (45) GeV
(full and high-mass region), inclusive cross-section accuracy 1%. photon energy and polar angle
(| cos<97| < 0.985 (0.997)) spectrum.

7. e+e~ —> qql+l~{")), ^-flavour blind, heavy g-flavors, I = e//i/r, | cos 6>;J < 0.985, no cut on
2nd lepton (only one lepton tagged), M{qq) > 10 (45) GeV (full and high-mass region), inclusive
cross-section accuracy 2%. Photon energy and polar angle (| cos 07 | < 0.985 (0.997)) spectrum.

8. e+e~ —> qql+l~('y), ^-flavour blind, heavy ^-flavors, IcosfyJ, | cos^2) < 0.985 (both leptons
tagged), full and high-mass regions: M(l+l~) > 10 (45) GeV, M(qq) > 10 (45) GeV, inclusive
cross-section accuracy 2%. Photon energy and polar angle (| cos 97\ < 0.985 (0.997)) spectrum.

9. e+e~ —y qqe+e~ (7), g-flavour blind, heavy g-flavors, with one electron in the beam pipe, | cos 9e \ >
0.997, and one electron tagged, | cos0e| < 0.985, M(qq) > 10 (45) GeV (full and high-mass re-
gion) . Photon energy and polar angle (| cos#7 | < 0.985 (0.997)) spectrum.

10. e+e~ —> qquv{^), ^-flavour blind, heavy ^-flavors, M(qq) > 10 (45) GeV, inclusive cross-
section accuracy 4% (10% for low-mass region). Photon energy and polar angle (|cos#7 | <
0.985 (0.997)) spectrum.

11. e+e~ —> l+l~L+L~('j) and e+e~ —> l+l~l+l~('y) (all possible charged lepton flavour combina-
tions): 3 or 4 leptons within acceptance | cos6>| < 0.985, M(l+l~) and M(L+L~) > 10 (45) GeV
(full and high-mass region). Photon energy and polar angle (| cos 9y\ < 0.985 (0.997)) spectrum.

• S ingle-W type signal:

1. e+e~ —> qqei'l'y), |cos^ e | > 0.997, either M{qq) > 45GeV or Egi,Eq2 > 15GeV, inclusive
cross-section accuracy 3%, photon energy and polar angle (| cos07 | < 0.997 (0.9995)) spectrum.



2. e+e~ -> evev(j), | cos 6»e| > 0.997, Ee > 15GeV, |cos(9e| < 0.7 (0.95), inclusive cross-section
accuracy 5%, photon energy and polar angle (| cos #7| < 0.997 (0.9995)) spectrum.

3. e+e~ -> eviiv(i) and e+e~ -> evTv(i), |cos0e | > 0.997, E^/T > 15GeV, |cos(9M/r| < 0.95,
inclusive cross-section accuracy 5%, photon energy and polar angle (| cos 07 | < 0.997 (0.9995))
spectrum.

This list deserves already few words of comment.

For hadronic systems (CC or NC), there is usually a requirement of at least 45 GeV invariant mass
(W and Z signal) or at least 10 GeV (background for other processes). Even lower invariant masses,
say down to 1 GeV, should be handled by the dedicated 77 subgroup. For leptons, there should be no
problem to go down to lower invariant masses or energies than listed above.

We consider as radiative events those events with real photons where at least one photon passes
the photon requirements listed above, and as non-radiative events those with no photon or only photons
below the minimal photon requirements. In case of non-radiative and radiative events, the cross section
and its accuracy is needed. In case of non-radiative events, this amounts to adding up virtual and soft
radiative corrections. In case of radiative events, some distributions are needed in addition, in particular
photon energy and polar angle, and photon angle with respect to the nearest charged final-state fermion.

2.2 Questions to theory

We now elaborate in more detail on specific questions associated to specific processes.

• O(a) electroweak corrections to e+e~ —> WW —> 4f.

Until 1999, the LEP experiments were using a 2% theoretical uncertainty on the calculation of the
CC03 PF-pair cross section, not changed since the 1995 LEP2 workshop. Although no complete
one-loop O(a) EW calculation exist yet for off-shell e+e~ —> WW —> 4 f production, we wish the
theoretical uncertainty to be below 1% (0.5% if possible) with justification. Also the uncertainties
in CC03 vs. 4f corrections when measuring the WW cross section should be understood.

• Photon radiation (ISR) with pt in WW and ZZ-dominated channels.

The principle effects will be on the selection efficiency and on the differential distributions used
for W mass and triple gauge boson coupling (TGC) studies. The interest in photons is twofold:
photons explicitly identified as such - usually at larger polar angles - and photons which simply
create noticeable activity in the detector. The latter is, for example, also important in single-W
type analysis, therefore the photon angular range is extended to very low polar angles.

• Single W channels.

For the single-W process there are several issues to be addressed. In the region of high invari-
ant masses of the W boson (above 45 GeV) this process is important for both searches and TGC
measurements. One topic of investigation should be ISR: this process is dominated by i-channel
diagrams, whereas the current MC program implement ISR assuming s-channel reactions. A sec-
ond issue is the treatment of the CHQED scale, not only for single-W but also for single-Z and for
Z7*. Is it better to re-weight on a event by event basis or on a diagram basis?

One of the outcomes of the workshop should be a recommendation on the mass cut which dis-
tinguishes the high mass region (more reliable) from the low mass region, i.e. the lower value to
which the 5% (or better) precision tag applies.

The importance of ISR in this channel is threefold: (a) change in total cross-section due to normal
radiative corrections, (b) change in event distributions used to make cuts which changes the frac-
tion of the total that fall inside our cuts, (c) fraction of events with identified photons - this forms
a background to some of the chargino searches where a detected gamma is required.



Since the single-W topology is defined as the one where a high mass object is found in the detector
and the electron is not observed, we would like to know how the presence of pt ISR changes
the fraction of events where the electron gets kicked out of the beam-pipe, how the differential
distributions are distorted for TGC studies and what the explicit hard photon rate is.

The low mass region (below 45 GeV) is mostly important for searches and studied within the 77
sub-group. One would like to trust the MC predictions down to 5 — 10 GeV invariant mass for the
hadronic system. The required precision should also be around 5 to 10%.

2.3 Input parameter set

A set of parameters must be specified for the calculation of O(a) predictions (CC03 and to some extent
also NC02). Once radiative corrections are included, the question of Renormalization Scheme (RS) and
of Input Parameter Set (IPS) becomes relevant. For calculation, the following input parameters are used:

Mz = 91.1867 GeV, l /a(0) = 137.0359895,

GF = 1.16637 x 10~5 GeV-2 . (1)

As far as masses are concerned one should use:

Leptons: PDG values, i.e.

me = 0.51099907 MeV, mM = 105.658389 MeV,

mT = 1.77705 GeV. (2)

Quarks: for light quarks one should make a distinction; for phase space:

m u = 5MeV, m^ = 10 MeV, only relevant for single-W, (3)

while, in principle, these masses should not be used in deriving <O;QED(S) from O;QED(0).

Here the recommendation follows the agreement in our community on using the following strategy for
the evaluation of CHQED at the mass of the Z. Define:

a(M ) = ^

where one has Aa&\Mz) = Aa\ept +

The input parameter should be A a [ ^ , as it is the contribution with the largest uncertainty, while
the calculation of the top contributions to Aa is left for the code. This should become common to
all codes. Codes should include, for Aa\ept, the recently computed O(a3) terms of [1] and use as
default AajJJj = 0.0280398, taken from [2]. Using the default one obtains l/a^(Mz) = 128.877, to
which one must add the it contribution and the O(aas) correction induced by the it loop with gluon
exchange, [3]. Therefore, light quark masses should not appear in the evaluation of « Q E D ( M Z ) and one
should end up with:

l/a(Mz) = 128.887,

for Mz = 91.1867 GeV, mt = 175 GeV,

MH = 150 GeV, as(Mz) = 0.119. (5)

Furthermore, one should use:

as(Mz) = 0.119, MH = 150 GeV, Mw = 80.350 GeV. (6)



The quantities TZ,TW should be understood as computed in the minimal standard model, e.g. Fz =
2.49471 GeV and Fw = 2.08699 GeV for our IPS.

Now we come to the most important point, what to do with IPS in the presence of radiative correc-
tions. In principle, all RS and all IPS are equally good and accepted, and differences are true estimates
of some component of the theoretical uncertainty. However, we want to make sure that differences are
not due to technical precision. The IPS that we want to specify is over-complete, let us repeat,

GF = 1.16637 x 1(T5 GeV"2, l / a ( M 2 ) = 128.887,

Mz = 91.1867 GeV, Mw = 80.350 GeV,

as(Mz) = 0.119, MH = 150GeV. (7)

Clearly, once radiative correction are on, sg = s^"^ e m e and we don't care anymore since
enough radiative corrections should be included to make all schemes equivalent to O{a). Thus, for
O(a) numbers SQ drops out. Perhaps we should give the highest marks to schemes where Mw is in the
IPS; after all, experiments measure Mw at LEP2 and any scheme where Mw is not a primary quantity
in the IPS is as bad as a scheme for LEP 1 where Mz is a derived quantity.

Nevertheless, we can use the over-completeness of the present IPS to set some internal consistency:
it is a good idea to have an over-complete set of IPS, nevertheless consistent, so that everybody can make
his favourite choice of the RS. Since we include values for a(Mz) and for GF we can, as well, fine-tune
the numbers so that the internal relations hold, to the best of our knowledge. The recommendation, in
this case, is as follows:

• write down your favorite equation

/ (MZ,MW, mt, MH, as(Mz),a(0), GF) = 0, (8)

• keep everything fixed but mt which, in turn, is derived as a solution of the consistency equation
(for OMS this involves typically Ar).

Even this solution is RS-dependent but variation should be minimal, sort of irrelevant. For instance, one
could use the following result (derived from T0PAZ0 [4]):

mt = 174.17 GeV Default for CC03 O(a). (9)

With Mw = 80.350 GeV and MH — 150 GeV we are in a lucky situation, mt doesn't change too much.
For more solutions, we refer to Table 1.

Table 1: mt as a function of MH.

MH[GeV]
100
150
180
250

mt[GeV]
170.03
174.17
176.14
179.90

2.4 Comparisons for 4 f results

There is an old tradition in LEP physics, new theoretical ideas and improvements should always be
cross-checked before being adopted in the analysis of the experimental data. In this Report we present
accurate and detailed comparisons between different generators. In most cases the authors have agreed to
coordinate their action in understanding the features of the generators, their intrinsic differences and the



goodness of their agreement or disagreement for the predictions. In so doing, and for the attuned com-
parisons, they can exclude that eventual disagreement may originate from trivial sources, like different
input parameters.

Before entering into a detailed study of the numerical results it is important to underline how an
estimate of the theoretical uncertainty emerges from the many sets of numbers obtained with the available
generators. First of all one may distinguish between intrinsic and parametric uncertainties. The latter are
normally associated with a variation of the input parameters according to the precision with which they
are known. These uncertainties will eventually shrink when more accurate measurements will become
available.

In this Report we are mainly devoted to a discussion of the intrinsic uncertainties associated with
the choice of one scheme versus another. With one generator alone one cannot simulate the shift of a
given quantity due to a change in the renormalization scheme. Thus the corresponding theoretical band
in that quantity should be obtained from the differences in the prediction of the generators. On top of
that we should also take into account the possibility of having different implementations of radiative
corrections within one code. Many implementations of radiative corrections and of DPA are equally
plausible and differ by non-leading higher order contributions, which however may become relevant in
view of the achieved or projected experimental precision. This sort of intrinsic theoretical uncertainty
can very well be estimated by staying within each single generator. However, since there are no reasons
to expect that these will be the same in different generators, only the full collection of different sources
will, in the end, give a reliable information on how accurate an observable may be considered from a
theoretical point of view.

3 PHENOMENOLOGY OF UNSTABLE PARTICLES

In order to extract the WW signal from the full set of e+e~ —> 4 / processes, the CC03 cross-section
was introduced and discussed in Ref. [5]. In lowest order, this cross-section is simply based on the three
WW signal diagrams with the full four-particle kinematics with off-shell W bosons. Compared to the
full set of diagrams, the CC03 subset depends only trivially on the final state and allows to combine all
channels easily. However, since the CC03 cross-section is based on a subset of diagrams, it is gauge-
dependent and usually defined in the 't Hooft-Feynman gauge. While the CC03 cross-section is not an
observable, it is nevertheless a useful quantity at LEP2 energies where it can be classified as a pseudo-
observable. It contains the interesting physics, such as the non-abelian couplings and the sensitivity of
the total cross section to Mw near the W-pair threshold. The goal of this common definition is to be able
to combine the different final state measurements from different experiments so that the new theoretical
calculations can be checked with data at a level better than 1%. Note, however, that the CC03 cross-
section will become very problematic at linear-collider energies, where the background diagrams and the
gauge dependences are much larger.

It is worth summarizing the status of the WW cross-section prior to the 2000 Winter Conferences.
Nominally, any calculation for e+e~ —> WW —> 4 / was a tree level calculation and one could try the
standard procedure of including, in a reasonable way, as much as possible of the universal corrections
by constructing an improved Born approximation (hereafter IBA). This is the way the data have been
analyzed so far, mostly with the help of GENTLE. Different programs have been compared for CC03, see
Ref. [5]: when one puts the same input parameters, renormalization scheme, etc, a technical agreement
at the 0.1% level is found. The universal corrections are not enough, since we wish the theoretical
uncertainty to be below 1% (0.5% seems possible) with justification.

Indeed, we have clear indications that non-universal electroweak corrections for WW{CCQii)
cross-section are not small and even larger than the experimental LEP accuracy. GENTLE will produce
a CC03 cross-section, typically in the C?F-scheme, with universal ISR QED and non-universal ISR/FSR
QED corrections, implemented with the so-called current-splitting technique. The corresponding curve



has been used for the definition of the Standard Model prediction with a ±2% systematic error assigned
to it. This error estimate [42,133] is based on the knowledge of both leading and full O(a) corrections
to on-shell W-pair production. Note that, in GENTLE, the non-universal ISR correction with current-
splitting technique reads as +0.4% effect at LEP2 energies.

Recently, a new electroweak O(a) CC03 cross-section has become available, in the framework of
DPA, showing a result that is 2.5 -r 3% smaller than the CC03 cross-section from GENTLE. This is a big
effect since the combined experimental accuracy of LEP experiments is even smaller. It is, therefore, of
the upmost importance to understand the structure of a DPA-corrected CC03 cross-section.

The double-pole approximation (DPA) of the lowest-order cross-section emerges from the CC03
diagrams upon projecting the W-boson momenta in the matrix element to their on-shell values. This
means that the DPA is based on the residue of the double resonance, which is a gauge-invariant quantity,
because it is directly related to the sub-processes of on-shell VK-pair production and on-shell W decay.
In contrast to the CC03 cross-section, the DPA is theoretically well-defined. The price to be paid for this
is the exclusion of the threshold region, where the DPA is not valid. On the other hand, the DPA provides
a convenient framework for the inclusion of radiative corrections.

3.1 Dealing with unstable particles

Most of our technical problems originate from the complications naturally pertaining to the gauge struc-
ture of the theory and to the presence of unstable particles. As an interlude, we would like to summarize
the nominal essence of the theoretical basis of all generators. In this respect one should remember that
several, new, theoretical ideas were fully developed also as a consequence of the previous workshop on
WW-physics (Physics at LEP2, Yellow report CERN/96-01, February 1996) and, in turn, many gen-
erators have profited from the most recent theoretical development. Furthermore, this section will be a
natural place where to add some consideration about the fine points in the DPA-procedure.

Four-fermion production processes, with or without radiative corrections, all involve fermions in
the initial and final state and unstable gauge bosons as intermediate particles. Sometimes a photon is also
present in the final state. If complete sets of graphs contributing to a given process are taken into account,
the associated matrix elements are in principle gauge-invariant, i.e. they are independent of gauge fixing
and respect Ward identities. This is, however, not guaranteed for incomplete sets of graphs like the ones
corresponding to the off-shell W-pair production process (CC03). Indeed this process has been found to
violate the SU{2) Ward identities [6].

In addition, the unstable gauge bosons that appear as intermediate particles can give rise to poles
1 / (p2 — M2) in physical observables if they are treated as stable particles. In view of the high precision of
the LEP2 experiments, the proper treatment of these unstable particles has become a demanding exercise,
since on-shell approximations are simply not good enough anymore. A proper treatment of unstable
particles requires the re-summation of the corresponding self-energies to all orders. In this way the
singularities originating from the poles in the on-shell propagators are regularized by the imaginary parts
contained in the self-energies, which are closely related to the decay widths (F) of the unstable particles.
The perturbative re-summation itself involves a simple geometric series and is therefore easy to perform.
However, this simple procedure harbours the serious risk of breaking gauge invariance. Gauge invariance
is guaranteed order by order in perturbation theory. Unfortunately one takes into account only part of
the higher-order terms by re-summing the self-energies. This results in a mixing of different orders of
perturbation theory and thereby jeopardizes gauge invariance, even if the self-energies themselves are
extracted in a gauge-invariant way. Apart from being theoretically unacceptable, gauge-breaking effects
can also lead to large errors in the MC predictions. At LEP2 energies this problem occurs for instance in
the reactions e+e~ —> e~ueud, e+veud for forward-scattered beam particles [7].

Based on this observation, it is clear that a gauge-invariant scheme is required for the treatment of
unstable particles. It should be stressed, however, that any such scheme is arbitrary to a greater or lesser
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extent: since the Dyson summation must necessarily be taken to all orders of perturbation theory, and
we are not able to compute the complete set of all Feynman diagrams to all orders, the various schemes
differ even if they lead to formally gauge-invariant results. Bearing this in mind, we need besides gauge
invariance some physical motivation for choosing a particular scheme. In this context two options can
be mentioned. Either one can try to subtract gauge-violating terms or one can try to add gauge-restoring
terms to the calculation.

The first option is the so-called pole scheme [8]. In this scheme one decomposes the complete
amplitude by expanding around the poles. As the physically observable residues of the poles are gauge-
invariant, gauge invariance is not broken if the finite width is taken into account in the pole terms oc
1/(P2 — M2). In reactions with multiple unstable-particle resonances it is rather awkward to perform the
complete pole-scheme expansion with all its subtleties in the treatment of the mapping of the off-shell
phase space on the on-shell phase space.

Therefore one usually approximates the expansion by retaining only the terms with the highest
degree of resonance. This approximation is called the leading-pole approximation and is closely related
to on-shell production and decay of the unstable particles. The accuracy of the approximation is typically
OT/M, making it a suitable tool for calculating radiative corrections, since in that case the errors are
further suppressed by powers of the coupling constant. Since diagrams with a lower degree of resonance
do not feature in the leading-pole approximation, it is not an adequate approach for describing lowest-
order reactions. So, for lowest-order reactions one needs an alternative approach.

The second option is based on the fundamentally different philosophy of trying to determine and
include the minimal set of Feynman diagrams that is necessary for compensating the gauge violation
caused by the self-energy graphs. This is obviously a theoretically very satisfying solution, but it may
cause an increase in the complexity of the matrix elements and consequently a slowing down of the
numerical calculations. Two methods have been developed along these lines.

First of all, for the gauge bosons we are guided by the observation that the lowest-order de-
cay widths are exclusively given by the imaginary parts of the fermion loops in the one-loop self-
energies. It is therefore natural to perform a Dyson summation of these fermionic one-loop self-energies
and to include the other possible one-particle-irreducible fermionic one-loop corrections (fermion-loop
scheme) [7,11-13]. For the lowest-order LEP2 process e+e~ —> 4f this amounts to adding the fermionic
corrections to the triple gauge-boson vertex. The complete set of fermionic contributions forms a man-
ifestly gauge-invariant subset, since it involves the closed subset of all O[N£a/ir]n contributions (with
N£ denoting the colour degeneracy of fermion / ) . Moreover, it obeys all Ward identities exactly, even
with re-summed propagators, as shown in Ref. [12] for two- and four-fermion production. For any
particle reaction this can be deduced from the fact that the Ward identities of the underlying gauge sym-
metry, which are obeyed by the fermion loops, survive such a consistent Dyson summation, in contrast
to the Slavnov-Taylor identities of the BRS symmetry, as shown in Ref. [14] in the framework of the
background-field formalism [15]. The limitation of the fermion-loop scheme is due to the fact that it
does not apply to particles with bosonic decay modes and that on resonance one perturbative order is
lost. This in turn disqualifies it as a candidate for handling radiative corrections. Moreover, the inclusion
of a full-fledged set of one-loop corrections in a lowest-order amplitude tends to over-complicate things
for reactions like e+e~ —> 4f7.

Recently a novel non-diagrammatic technique has been proposed for arbitrary tree-level reactions,
involving all possible unstable particles and an unspecified amount of stable external particles [16]. By
using gauge-invariant non-local effective Lagrangians, it is possible to generate the self-energy effects in
the propagators as well as the required gauge-restoring terms in the multi-particle (3-point, 4-point, etc.)
interactions. In this way the full set of Ward identities can be solved, while keeping the gauge-restoring
terms to a minimum.

A simplified version of this non-diagrammatic technique is the complex-mass scheme, which was
introduced in Ref. [18] for the reactions e+e~ -* 4f and e+e~ —> 4f-7. In this scheme, the modifica-
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tions of the vertices that are necessary to compensate the width effects of the propagators are obtained
by analytically continuing the corresponding mass parameters in all Feynman rules consistently, leading
to complex couplings. The complex-mass scheme preserves all Ward identities and works for arbitrary
lowest-order predictions. As a small drawback we note, that for space-like gauge-boson momenta the
propagators are complex in the complex-mass scheme, whereas perturbation theory in fact predicts the
absence of any imaginary contribution to the propagator. This leads to complex couplings through gauge
restoration and it will change, potentially, the CP structure of the theoretical predictions, whenever imag-
inary parts are redistributed between vertex functions.

We must admit that the effect on the CP structure has not been investigated in any scheme. How-
ever, for the Fermion-Loop scheme one does not see any problem with CP and for the non-local approach
the modifications of the vertices have the feature that no imaginary parts are generated for space-like par-
ticles. One can also use the non-local approach starting from proper imaginary parts for time-like and
unproper ones for space-like propagators and then look for a solution. One finds the complex mass
scheme. As such it is confirmed by the non-local method, but only when one starts with an ad-hoc
ansatz.

3.2 The leading-pole approximation

As mentioned above, the pole scheme consists in decomposing the complete amplitude by expanding
around the poles of the unstable particles. The residues in this expansion are physically observable and
therefore gauge-invariant. The pole-scheme expansion can be viewed as a gauge-invariant prescription
for performing an expansion in powers of T/M. It should be noted that there is no unique definition of the
residues. Their calculation involves a mapping of off-shell matrix elements with off-shell kinematics on
on-resonance matrix elements with restricted kinematics. This mapping, however, is not unambiguously
fixed. After all, it involves more than just the invariant masses of the unstable particles and one thus
has to specify the variables that have to be kept fixed in the mapping. The resulting implementation
dependence manifests itself in differences of sub-leading nature, e.g. OT/M suppressed deviations in
the leading pole-scheme residue. In special regions of phase space, where the matrix elements vary
rapidly, the implementation dependence can take noticeable proportions. This happens in particular near
phase-space boundaries, like thresholds.

In order to make these statements a bit more transparent, we sketch the pole-scheme method for a
single unstable particle. In this case the Dyson re-summed lowest-order matrix element is given by

=

n2 — M2 Z(M2) ' n *~"> " ' os "° " ^ "fli'°^ ' ' '

where S(p2) is the unrenormalized self-energy of the unstable particle with momentum p and unrenor-
malized mass M. The renormalized quantity M 2 is the pole in the complex p2 plane, whereas Z(M2)
denotes the wave-function factor:

M2 - M 2 + S(M2) = 0, Z(M2) = 1 + E'(M2). (11)

The first term in the last expression of Eq. (10) represents the single-pole residue, which is closely related
to on-shell production and decay of the unstable particle. The second term between the square brackets
has no pole and can be expanded in powers of p2 — M2 . The argument UJ denotes the dependence
on the other variables, i.e. the implementation dependence. After all, the unstable particle is always
accompanied by other particles in the production and decay stages.
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For instance, consider the LEP1 reaction e+e~ —> / / . In the mapping p | —» M 2 one can either
keep t = (pe- — p / ) 2 = — p | ( l — cos#)/2 fixed or cos#. In the former mapping cos#poie is obtained
from the on-shell relation cos#poie = 1 + 2t/M2, whereas in the latter mapping tpoie = - M 2 ( 1 -
cos#)/2. It may be that a particular mapping leads to an unphysical point in the on-shell phase space.
In the present example ipoie will always be physical when cos 9 is kept fixed in the mapping. However,
since | cos 0poie| > 1 for t < - R e M 2 , it is clear that mappings with fixed Mandelstam variables harbour
the potential risk of producing such unphysical phase-space points.'

This can have repercussions on the convergence of the pole-scheme expansion. Therefore it is
recommended to use implementations that are free of unphysical on-shell phase-space points.

The issue of taking angles instead of Mandelstam variables was raised in Ref. [133] (see text after
Eq. (58) there) and in the second reference of [8] (see paragraph after Eq. (2)). For the DPA presented
in Ref. [9], in discussing the treatment of the mapping of the off-shell phase space on the on-shell
phase space, angles and completely decoupled off-shell invariant masses for the W bosons were used.
Finally, in Ref. [10] the numerical effects coming from different phase-space treatments was considered
also numerically. Specifically, the non-factorizable corrections were considered for different choices of
Mandelstam variables used in the DPA.

The at present only workable approach for evaluating the radiative corrections to resonance-pair-
production processes, like W-pair production, involves the so-called leading-pole approximation (LPA).
This approximation restricts the complete pole-scheme expansion to the term with the highest degree of

• resonance. In the case of W-pair production only the double-pole residues are hence considered. This
is usually referred to as the DPA. The intrinsic error associated with this procedure is arw/(irMw) x
ln(...) < 0.5%, except far off resonance, where the pole-scheme expansion cannot be viewed as an
effective expansion in powers of Y/M, and close to phase-space boundaries, where the DPA cannot
be trusted to produce the dominant contributions. In the above error estimate, the ln(...) represents
leading logarithms or other possible enhancement factors in the corrections. In the latter situations also
the implementation dependence of the double-pole residues can lead to enhanced errors. Close to the
nominal (on-shell) W-pair threshold, for instance, the intrinsic error is effectively enhanced by a factor
Mw / /(y /s — 2MW) = MW/AE. In view of this it is wise to apply the DPA only if the energy is several
IV above the threshold.

In the DPA one can identify two types of contributions. One type comprises all diagrams that
are strictly reducible at both unstable W-boson lines (see Fig. 1). These corrections are therefore called
factorizable and can be attributed unambiguously either to the production of the W-boson pair or to one
of the subsequent decays. The second type consists of all diagrams in which the production and/or decay
sub-processes are not independent and which therefore do not seem to have two overall W propagators
as factors (see Fig. 2). We refer to these effects as non-factorizable corrections.2

In the DPA the non-factorizable corrections arise exclusively from the exchange or emission of
photons with E1 < Tw [19]. Hard photons as well as massive-particle exchanges do not lead to double-
resonant contributions. The physical picture behind all of this is that in the DPA the W-pair process can
be viewed as consisting of several sub-processes: the production of the W-boson pair, the propagation
of the W bosons, and the subsequent decay of the unstable W bosons. The production and decay are
hard sub-processes, which occur on a relatively short time interval, O\jMw. They are in general distin-
guishable as they are well separated by a relatively big propagation interval, O\/Tw. Consequently, the
corresponding amplitudes have certain factorization properties. The same holds for the radiative correc-
tions to the sub-processes. The only way the various stages can be interconnected is via the radiation of
soft photons with energy of OTW.

1 In the resonance region, \p% — M2 | <g | M2 |, the unphysical on-shell phase-space points occur near the edge of the off-shell
phase space, since t < —ReM2 requires cos0 w —1.

2It should be noted that the exact split-up between factorizable and non-factorizable radiative corrections requires a precise
(gauge-invariant) definition. We will come back to this point.
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Fig. 1: The generic structure of the virtual factorizable W-pair contributions. The shaded circles indicate the
Breit-Wigner resonances, whereas the open circles denote the Green functions for the production and decay sub-
processes up to Oa precision.

Fig. 2: Examples for virtual (top) and real (bottom) non-factorizable corrections to W-pair production. The black
circles denote the lowest-order Green functions for the production of the virtual W-boson pair.

As is clear from the above-given discussion of the DPA, a specific prescription has to be given for
the calculation of the DPA residues. Or, in other words, we have to fix the implementation of the map-
ping of the full off-shell phase space on the kinematically restricted (on-resonance) one. Two strategies
have been adopted in the literature [9,20]. One can opt to always extract pure double-pole residues [9].
This means in particular that after the integration over decay kinematics and invariant masses has been
performed the on-shell cross-section should be recovered. Alternatively, one can decide to exclude the
off-shell phase space from the mapping and apply the residue only to the matrix elements [20,37]. We
will come back to the conceptual and numerical differences between these two implementation strategies
in the detailed discussion of the DPA programs. At this point we merely note that the numerical differ-
ences can serve as an estimate of the theoretical uncertainty of the DPA procedure. Ref. [37] also used
the approach in which the full off-shell phase space is maintained and the residue is only applied to the
matrix elements.

In the rest of this section we will explain those aspects of the DPA procedure that are common to
both implementation methods. To this end we focus on the lowest-order reaction

(q2) W~{p2)
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involving only those diagrams that contain as factors the Breit-Wigner propagators for the W+ and W
bosons. Here / i and /{ are the decay products of the W+ boson, and fa and / 2 those of the W~ boson.
It should be noted that a large part of the radiative corrections in DPA to this reaction can be treated in a
way similar to the lowest-order case, which is therefore a good starting point. The amplitude for process
(12) takes the form

M = 2 nWM!,M 2 ) A l^ ^ , (13)

where any dependence on the helicities of the initial- and final-state fermions has been suppressed, and

? 2 T w , Mf = {h + kf{f. (14)

The quantities A ^ (Mi) and AA~'(M2) are the off-shell W-decay amplitudes for specific spin-polari-
zation states Ai (for the W+) and A2 (for the W~), with A, = (-1,0,-1-1). The off-shell W-pair
production amplitude IL^x^Mi, M%) depends on the invariant fermion-pair masses Mi and on the po-
larizations Aj of the virtual W bosons. In the limit Mi —> Mw the amplitudes II and A ^ go over into
the on-shell production and decay amplitudes.

In the cross-section the above factorization leads to

v - I*;I2 v - „ ,w *, N V^'SM^ PA2A2(M2)
E 1^1 = E ^1A2][A'1Ay(M1,M2)—^ j ^ s — . (15)

fermion helicities >^iM,K<X2

In Eq. (15) the production part is given by a 9 x 9 density matrix

V[Xlx2)[x'1x'2\{MuM2) = E nA l A 2(M1 )M2)n^A ,(M1 ,M2). (16)
e^ helicities

Similarly the decay part is governed by 3 x 3 density matrices

(17)
fermion helicities

where the summation is performed over the helicities of the final-state fermions.

It is clear that Eq. (16) is closely related to the absolute square of the matrix element for stable
unpolarized W-pair production. In that case the cross-section contains the trace of the above density
matrix

, Mw)\2. (18)
A 1,^2 all polarizations

The decay of an unpolarized on-shell W boson is determined by

2 (19)
Ai all polarizations

Note, however, that also the off-diagonal elements of V(MW, Mw) and V{MW) are required for deter-
mining Eq. (15) in the limit Mi —» Mw.

As a next step it is useful to describe the kinematics of process (12) in a factorized way, i.e. using
the invariant masses Mi and M2 of the fermion pairs. The differential cross-section takes the form

( 2 0 )< * r d e c • ̂  • ,
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where dF4f indicates the complete four-fermion phase-space factor and s = (q\ +172)2 the centre-of-mass
energy squared. The phase-space factors for the production and decay sub-processes, dFpT and dT^,
read

(2TT)2
2o

When the factorized form for ^ |.M|2 is inserted one obtains

d

Ai,A2,A'1,A'2

1 dM? J_dMf
X 2 T T I A I 2 X 2 T T |£>|2' ( 2 2 )

which is the common starting point for any of the DPA implementations.

3.3 Radiative corrections in double-pole approximation

A full calculation of the complete electroweak O{a) corrections to e+e~ —> 4 / (+7) for all four-fermion
final states is beyond present possibilities. While the real bremsstrahlung corrections induced by e+e~ —>
4 / 7 are known exactly [18,30,31], there are severe technical and conceptual problems with the virtual
corrections to four-fermion production. Fortunately, the full account of the O(a) corrections is not
needed at the level of accuracy demanded by LEP2. For W-pair-mediated processes, e+e~ —> WW —>
4/ , the required accuracy of predictions is of the order of 0.5% for integrated quantities. At this level,
the corrections to VF-pair production can be treated in the DPA. In regions of phase space where two
resonant W bosons do not dominate the cross-sections, such as in the WW-threshold region or in the
single-W domain, the DPA is, of course, not valid and one should resort to other approximations as the
Weizsacker-Williams for single-W [91].

Since only diagrams with two nearly resonant W bosons are relevant for the DPA, the number
of graphs is reduced considerably, and a generic treatment of all four-fermion final states is possible.
Obviously all diagrams that appear for the pair production and the decay of on-shell W bosons are also
relevant for the pole expansion in the DPA. Since such contributions involve a product of two independent
Breit-Wigner factors for the W resonances, they are called factorizable corrections. However, there
exist also doubly-resonant corrections in which the production and decay sub-processes do not proceed
independently. Power counting reveals that such corrections are only doubly-resonant if the particle
that is exchanged by the sub-processes is a low-energetic photon. Owing to the complicated off-shell
behaviour of these corrections, they are called non-factorizable.

While the definition of the DPA is straightforward for the virtual corrections, it is problematic
for the real corrections. The problem is due to the momentum carried away by photon radiation. The
invariant masses of the W bosons in contributions in which the photon is emitted in the VF-pair pro-
duction subprocess differ from those where the photon is emitted in the W-decay sub-processes. The
corresponding Breit-Wigner resonances overlap if the energy of the emitted photon is of the order of
Fw- It is not obvious how to define the DPA for such photons. Therefore, the results based on a DPA for
the real corrections have to be treated with some caution.

According to the above classification, there are four categories of contributions to O(a) correc-
tions in DPA: factorizable and non-factorizable ones both for virtual and real corrections. In the following
the salient features of those four parts are described.
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3.3.1 Virtual corrections

As a first step we discuss how to separate the virtual corrections into a sum of factorizable and non-
factorizable virtual corrections. The diagrammatic split-up according to reducible and irreducible W-
boson lines is an illustrative way of understanding the different nature of the two classes of corrections,
but since the double-resonant diagrams are not gauge-invariant by themselves the precise split-up needs
to be defined properly.

We can make use of the fact that there are effectively two scales in the problem: Mw and IV. Let
us now consider virtual corrections coming from photons with different energies:

• soft photons, £ 7 <C IV,

• semi-soft photons, E^ = OYW,

• hard photons, IV <S E^ — OMW.

Only soft and semi-soft photons contribute to both factorizable and non-factorizable corrections. The
latter being defined to describe interactions between different stages of the off-shell process. The reason
for this is that only these photons can induce relatively long-range interactions and thereby allow the
various sub-processes, which are separated by a propagation interval of Ol/Fw, to communicate with
each other. Virtual corrections involving the exchange of hard photons or of massive particles contribute
exclusively to the factorizable corrections. In view of the short range of the interactions induced by these
particles, their contribution to the non-factorizable corrections are suppressed by at least OYW/MW.

As hard photons contribute to the factorizable corrections only, we merely need to define a split-up
for soft and semi-soft photons. It is impossible to do this in a consistent gauge-invariant way on the basis
of diagrams. In Refs. [9,10] it was shown that only part of particular diagrams should be attributed to the
non-factorizable corrections, the rest being of factorizable nature. The complete set of non-factorizable
corrections was obtained by collecting all terms that contain the ratios D\j\Di ± 2kpi], where k denotes
the momentum of the (semi-)soft photon. The so-defined non-factorizable corrections read [9]

MT = i J (2*;
dAk

(23)

which contains the gauge-invariant currents

+ io —kp2 + io

+ io kq2 + io ' y —kqx +io —

for photon emission from the production stage of the process, and

Pi A_n. Kl n..

(24)

= - e

+ io %o kk'x + io
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Qh
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• 10 • -kk'2 io

• 2kpx'
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Do-

(25)

for photon emission from the decay stages of the process. Here Mo*PA is the lowest-order matrix element
in DPA and Qf stands for the charge of fermion / in units of e. Since Eq. (23) contains (at least)
all contributions from diagrams with irreducible W-boson lines, it can be viewed as a gauge-invariant
extension of the set of VF-irreducible diagrams. In general one has to calculate all of the integrals
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appearing in the above expressions. The complete set of integrals has been given in Ref. [24] and explicit
expressions for the full set of virtual factorizable corrections can be found in Ref. [22]. However, if one
is interested in the sum of virtual corrections and real-photon radiation, then some simplifications occur
depending on the treatment of the photon3.

If the radiated (real) photon is treated inclusively, then many of the terms in Eq. (23) cancel
[19]. In this context the difference in the signs of the io parts appearing in the currents JQ and J®
are crucial. These signs actually determine which interference terms give rise to a non-vanishing non-
factorizable contribution after virtual and real-photon corrections have been added. As a result of such
considerations only a very limited subset of 'final-state' interferences survives for inclusive photons: the
virtual corrections corresponding to Figs. 2 and 3 as well as the associated real-photon corrections.

Fig. 3: The Coulomb graph, contributing to both factorizable and non-factorizable corrections.

The sum of virtual and real non-factorizable corrections has been calculated, Refs. [10,21,23,24]4.
It has been shown in Ref. [19] that this sum vanishes if the invariant masses of both W bosons are inte-
grated over, i.e. in particular that the full non-factorizable correction to the total cross-section is zero in
DPA.

In Refs. [10,21,24] the full non-factorizable corrections have also been discussed numerically.
They vanish on top of the double resonance and are of the order of 1% in its vicinity. The shift in the
W invariant-mass distributions is only of the order of a few MeV. These results can be reproduced by
a simple approximation [25] based on the so-called screened Coulomb ansatz. However, it is impor-
tant to note that all these numerical results on non-factorizable corrections are based on the DPA for
real corrections and have been obtained in idealized treatment of phase space, namely the assumption
that the W-boson momenta can be reconstructed from the fermion momenta alone, i.e. without photon
recombination. It is not clear how these results change in physical situations with photon recombination.

The virtual factorizable corrections consist of all hard contributions and the left-over part of the
semi-soft ones. The so-defined factorizable corrections have the nice feature that they can be expressed
in terms of corrections to on-shell sub-processes, i.e. the production of two on-shell W bosons and then-
subsequent on-shell decays. The corresponding matrix element can be expressed in the same way as
described at lowest-order:

A[+)(MI) Ai^iMo)
, M 2 ) Al

r,
V AV, • (26)

3Note that Eq. (23) is UV-finite and contains 4- and 5-point integrals. In fact it was observed that certain combinations of
these 4- and 5-point integrals are equal to a simple (Coulomb-like) 3-point integral plus a constant. This simple 3-point integral
has an artificial UV divergence, which cancels against the constant and can be regulated by either a cut-off (BBC) or by keeping
the DPA-subleading fc2 contributions in the denominators (RACOONWW). The final answer of course does not depend on this.

4The original result of the older calculation [23] does not agree with the two more recent results [10,24], which are in mutual
agreement. As known from the authors of Ref. [23], their corrected results also agree with the ones of Refs. [10,24].
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Here two of the amplitudes are taken at lowest order, whereas the remaining one contains all possible
one-loop contributions, including the W wave-function factors that appear in Eq. (10). In this way
the well-known on-shell radiative corrections to the production and decay of pairs of W bosons [26,27]
appear as basic building blocks of the factorizable corrections.5 In the semi-soft limit the photonic virtual
factorizable corrections to the production stage, contained in II, cancel against the corresponding real-
photon corrections. Non-vanishing contributions from II occur as soon as the k2 terms in the propagators
cannot be neglected anymore. An example of this is the factorizable correction from the Coulomb graph
Fig. 3. For the on-shell (factorizable) part of the Coulomb effect photons with momenta ko — OAE and
\k\ = Oy/MWAE wee important [28], i.e. k2 cannot be neglected in the propagators of the unstable
particles. Since we stay well away from the W-pair threshold (AE = ^/s — 2MW ;§> IV), this situation
occurs outside the realm of the semi-soft photons. This fits nicely into the picture of the production stage
being a hard subprocess, governed by relatively short time scales as compared with the much longer time
scales required for the non-factorizable corrections, which interconnect the different sub-processes.

3.3.2 Real-photon radiation

In this subsection we discuss the aspects of real-photon radiation in the DPA as used in Ref. [9]. To this
end we consider the process

e+(qi)e-(q2) - W+fa) W-fa) {7(k)} -> fdh)/^) f2(k2)fi(k'2)7(k), (27)

where in the intermediate state there may or may not be a photon. We will show how to extract the
gauge-invariant double-pole residues in different situations. The exact cross-section for process (27) can
be written in the following form

+ \M+\2+\M dr4f7,

(28)
where <£T4f7 indicates the complete five-particle phase-space factor, and the matrix elements Mo and
M± correspond to the diagrams where the photon is attached to the production or decay stage of the
three VF-pair diagrams, respectively. This split-up can be achieved with the help of the partial-fraction
decomposition [29]

Each contribution to the cross-section can be written in terms of polarization density matrices, which
originate from the amplitudes

(30)

(31)

(32)

where all polarization indices for the W bosons and the photon have been suppressed, and

A 7 = A + 2kki + 2kk\, JI4? = M? + 2kkt + 2kk$, Mf = (h + fc^)2- (33)
5 Note that the complete density matrix is required in this case, in contrast to the pure on-shell calculation which involves

the diagonal elements of the density matrix only.
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The matrix elements FI7 and A 7 ' describe the production and decay of the W bosons accompanied by
the radiation of a photon. The matrix elements without subscript 7 have been introduced in Eq. (13).

In the calculation of the Born matrix element and virtual corrections only two poles could be identi-
fied in the amplitudes, originating from the Breit-Wigner propagators 1/Dj. The pole-scheme expansion
was performed around these two poles. In contrast, the bremsstrahlung matrix element has four in gen-
eral different poles, originating from the four Breit-Wigner propagators 1/Di and 1/D^. As mentioned
above, the matrix element can be rewritten as a sum of three matrix elements (.Mo, M.+, M-), each of
which only contain two Breit-Wigner propagators. For these three individual matrix elements the pole-
scheme expansion is fixed, as before, to an expansion around the corresponding two poles. However,
when calculating cross-sections [see Eq. (28)] the mapping of the five-particle phase space introduces a
new type of ambiguity. The interference terms in Eq. (28) involve two different double-pole expansions
simultaneously. One might think this will pose a problem, since there is no natural choice for the phase-
space mapping in those cases. As we will see later, however, only photons with E1 < Yw ^ Mw give
noticeable contributions to these interference terms. This means that one can apply a soft-photon-like
(semi-soft) approximation (see below).

In Ref. [9] it was argued that the resulting ambiguity in the phase-space mapping will not have
significant repercussions on the quality of the DPA calculation, in the same way as stable-particle cal-
culations are not significantly affected by the photon momentum in the soft-photon regime. We note,
however, that there is still some controversy on this issue.

Let us return now to the three earlier-defined regimes for the photon energy:

• for hard photons [E-y ̂ > Fw] the Breit-Wigner poles of the W-boson resonances before and after
photon radiation are well separated in phase space (see M ^ and Mf defined above). As a result,
the interference terms in Eq. (28) can be neglected. This leads to three distinct regions of on-
shell contributions, where the photon can be assigned unambiguously to the W-pair-production
subprocess or to one of the two decays. This assignment is determined by the pair of invariant
masses (out of Mf and M?) that is in the M^, region. Therefore, the double-pole residue can be
expressed as the sum of the three on-shell contributions without increasing the intrinsic error of the
DPA. Note that in the same way it is also possible to assign the photon to one of the sub-processes,
since misassignment errors are suppressed, assuming for convenience that all final-state momenta
can ideally be measured.

• for semi-soft photons [Ey = O(YW)] the Breit-Wigner poles are relatively close together in
phase space, resulting in a substantial overlap of the line shapes. The assignment of the photon
is now subject to larger errors. Moreover, since the interference terms in Eq. (28) cannot be
neglected, a proper prescription for calculating the DPA residues (i.e. the phase-space mapping) is
required [9,10,24].

• for soft photons [E^ < Fw] the Breit-Wigner poles are on top of each other, resulting in a pole-
scheme expansion that is identical to the one without the photon.

Let us first consider the hard-photon regime in more detail. Due to the fact that the poles are well
separated in the hard-photon regime, it is clear that the interference terms are suppressed and can be
neglected:

da = ^ \\M0\
2 + \M+\2 + \M-\2] dr4f7. (34)

Note that each of the three terms has two poles, originating from two resonant propagators. However,
these poles are different for different terms. The phase-space factor can be rewritten in three equivalent
ways. The first is

dr4f7 = drl = dry, • < e c • drgc • ̂  • M , (35)
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(37)

(38)

and a similar expression for dTl. The phase-space factors c£Tpr and rfr^c are just the lowest-order ones.
The cross-section can then be written in the following equivalent form

do = ^ % + \M+\2dT\ (39)

In order to extract gauge-invariant quantities, the DPA limit should be taken. This amounts to taking
the limit p\2 —+ M ^ , using a particular prescription for mapping the full off-shell phase space on the
kinematically restricted on-resonance one. Note however that pi;2 can be different according to the 5-
functions in the decay parts of the different phase-space factors. To be specific, the production term
\M0\

2 has poles atp? = Mf = M^, \M+\2 has poles atpf = M\^ = M ^ andp^ = M2
2 - M ^ , and

\M-\2 has poles at p\ = Mf = M^ and pj = Mf7 = M^.

We complete our survey of the different photon-energy regimes by considering semi-soft and
soft photons. The split-up of factorizable and non-factorizable real-photon corrections proceeds in the
same way as described in the previous subsection for virtual corrections. The result reads in semi-soft
approximation

da = — |.M7j
2dT4f7

S

dk
2Re

(40)
The gauge-invariant currents XQ and X± are given by

= e

XI = -e

fl = +e

kp2 kqi ' kqi

fCn "̂ 2

D1 + 2kPl'

£>2
(41)

The first three interference terms in Eq. (40) correspond to the real non-factorizable corrections. The last
three squared terms in Eq. (40) belong to the factorizable real-photon corrections. They constitute the
semi-soft limit of Eq. (39).

3.4 A hybrid scheme - virtual corrections in DPA and real corrections from full
matrix elements

The reliability of the error estimate of (a/ir) x (Tyj/Mw) x ln(- • •) < 0.5% for the accuracy of the
DPA can, of course, only be controlled by a comparison to calculations that are based on the full ma-
trix elements. While for the virtual corrections such results do not exist yet, the situation for the real
corrections is much better, since full matrix-element calculations for the processes e+e~ —> 4 / 7 are
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available [18, 30,31]. The latter results seem to be of particular importance, because the above error
estimate for real corrections in DPA is subject of some controversy.

Although it deserves some care, it is possible to combine the virtual Oa corrections in DPA with
real corrections from the full e+e~ —* 4 /7 lowest-order matrix elements. The non-trivial point in
this combination lies in the relations of IR and mass singularities in virtual and real corrections. The
singularities have the form of a universal radiator function multiplied or convoluted with the respective
lowest-order matrix element Mo of the non-radiative process. Since .Mo appears in DPA for the virtual
correction (M$PA), but as full matrix element for the real ones, a simple summation of virtual and real
corrections would lead to a mismatch in the singularity structure and eventually to totally wrong results.
A solution of this problem is to extract those singular parts from the real photon contribution that exactly
match the singular parts of the virtual photon contribution, then to replace the full \Mo\2 by | M Q P A |2 in
these terms and finally to add this modified part to the virtual corrections. This modification is allowed
in the range of validity of the DPA and leads to a proper matching of all IR and mass singularities. The
described approach for such a hybrid DPA scheme is followed in the RacoonWW program [20,22]. More
details of this approach can also be found in Section 4.1.

A particular advantage of this method is due to the fact that the leading ISR logarithms, which are
part of the extracted singularities of the real corrections, can be easily kept with the full matrix element
Mo (see [22] for details). In this way, the logarithmic enhancement factor ln(...) does not involve large
contributions from the electron mass, i.e. corrections like \n(m%/s). In the hybrid scheme, also the non-
factorizable corrections have to be treated carefully. If the full matrix elements for photon radiation is
employed, one cannot exploit any cancellations between real and virtual non-factorizable corrections, as
it is done in the calculations of [10,21,23,24]. Instead, one needs the full set of non-factorizable virtual
corrections, which includes also photons coupling to the initial state. Such results can be derived from
Eq. (23) and Ref. [24], and are explicitly given in Ref. [22].

3.5 Intrinsic ambiguities and reliability of the double-pole approximation

The theoretical accuracy of theoretical predictions is indeed at the core of the workshop. For this reason
it has already been discussed extensively in a purely theoretical context. Although only the numerical
comparisons can tell us where the present theoretical uncertainty really stands, it is not superfluous that
the relevant facts are summarized in one place.

An improved assessment of the theoretical uncertainty can be obtained by varying predictions
within the intrinsic freedom of the followed approach for the DPA. For instance, any kind of DPA makes
use of an on-shell projection of the off-shell four-fermion phase space to the phase space with on-shell
W bosons. The difference between different on-shell projections is part of the theoretical uncertainty of
the DPA approach and should be considered in predictions (see Section 4.2 for a numerical discussion).

It is a fact of life that questions of principle are sometimes of scarce practical relevance. CC03
contains gauge-invariance-breaking terms but what is their numerical impact at LEP2 energies? It is
quite a known fact that, when computed in the 't Hooft-Feynman gauge, they are unimportant. At least
they are for the WW total cross-section - the signal - and we can verify this statement by comparing
the gauge-dependent CC03 with the full gauge-invariant cross-section (CC11 for instance) including
background diagrams. There is a general agreement, dating from the '95 workshop that the difference is
less than 0.2% at LEP2 energies.

It is bizarre that one can render the Born CC03 diagrams gauge-invariant at the prize of large
numerical variations; it is enough to project the kinematics in the matrix elements onto the on-shell
phase space, while keeping the off-shellness in the Breit-Wigner propagators. However, this changes
the cross-section by several per cent! Therefore, the use of DPA at Born level (CC03) is numerically
not recommendable. Once more, for lowest-order reactions one needs an alternative approach and for
predictions that have a DPA Born and a DPA Oa and nothing else the expected accuracy is no more than
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Tw/Mw « 2.5%. The difference between Born CC03 and Born DPA should not enter in the discussion
of the theoretical uncertainty.

At the Born level one can accept a non-gauge-invariant CC03 cross-section (at least in the't Hooft-
Feynman gauge) as a reasonable quantity at LEP2 energies. For higher energies one should be more
careful.

The same phenomenon will occur when we include radiative corrections and we would like to add
some comment on the DPA procedure, in particular on the choice of projecting the kinematics.

For high enough energies, any process e+e~ —» VV will be a dominant source of four-fermion fi-
nal states due to the double resonant enhancement and hence CC03(NC02) will be a good approximation
to the total cross-section for four-fermion production in a situation where we exclude certain regions of
the phase space, e.g., a small scattering angle of the outgoing electron in single-PF production.

Thus, for example, to calculate the cross-section e+e~ —> VV one proceeds as described above;
one calculates the matrix element for e+e~ —• VV —> 4f and extracts the part resonant in the invariant
masses of the pairs, k+, fcl. The general matrix element takes the form

i(...,k+,k-,...)Ai(...,kltkl), (42)

where the Mi contain the spinor and Lorentz tensor structure of the matrix element, e.g. they have the
external fermionic wave-functions attached. The Ai are Lorentz scalars that depend on the invariants of
the problem and become non-trivial and difficult to compute when higher order corrections are included.
One way of looking at the DPA-procedure is'to say that the resonant part is extracted from the Ai, by
Laurent expansion. The external particle wave functions, and hence the Mi, should not be affected by
the process hence the kinematics of the problem should be left unchanged because the final state inte-
grations involve only the fermions, stable on-shell particles. The gauge nature of the theory is intimately
connected with the Ai not with kinematics.

Whenever we have processes with external, unstable, vector-bosons, like in WW —> WW or
ZZ —> ZZ, the Higgs resonance will appear in the s-channel and by shifting e.g. a factor s from
the Mi to the Ai one gets factors sjM2 which violate unitarity at high energies [32]. This can be
avoided by making the splitting between the Ai and Mi with some care. Here, for e+e~ —» WW, ZZ,
the corresponding factors do not directly violate unitarity. Nevertheless, one could expect that Ward
identities are violated by the splitting by terms of the order k\fM2 — 1, i.e. non double-resonant terms
negligible in the DPA approach. If, on the other hand, one includes the Mi in the DPA, as commonly
done, one has on-shell matrix elements and the WI are fulfilled, at the price of expanding kinematics.

We do not necessarily expect an improvement of the accuracy when taking the Mi exactly, but
comparing results with DPA applied to Mi or not could give an additional estimate on the theoretical
uncertainty, of the order of O/TT (CC03Born/CC03DPA - 1). We expect that, well above threshold,
this will not exceed the quoted 0.5% DPA precision, which involves logarithmic enhancement factors.

Another questionable point in DPA is connected to the fact that a particular mapping may lead
to an unphysical point in the on-shell phase-space (c.f. Section 3.2). Even if we do not expand the
kinematics in the Mi there are Landau singularities in the Ai at the edge of the off-shell phase space. If
one performs a DPA projection in the Ai, these Landau singularities move into the on-shell phase space,
although only at a distance (k2 — M2)/M2 from the boundary [10]. This might happen when the Ai are
parametrized in terms of invariants. If on the other hand, one parametrizes the Ai in terms of angles and
energies, this can be more easily avoided.

Note that the formulation of a DPA where the on-shell projection is not applied to the Mi has been
implemented the formulation of the LPA of Ref. [37] (eqs.(l) and (2)).
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3.6 Remarks on DPA corrections to distributions inclusive w.r.t. photons

The DPA corrections to distributions that are inclusive w.r.t. photons depend in a very sensitive way
on how the four-particle phase space is parametrized, or, in other words, on the way the distributions
are defined after the photon has been integrated out. This statement sounds obvious, but nevertheless
deserves some special attention.

In particular the invariant-mass distributions (W line shapes) are affected. In reactions with two
resonances the invariant masses have to be defined from the decay products. Depending on the precise
definition of the invariant masses different sources of large Breit-Wigner distortions can be identified
[20,33,35], in contrast to the situation at LEP1 where only initial-state radiation (ISR) can cause such
distortions.

In Ref. [33] it has been shown that also final-state radiation (FSR) can induce distortions. This is
a general property of resonance-pair reactions, irrespective of the adopted scheme for implementing the
finite-width effects. The only decisive factor for the distortion to take place is whether the virtuality of
the unstable particle is defined with (s'v) or without (sy) the radiated photon (see Fig. 4).

7

Fig. 4: Photon radiation from an unstable particle V. Virtualities: sy = p2 and s'v = (p + k)2.

Upon integration over the photon momentum, the former definition (cf Mf defined in Section 3.3.2)
is free of large FSR effects from the V-decay system. It can only receive large corrections from the other
(production or decay) stages of the process. The latter definition (cf Mf defined in Section 3.3.2), how-
ever, does give rise to large FSR effects from the V-decay system. In contrast to the LEP1 case, where
the ISR-corrected line shape receives contributions from effectively lower Z-boson virtualities, the sy
line shape receives contributions from effectively higher virtualities s'v of the unstable particle. As was
argued above, only sufficiently hard photons (En » Fy) can be properly assigned to one of the on-shell
production or decay stages of the process in the DPA. For semi-soft photons [E^ = O(Fy)], however,
the assignment is not so clear-cut and will be determined by the experimental event-selection procedure.

Event selection procedures that involve an invariant-mass definition in terms of the decay products
without the photon give rise to large FSR-induced distortion effects [33]. These are caused by semi-soft
photons, since hard FSR photons move the virtuality s'v of the unstable particle far off resonance for
near-resonance sy values, resulting in a suppressed contribution to the sy line shape. This picture fits
in nicely with the negligible overlap of the three on-shell double-pole contributions for hard photons,
discussed above. The reason why the FSR distortions can be rather large lies in the fact that the final-
state collinear singularities [oc ^ Q2

f \n(mj/Mv) ln(Fy /My)] do not vanish, even not for fully inclusive
photons. After all, a fixed value of sy makes it impossible to sum over all degenerate final states by a
mere integration over the photon momentum. So the KLN theorem does not apply in this case. These
FSR distortion effects result in shifts in the measurement of the W-boson mass of the order of 40MeV,
as has been qualitatively confirmed in Ref. [35].

This situation changes for event-selection procedures in which not all photons can be separated
from the charged fermions. If photon recombination has to be taken into account, i.e. if photons within
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a finite cone around the charged fermions have to be combined with the corresponding fermion into a
single particle, the mentioned mass singularities connected to final-state fermions disappear. The KLN
theorem applies and the large fermion-mass logarithms are effectively replaced by logarithms depending
on the cone size [33]. In Ref. [35] this expectation has been confirmed numerically, showing that the
large negative shifts in the peak position of the W invariant-mass distribution obtained without photon
recombination are reduced. In Ref. [20] it has been shown that the effect of photon recombination can
even overcompensate the momentum loss from FSR if the recombination is very inclusive. This is due to
the recombination of photons that are radiated off the initial state or off particles belonging to the other
decaying W boson. The resulting positive peak shifts can amount to several 10 MeV. Explicit numerical
results on W invariant-mass distributions can also be found in Section 4.1.

Finally we mention a special property of the non-factorizable corrections. When considering
pure angular distributions with an inclusive treatment of the photons, one should integrate over the pho-
ton phase space and the invariant masses Mf. After integrating out both invariant masses the non-
factorizable corrections will vanish, which is a typical feature of the non-factorizable interference ef-
fects [19].

3.7 Double-pole approximations in practice

For LEP2 energies three different groups6 have formulated versions of a DPA for e+e~ —> WW —»
4/(+7) . While Beenakker, Berends and Chapovsky [9], called BBC in the following, formulated a
semi-analytic DPA, the other two groups implemented variants of the DPA in the event generators YFSWW
[37,38] and RacoonWW [20,22]. The basic features of these different implementations are summarized
in the following.

3.7.1 The YFSWW approach

YFSWW: Oa correction to e+e~ —» W + W~ in LPA, using the results of Ref. [52], leading-log corrections
to leptonic W decays via PHOTOS (up to two radiative photons with finite pt according to the exact O(a)
soft limit), W decays normalized to branching ratios, quark hadronization with JETSET and r decays
with TAUOLA (including radiative corrections), YFS exponentiation for ISR and photon emission from
W-bosons, off-shell Coulomb singularity, no full non-factorizable corrections - only an approximation
in terms of the screened Coulomb ansatz of Ref. [25], approximate W spin correlations (incomplete
correlation beyond Born) - they are missing only in a non-IR non-LL part of EW virtual corrections.

3.7.2 The BBC approach

BBC: semi-analytical calculation of complete O{a) corrections in DPA (with both factorizable and non-
factorizable corrections and W spin correlations), no background. Since the DPA is only valid well
above threshold, the on-shell part of the Coulomb singularity is automatically included as part of the fac-
torizable corrections and the off-shell part is contained in the non-factorizable corrections, as discussed
in Ref. [24].

3.7.3 The RacoonWW approach

RacoonWW treats the virtual O(a) corrections to e+e~ —> WW —> 4 / in DPA. No further approxima-
tions beyond the pole expansion of the matrix element are made, i.e. non-factorizable corrections are
included, and W-spin correlations are respected. The Coulomb singularity is part of the virtual correc-
tions, and the corresponding part that goes beyond DPA has been added as discussed in Ref. [10]. The
real O{a) corrections are based on the full 4f+7 matrix element (of the CC11 class), so that the full kine-
matics is supported also for photon radiation. All matrix elements are based on massless fermions, and

6Another DPA has been discussed in Ref. [36] for linear-collider energies.
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fermion masses are introduced only for collinear photon emission that is inclusive within a (small) finite
cone for each fermion. Thus, a photon collinear to an outgoing fermion has to be recombined with the
corresponding fermion, and a photon close to the beams has to be considered as invisible. Initial-state ra-
diation beyond O{a) is treated in the structure-function approach, including soft-photon exponentiation
and leading-log contributions up to 0 a 3 .

3.8 The fermion-loop and non-local approaches

As was mentioned above, the alternative to subtracting sub-leading gauge-violating terms is to add
gauge-restoring terms to the calculation. In order to do this, one has to add to the amplitude those terms
that are needed for satisfying the Ward identities. This is not easy to do in general. The following ob-
servation helps. The very fact that the perturbative amplitudes require re-summation of the self-energies
indicates that either the perturbative expansion parameter (coupling constant) is not the proper one, or
alternatively that the quantity that is expanded (i.e. the lowest-order Lagrangian of the Standard Model)
is not the best choice. This observation leads one to consider first the one-loop corrected effective poten-
tial of the Standard Model before doing Born calculations, in order to avoid Dyson re-summation of the
self-energies.

For the discussion of the fermion-loop and non-local approaches it is therefore worthwhile to first
have a closer look at the origin of the gauge-invariance problem associated with the re-summation of
self-energies. To this end we consider the simple example of an unbroken non-abelian SU(N) gauge
theory with fermions and subsequently integrate out these fermions [16].

First we fix the notations and introduce some conventions. The SU(N) generators in the funda-
mental representation are denoted by Ta with a = 1, • • •, iV2 - 1. They are normalized according to

Tr (TaT6) = 8ab/2 and obey the commutation relation [ r \ T 6 l = i/afecTc. In the adjoint representation

the generators Fa are given by (Fa)6c = —ifabc. The Lagrangian of the unbroken SU(N) gauge theory
with fermions can be written as

C{x) = - I Tr [F^(X) F^(X)] + 4>{x) (il?-m) i/,(x), (43)

with
* V = TaF£u = ̂ [D^ A,], D^ = dp - ig TaA* = fy - igA^. (44)

Here ip is a fermionic iV-plet in the fundamental representation of SU(N) and A^ are the (iV*2 — 1) non-
abelian SU(N) gauge fields, which form a multiple! in the adjoint representation. The Lagrangian (43)
is invariant under the SU(N) gauge transformations

A^x) -» A'^x) = G(x) A^x) G~\x) + - G(x) [ ^ G ^ ) ] , (45)

with the SU(N) group element defined as G(x) = exp[igTa6a(x)]. The covariant derivative D^ and
field strength F^ both transform in the adjoint representation

D^ -> G(x) Dp G^ix), F^ix) -> G(x) F^(x) G~\x). (46)

Since the Lagrangian is quadratic in the fermion fields, one can integrate them out exactly in the func-
tional integral. The resulting effective action is then given by

> l [ } (47)
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with J^(x) denoting the gauge-field sources. The trace on the right-hand side has to be taken in group,
spinor, and coordinate space. As a next step one can expand the effective action in terms of the coupling
constant

= Tr [ln(- d - i ml] + Tr
J I \ 10 — m

\ n

(48)

Note that the left-hand side of Eq. (48) is gauge-invariant as a result of the trace-log operation. In contrast,
the separate terms of the expansion on the right-hand side are not gauge-invariant. This is due to the fact
that, unlike in the abelian case, the non-abelian gauge transformation (45) mixes different powers of the
gauge field A^ in Eq. (48). Thus, if one truncates the series on the right-hand side of Eq. (48) one will
in general break gauge invariance. From Eq. (48) it is also clear that the fermionic part of the effective
action induces higher-order interactions between the gauge bosons.

What are these higher-order interactions? Let us consider the quadratic gauge-field contribution

(x,y)O(y,x)}, (49)
L " ' ' J

where
$ (50)

and iSp(x — y) = < 01 T{tl>{x) r/>(y)) 10 >free is the free fermion propagator. The trace on the right-
hand side of Eq. (49) has to be taken in group and spinor space. A quick glance at this quadratic gauge-
field contribution reveals that it is just the one-loop self-energy of the gauge boson induced by a fermion
loop. In the same way, the higher-order terms ~ gnAn in Eq. (48) are just the fermion-loop contributions
to the n-point gauge-boson vertices.

One can truncate the expansion in Eq. (48) at n = 2, thus taking into account only the gauge-boson
self-energy term and neglecting the fermion-loop contributions to the higher-point gauge-boson vertices.
This is evidently the simplest procedure for performing the Dyson re-summation of the fermion-loop self-
energies. However, as was pointed out above, truncation of Eq. (48) at any finite order in g in general
breaks gauge invariance. This leads to the important observation that, although the re-summed fermion-
loop self-energies are gauge-independent by themselves, the re-summation is nevertheless responsible
for gauge-breaking effects in the higher-point gauge-boson interactions through its inherent mixed-order
nature. Another way of understanding this is provided by the gauge-boson Ward identities. Since the
once-contracted n-point gauge-boson vertex can be expressed in terms of (n — 1)-point vertices, it is
clear that gauge invariance is violated if the self-energies are re-summed without adding the necessary
compensating terms to the higher-point vertices.

An alternative is to keep all the terms in Eq. (48). Then the matrix elements derived from the
effective action will be gauge-invariant. Keeping all the terms means that we will have to take into
account not only the fermion-loop self-energy in the propagator, but also all the possible fermion-loop
contributions to the higher-point gauge-boson vertices. This is exactly the prescription of the fermion-
loop scheme (FLS) [7,11-13]. Although the FLS guarantees gauge invariance of the matrix elements,
it has disadvantages as well. Its general applicability is limited to those situations where non-fermionic
particles can effectively be discarded in the self-energies, as is for instance the case for Tw and Yz at
lowest order. Another disadvantage is that in the FLS one is forced to do the loop calculations, even
when calculating lowest-order quantities. For example, the calculation of the tree-level matrix element
for the process e+e~~ —+ 4f7 involves a four-point gauge-boson interaction, which has to be corrected
by fermion loops in the FLS. This over-complicates an otherwise lowest-order calculation.

27



It is clear that the FLS provides more than we actually need. It does not only provide gauge
invariance for the Dyson re-summed matrix elements at a given order in the coupling constant, but it also
takes into account all fermion-loop corrections at that given order. In the vicinity of unstable particle
resonances the imaginary parts of the fermion-loop self-energies are effectively enhanced by 0(1/g2)
with respect to the other fermion-loop corrections. Therefore, what is really needed is only a minimal
subset of the non-enhanced contributions such that gauge invariance is restored. In a sense one is looking
for a minimal solution of a system of Ward identities. The FLS provides a solution, but this solution is
far from minimal and is only practical for particles that decay exclusively into fermions. Since the decay
of unstable particles is a physical phenomenon, it seems likely that there exists a simpler and more
natural method for constructing a solution to a system of Ward identities, without an explicit reference to
fermions. This is precisely the philosophy behind the non-local approach [16]. This approach consists in
using gauge-invariant non-local effective Lagrangians for generating both the self-energy effects in the
propagators and the required gauge-restoring terms in the higher-point interactions. In this way the full
set of Ward identities can be solved, while keeping the gauge-restoring terms to a minimum.

3.8.1 The fermion-loop scheme

The Fermion-Loop scheme developed in Ref. [7] and refined in Ref. [12] makes the approximation of
neglecting all masses for the incoming and outgoing fermions in the processes e+e~ —> n fermions.
It is possible, however, to go beyond this approximation [39,112] and give the construction of an ex-
act Fermion-Loop scheme (EFL) [39], i.e. , a scheme for incorporating the finite-width effects in the
theoretical predictions for tree-level, LEP2 and beyond, processes.

One can work in the 't Hooft-Feynman gauge and create all relevant building blocks, namely
the vector-vector [97], vector-scalar and scalar-scalar [39] transitions of the theory, all of them one-
loop re-summed. The loops, entering the scheme, contain fermions and, as done before in Ref. [12],
one allows for a non-zero top quark mass inside loops. There is a very simple relation between re-
summed transitions and running parameters, since Dyson re-summation is most easily expressed in terms
of running couplings and running mixing angles.

In the EFL generalization, it is particularly convenient to introduce additional running quantities.
They are the running masses of the vector bosons, M2(p2) = M2(p2)/c2(p2), formally connected to the
location of the W and Z complex poles. After introducing these running masses, it is straightforward
to prove that all S-matrix elements of the theory assume a very simple structure. Coupling constants,
mixing angles and masses are promoted to running quantities and the 5-matrix elements retain their
Born-like structure, with running parameters instead of bare ones, and vector-scalar or scalar-scalar tran-
sitions disappear if we employ unitary-gauge-like vector boson propagators where the masses appearing
in the denominator of propagators are the running ones. If the W — W and cf> — 4> transitions are denoted
by S% and by S^ with,

2
OP" — 9 yfiv ylJ.v _ yQ s-fxv , y l ^x V

— 1 fi 2 w ' w — w w * P i

S, = ^ E , , (51)

then, the W-boson running mass is defined by the following equation (note the metric):

( 5 2 )
M2(p2) M2 P2-S4>

The whole amplitude can be written in terms of a W-boson exchange diagram, if we make use of the
following effective propagator:

1
A'"/ - -

eff ~ V
2 + M2-S%
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For the vertices we need that all vector-boson lines be off mass-shell and non-conserved and, moreover,
a Ward identity has to be computed and not only the corresponding amplitude. Therefore, the number of
terms increases considerably with respect to the standard formulation of the FL-scheme and we refer to
Ref. [39] for all details.

The renormalization of ultraviolet divergences can be easily extended to the EFL-scheme by show-
ing that all ultraviolet divergent parts of the one-loop vertices, 7VFW, 'yWcf), ^4>W and ^4>4> for instance,
are proportional to the lowest order part. Therefore, the only combinations that appear are of the form
1/g2 + VVV vertex or M2/g2 + VV<j) vertex etc. All of them are, by construction, ultraviolet finite.

Equipped with this generalization of the Fermion-Loop scheme, one can prove the fully-massive
£7(1) Ward identity which is required for a correct treatment of the single-W processes. As a by-product
of the method, the cross-section for single-W production automatically evaluates all channels at the right
scale, without having to use ad hoc re-scalings and avoiding the approximation of a unique scale for all
terms contributing to the cross-section.

The generalization of the Fermion-Loop scheme goes beyond its, most obvious, application to
single-W processes and allows for a gauge invariant treatment of all e+e~ —> nfermion processes
with a correct evaluation of the relevant scales. Therefore, the EFL-scheme can be applied to several
other processes like e+e~ —> Z7* and, in general to e+e~ —> 6fermion processes, with the inclusion
of a stable, external, top quark, but it does not apply to reactions involving the physical Higgs boson.
Furthermore, the scheme misses those corrections to the total decay width in the propagator denominators
that are induced by two-loop contributions.

3.8.2 The non-local approach

The main idea of the non-local approach is to rearrange the series on the right-hand side of Eq. (48) in
such a way that each term becomes gauge-invariant by itself. Subsequent truncation of the series at a
given term is then allowed. It is possible to approximate Eq. (48) by means of an effective Lagrangian in
such a way that the resulting effective action has the following properties:

• it generates the Dyson re-summed transverse gauge-boson self-energy in the propagator. This
means that it contributes to the gauge-boson two-point function. Hence, the effective lagrangian
should depend at least on two gauge-boson fields.

• the Dyson re-summed self-energy is in general not a constant, but rather a function dependent
on the interaction between the gauge-bosons and the fermions. This means that the effective La-
grangian should in general be non-local (bi-local) in the gauge fields. Thus the gauge fields should
be taken at two different space-time points.

• it is gauge-invariant. As such the effective Lagrangian should have the form of an infinite tower of
gauge fields.

For the gauging procedure of the non-local Lagrangians we will need a special ingredient, the path-
ordered exponential, which is defined as

U(x, y) — U^(y, x) — Pexp
y

-ig I (54)
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Here cL>̂  is the element of integration along some path £l(x,y) that connects the points x and y? The
so-defined path-ordered exponential transforms as

U(x, y) -» G(x) U(x, y) G~\y) (55)

under the SU(N) gauge transformations. It hence carries the gauge transformation from one space-time
point to the other.

For a SU(N) Yang-Mills theory the non-local action with the above-described properties takes
the form

= - \ j dAx d4y SNL(z - y) Tr [u(y, x) F^(x) U(x, y) F^(y)] = j dAx dAy £NL(x, y),

(56)
with £NI(X, y) the non-local effective Lagrangian. As required, the action contains bilinear gauge-
boson interactions. The induced infinite tower of higher-point gauge-boson interactions, which are also
of progressively higher order in the coupling constant g, is needed for restoring gauge invariance.

It is important to stress at this point that this term in the effective action should not be understood
as a new fundamental interaction. It is generated by radiative corrections. From the point of view
of general properties of non-local Lagrangians, the non-local coefficient S N L ( ^ — y) is arbitrary. In
practice, however, it is fixed by the explicit interaction between the gauge-bosons and the fermions in the
underlying fundamental theory. In our simple example this connection is given by Eq. (48).

Let us now derive the two-point function as an example of the Feynman rules generated by
Eq. (56):

al)Ml a2>
™ " ' (57)

qi _». +— qi ° ^ M I VX'U O 7 V2 l x 2 j A=Q

where the local action <SL follows from the gauge-boson term in Eq. (43). The Fourier transform of this
two-point function can be calculated in a straightforward way, since the path-ordered exponentials are
effectively unity. The result reads

•92). (58)

Note that this two-point interaction is transverse, as it should be for an unbroken theory. The non-local
coefficient acts as a (dimensionless) correction to the transverse free gauge-boson propagator, exactly
what is needed for the Dyson re-summation of the gauge-boson self-energies. The infinite tower of
gauge-restoring higher-point gauge-boson interactions are provided by the gauge-boson fields present in
both F^v and the path-ordered exponential occurring in Eq. (56). For explicit Feynman rules we refer to
Ref. [16].

Although the above-described non-local procedure provides a gauge-invariant framework for per-
forming the Dyson re-summation of the gauge-boson self-energies, we want to stress that it is not unique.
We have seen above that the FLS provides a different solution of the system of gauge-boson Ward iden-
tities. In the context of non-local effective Lagrangians it is always possible to add additional towers of
gauge-boson interactions that start with three-point interactions and therefore do not influence the Dyson
re-summation of the gauge-boson self-energies.

7 In principle we are free to choose this particular path. This freedom is just one out of the many freedoms that characterize
the treatment of unstable particles (as mentioned earlier). It just reflects the fact that in a perturbative expansion one is free
to pick up additional higher-order contributions, since the answer at any given (truncated) order will not be changed by such
additional terms.
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In the light of the discussion presented in Section 3.8, we rearrange the series on the right-hand side
of Eq. (48) according to gauge-invariant towers of gauge-boson interactions labelled by the minimum
number of gauge bosons that are involved in the non-local interaction. Effectively this constitutes an
expansion in powers of the coupling constant g, since a higher minimum number of particles in the
interaction is equivalent to a higher minimum order in g. In order to achieve minimality we have truncated
this series at the lowest effective order. This should not be viewed as some ad hoc recipe, but rather as a
systematic expansion of the effective potential.

Up to now we have seen how the non-local effective Lagrangian method works for unstable gauge
bosons in a simple SU(N) gauge theory with fermions. In the Standard Model there are different types
of unstable particles: the top-quark, the massive gauge-bosons, the Higgs boson. In Ref. [16] it was
shown how to extend the above-described method in such a way that it allows the description of all the
unstable particles in terms of bi-local effective Lagrangians.

4 THE CC03 CROSS-SECTION, aww

As mentioned before, a new electroweak O(a) CC03 cross-section is available, showing a result that is
between 2.5% and 3% smaller than the old 1995 CC03 cross-section predicted with GENTLE. This is a
big effect since the combined experimental accuracy of LEP experiments is even smaller.

In the '95 workshop [5] predictions for CC03 were produced with variations in the IPS which
agreed at the level of 1%, and then a 2% theoretical error was quoted, to be conservative. How does
this estimate compare with the present shift of 2.5 -=- 3% downwards? This is a 1.25 to 1.5 sigma dif-
ference, totally acceptable within the area of statistics. Certainly, this is more of a systematic theoretical
uncertainty which is hard to quantify, but still: it is compatible and in agreement. However, a comment
is needed here. In '95 several groups produced tuned comparisons for CC03 agreeing at the level of one
part in 104. Then they moved to the Best-You-Can approach, defined by switching on all flags to get the
best physics description according to the flag description of individual codes. The program GENTLE, in its
BYC-mode, was selected to represent the Standard Model. However, if we take other codes, noticeably
WPHACT and WTO, we easily discover CC03, Born-like, predictions that have a maximal +1.6% shift with
respect to RacoonWW (+1.3% with respect to YFSWW) at the highest energy. Therefore, the old estimate
of 2% in theoretical accuracy was not underestimated.

It is important to discuss the numerical predictions for the DPA-corrected CC03 cross-section.
Therefore, in this Section, we present numerical results and also an accurate description of the com-
parisons between different approaches, YFSWW, BBC and RacoonWW. In principle, one would like to un-
derstand the effect of DPA and, therefore, is interested in the ratio (with DPA)/(without DPA), both with
ISR, (naive) QCD etc. for each of the programs. For this Report, however, this was not done and we have
to take the old results (e.g. GENTLE) for a comparison new - old. By comparing different calculations
one can numerically check the quality of the DPA for CC03.

4.1 Description of the programs and their results

CC03 with RacoonWW

Authors

A.Denner, S.Dittmaier, M.Roth and D.Wackeroth

General description

The program RacoonWW [22] evaluates cross-sections and differential distributions for the reactions
e+e~ —» 4f and e+e~ —> 4f + 7 for all four-fermion final states. For the W-pair mediated channels
e+e~ —> WW —» 4f(+7) the full virtual O{a) corrections are taken into account in DPA, while for the
corresponding real corrections the full 4f + 7 matrix elements are used.
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Features of the program

• Lowest order: the full matrix elements for all 4f final states are included, and the contribution of
the CC03 matrix elements or of other subsets of diagrams is provided as an option. All external
fermions are assumed to be massless.

• Virtual O(a) corrections: the full one-loop corrections are included in DPA, i.e. all factorizable
corrections [26] and non-factorizable corrections [10]. In this way, full W-spin correlations are
taken into account.

• Real corrections — 4f + 7 production: the cross-sections are based on the full matrix-element
calculation [18] for all 4f + 7 final states with massless fermions. If the process e+e~ —> 4 / + 7
is investigated with a separable photon, i.e. if the photon is neither soft nor collinear to a charged
fermion, all 4f + 7 final states are possible, and subsets of diagrams can be chosen as options (e.g.
boson-pair production diagrams, QCD background diagrams). If the real corrections to e+e~ —>
WW —> 4 / are calculated, the full 4f + 7 matrix elements for the CC11 class8 are taken, i.e.
photon radiation from background diagrams is partially included.

Depending on the choice of the user, the cancellation of collinear and infrared singularities is
performed within the phase-space slicing method or within the subtraction formalism of Ref. [41].
In both cases, care is taken in avoiding mismatch between the singularities of the virtual and the
real corrections, which is non-trivial owing to the application of the DPA to the virtual corrections
only. The treatment of fermion-mass singularities is described below in more detail.

• ISR: higher-order ISR is implemented via structure functions for the incoming e+ and e~. The
structure functions used are those of Ref. [40] with the 'BETA' choice, i.e. the collinear-soft lead-
ing logarithms are exponentiated. If the O(a) corrections to e+e~ —> WW —> 4 / are included,
the O(a) contributions already contained in the structure functions are subtracted, in order to avoid
double counting, and the full CC11 Born matrix elements are used in the convolution.

• Treatment of collinear photons: the program is only applicable to observables that involve no
mass-singular contributions from the final state. These mass singularities cancel if all photons
collinear to a charged final-state fermion are combined with this fermion9. The recombination
procedure is controlled by recombination cuts, i.e. photon emission angles and photon energies,
or invariant masses of photon-fermion pairs. Specifically, first the charged fermion that is clos-
est to the photon according to these criteria (emission angle or invariant mass) is selected, and
secondly the photon is recombined with this fermion if it is within the recombination cuts for a
final-state fermion and discarded for an initial-state fermion. The mass singularities that remain
from collinear photon emission off initial-state electron or positron [i.e. the ( a l n m e ) n terms] are
included in the structure functions.

• Coulomb singularity: within DPA it is fully included in the O(a) corrections. The full off-shell
behaviour of the singularity as described in Ref. [10] can be switched on as an option.

• Finite gauge-boson widths: in the tree-level processes e+e~ —* 4f, 4f + 7 several options are
included, such as fixed-width, running-width, and complex-mass scheme [18]. If O(a) corrections
are taken into account the fixed width is automatically used.

8The CC11 class is the smallest gauge-invariant subset of diagrams for e+e —> 4 / that contains all graphs with two
resonant W bosons; in this class only those background diagrams are missing that are peculiar to e*, i/e, ve> or / / pairs in the
final state.

'Note that without photon recombination, only the total cross section (without any cuts) fulfills this requirement, whereas
distributions or cuts that make use of fermion momenta in general involve mass-singular corrections.
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• Cuts: since each event is completely specified, in principle any conceivable phase-space cut can
be implemented. However, since all fermions are taken to be massless, singularities can occur in
photon-exchange channels, rendering cuts unavoidable. In particular, if a charged fermion-anti-
fermion pair is produced, a lower cut on its invariant mass has to be specified, or if a final-state
electron or positron is present, cuts on its minimal angle to the beam and its minimal energy
are required. For calculations based on restricted sets of diagrams, not all cuts are necessary; in
particular, no cut at all is needed for the CC03 diagrams.

• QCD contributions: gluon-exchange contributions can be switched on in the tree-level processes
e+e~ —> 4f, 4f + 7. Gluon-emission processes e+e~ —» 4f + g can be calculated for the CC11
class of 4f final states.

For the QCD corrections to e+e~ —> WW —> 4 / , one can choose between the naive QCD factors
of (1 + as/ir) per hadronically decaying W boson and the full O(as) corrections in DPA. The full
calculation is performed in the same way as the photonic parts of the O{a) corrections.

• IBA: the program includes, as an option, an improved Born approximation (IBA) [42], which
involves the leading ISR logarithms, the running of the electromagnetic coupling, corrections as-
sociated with the p parameter, and the Coulomb singularity.

• Subsets of diagrams: For lowest-order predictions of e+e~ —» 4/ , 4f+7 there is the possibility to
select subsets of diagrams, such as those including the pair production of W, Z, Z/7*, or W/Z/7*
bosons. Furthermore, all diagrams corresponding to the CC11 process class can be selected.

• Intrinsic ambiguities: the accuracy of the DPA can be studied by changing the DPA within its
intrinsic ambiguities. This is described in Section 4.2.

Program layout

RacoonWW consists of two nearly independent Monte Carlo programs: one uses phase-space slicing and
the other the subtraction method of Ref. [41]. Only the main control program, the routines for photon
recombination and phase-space cuts, and the calculation of the matrix elements are commonly used.
The numerical integration is performed with the multi-channel Monte Carlo technique [43] and adaptive
weight optimization [44]. The generator produces weighted events.

Input parameters/schemes

RacoonWW needs the following input parameters:

Q(0), a(Mz), GF, as, MW,MZ,MH,FW, Tz,

mf, / = e,//, r, u, c, t, d, s, b. (59)

The weak mixing angle is fixed by c^ = 1 — s ,̂ = M^/M^, and the quark-mixing matrix is set to unity.
The masses of external fermions are consistently set to zero where possible. While the masses of the
final-state fermions appear only as regulators, the mass singular logarithms of ISR depend on me. The
user can choose between the externally fixed W width F\y and an internally calculated value including
electroweak and/or QCD one-loop radiative corrections.

The parameter set (59) is over-complete. The program supports three different input schemes,
fixing the independent parameters. We recommend to use the GF scheme where the tree level is fixed by
GF, Mw, and Mz and the relative O{a) corrections are calculated with a(0).

The code is available from the authors upon request.
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Numerical results

In Table 2 we list the predictions of RacoonWW for the total CC03 cross-section including radiative
corrections (best-with-CC03-Born as defined below). We give the results for one leptonic channel, for
one semi-leptonic channel, for one hadronic channel, and for the sum of all channels separately. Note
that for CC03 and negligible fermion masses the results are independent of the final state within these
channels. No cuts are applied. While in all other RacoonWW results in this report LL O(a3) corrections
according to Ref. [40] are included, in this table only the LL O(a2) terms are taken into account. The
LL O(a3) contributions reduce the cross-sections by only about 0.02% The given errors are purely
statistical. The error for the total cross section were obtained by adding the (statistically correlated)
errors of the various channels linearly.

Table 2: Cross-sections for e+e~ —> W+W~ —> 4f from RacoonWW.
75[GeV]

172.086
176.000
182.655
188.628
191.583
195.519
199.516
201.624
210.000

lept. [fb]
142.088(71)
160.076(78)
180.697(89)
190.882(96)
194.271(118)
197.320(123)
199.497(103)
200.200(104)
200.910(107)

semi-lept. [fb]
442.50(36)
498.03(25)
562.22(28)
594.31(55)
604.12(31)
614.11(31)
620.53(33)
622.65(33)
624.95(33)

hadr. [fb]
1376.14(67)
1550.04(75)
1749.48(86)
1848.07(92)
1880.19(94)
1911.45(97)
1931.28(99)
1937.94(100)
1945.00(103)

total [pb]
12.0934(76)
13.6171(67)
15.3708(76)
16.2420(111)
16.5187(85)
16.7910(88)
16.9670(89)
17.0254(89)
17.0876(91)

CC03-Born:
best-with-CC03-Born:

In the following we show the predictions from RacoonWW for the M(W ) invariant mass distri-
butions in four different configurations:

4f-Born: full e+e~ —> 4 / Born without radiative corrections;
best-with-4f-Born: full e+e~ —» 4 / Born plus radiative corrections

including ISR beyond O{a),
soft photon exponentiation,
LL O(a3), and naive QCD ;
CC03 Born without radiative corrections;
CC03 Born plus radiative corrections
including ISR beyond O(a),
soft photon exponentiation,
LL O(az), and naive QCD,

for the three final states, /x + ^r~I7 r , ud^jTV^ and udsc at -y/i = 200 GeV.

As explained in the text, DPA sits only in the virtual correction in the RacoonWW approach. Every-
thing else is (or can be) calculated from full 4/(7) matrix elements. This means that best-with-4f-Born
and best-with-CC03-Born contain the same DPA part (the virtual correction).

All distributions have been obtained with the following cut and photon recombination procedure:

- All photons within a cone of 5° around the beams are treated as invisible, i.e. their momenta are
disregarded when calculating angles, energies, and invariant masses.

- Next, the invariant masses of the photon with each of the charged final-state fermions are cal-
culated. If the smallest one is smaller than Mrec or if the photon energy is smaller than 1 GeV,
the photon is combined with the corresponding fermion, i.e. the momenta of the photon and the
fermion are added and associated with the momentum of the fermion, and the photon is discarded.

- Finally, all events are discarded in which one of the final-state charged fermions is within a cone
of 10° around the beams. No other cuts are applied.
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We consider the cases of a tight recombination cut M rec = 5 GeV (bare) and of a loose recombination cut
M rec = 25 GeV (calo). Born predictions are independent of the recombination cut. The W~ invariant-
mass is always defined via the four-momenta (after eventual recombination with the photon) of the W~
decay fermions.

In Fig. 5 (left) we show the CC03-Born predictions for the M{W~) distributions for all three
final states. The r.h.s. of Fig. 5 shows best-with-CC03-Born with the bare recombination cut, i.e. the
corrections are included in DPA. In Fig. 6 we show the effect of the radiative corrections by computing
the ratio of the invariant-mass distributions including radiative corrections and the Born distributions
both for bare and calo recombination. In the peak region, i.e. \M(W~) — Mw | < Tw/2, the effects of
radiative corrections lower the line-shape by approximately 3% (5%) (udsc), 7% (7%) (udyTV^), and
11% (12%) (/i+f/Ur~Z7T) for bare (calo) distributions. The differences between the final states originate
mainly from the (naive) QCD corrections.
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Fig. 5: The W invariant-mass distributions for CC03-Born (left) and best-with-CC03-Born (right) with bare
recombination cuts from RacoonWW.
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Fig. 6: The relative corrections (best-with-CC03-Born/CC03-Born - 1) for the bare (right) and calo (left) W"
invariant-mass distributions from RacoonWW.
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The shape of the relative corrections to the invariant-mass distributions can be understood as fol-
lows. For small recombination cuts (bare), in most of the events the W~ bosons are defined from the
decay fermions only. If a photon is emitted from the decay fermions and not recombined, the invariant
mass of the fermions is smaller than the one of the decaying W~ boson. This leads to an enhancement of
the distribution for invariant masses below the W resonance. This effect becomes smaller with increasing
recombination cut M rec. On the other hand, if the recombination cut gets large, the probability increases
that the recombined fermion momenta receive contributions from photons that are radiated during the
W-pair production subprocess or from the decay fermions of the W + boson. This leads to positive cor-
rections above the considered W~ resonance. The effect is larger for the hadronic invariant mass since
in this case, two decay fermions (the two quarks) can be combined with the photon. The effect of the
squared charges of the final-state fermions is marginal in this case because the contribution of initial-state
fermions dominates.

In Fig. 7 (left) we show the 4f-Born predictions for the M(W~) distributions, without radiative
corrections, i.e. the invariant mass distributions are constructed from all diagrams without the restriction
to the CC03 diagrams. The ratio 4f-Born/CC03-Born, shown in Fig. 7 (right) for the udsc final state,
confirms the goodness of the CC03 approximation for final states involving no electrons in describing the
WW cross-section at LEP2 energies, especially in the peak region. The ratio best-with-4F-Born/best-
with-CC03-Born is nearly the same as the one shown on the r.h.s. of Fig. 7, since the corrections con-
tained in the numerator and the denominator are the same. In Fig. 8 we show the ratio best-with-4f-
Born/CC03-Born for both the bare (right) and the calo (left) W~ invariant-mass distributions, exhibiting
the combined effect of including radiative corrections and background diagrams.
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Fig. 7: W~ invariant-mass distributions for the 4f-Born (left) from RacoonWW. The ratio (4f-Born/CC03-Born •
1) (right) is also shown for the process e+e~ —> udsc.
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Fig. 8: The relative corrections (best-with-4f-Born/ CC03-Born -1) for bare (right) and calo (left) W invariant-
mass distributions from RacoonWW for all three final states.

.Further numerical results from RacoonWW can be found in Ref. [20] and, for the same set-up as
here, in Section 4.1.

CC03 with KORALW/YFSWW

Authors

S. Jadach, W. Placzek, M. Skrzypek, B. Ward and Z. Was

General Description

The program K0RALW1.42 has been fully documented and published in Ref. [49,50]. Here one can find
the differences between YFSWW3 and K0RALW in terms of radiative corrections.

Thus, here we describe YFSWW3 first. This latter program evaluates the the double resonant pro-
cess e+e~ —> W+W~ —> 4 / in the presence of multiple photon radiation using Monte Carlo event
generator techniques. The theoretical formulation is based, in the leading pole approximation (LPA), on
the exact O(a) p r o d YFS exponentiation, with O(a) corrections (both weak and QED) to the production
process taken from Ref. [52], combined with O(a3) LL ISR corrections in the YFS scheme and with
FSR implemented in the O(a2) LL approximation using PHOTOS [53]. Anomalous WWV couplings
are supported. The Monte Carlo algorithm used to realize the YFS exponentiation is based on the YFS 3
algorithm presented in Ref. [54] and in Ref. [55]. This algorithm is now described in detail in Ref. [56].
In this way, one achieves an event-by-event realization of our calculation in which arbitrary detector cuts
are possible and in which infrared singularities are cancelled to all orders in a. A detailed description
of this work can be found in Refs. [45,57-59]. The program KoralW 1.42 evaluates all four-fermion
processes in e+e~ annihilation by means of the Monte Carlo techniques. It generates all four-fermion
final states with multi-branch dedicated Monte Carlo pre-samplers and complete, massive, Born matrix
elements. The pre-samplers cover the entire phase space. Multi-photon bremsstrahlung is implemented
in the ISR approximation within the YFS formulation with the 0(o;3) leading-log matrix element. The
anomalous WWV couplings are implemented in CC03 approximation. The standard decay libraries
(JETSET, PHOTOS, TAU0LA) are interfaced. The semi-analytical CC03-type code KorWan for differen-
tial and total cross-sections is included. It operates both in weighted (integrator) and unweighted (event
generator) modes. The detailed description of this work can be found in Refs. [46-48,50,51] and the
long write-up of the program in Ref. [49] .
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Features of the Program

As the program K0RALW1.42 is already published in Ref. [49,50], we again start with the features of the
YFSWW3 program. The latter code is a complete Monte Carlo event generator and gives for each event
the final particle four-momenta for the entire 4 / + wy final state over the entire phase space for each
final state particle. The events may be weighted or unweighted, as it is more or less convenient for the
user accordingly. The code features two realizations of the LPA, which are described in Refs. [57-59]
wherein we also discuss their respective relative merits.

The operation of the code is entirely analogous to that of the MC's YFS3 and YFS2 in Refs. [54,
67]. A crude distribution based on the primitive Born level distribution and the most dominant part of
the YFS form factors that can be treated analytically is used to generate a background population of
events. The weight for these events is then computed by standard rejection techniques involving the ratio
of the complete distribution and the crude distribution. As the user wishes, these weights may be either
used directly with the events, which have the four-momenta of all final state particles available, or they
may be accepted/rejected against a maximal weight WTMAX to produce unweighted events via again
standard MC methods. Standard final statistics of the run are provided, such as statistical error analysis,
total cross-sections, etc. The total phase space for the process is always active in the code.

The program prints certain control outputs. The most important output of the program is the series
of Monte Carlo events. The total cross-section in pb is available for arbitrary cuts in the same standard
way as it is for YFS3 and YFS2, i.e. the user may impose arbitrary detector cuts by the usual rejection
methods. The program is available from the authors via e-mail. The program is currently posted on WWW
at http://enigma.phys.utk.edu as well as on anonymous ftp at enigma.phys.utk.edu in the form of a tar.gz
file in the /pub/YFSWW/directory together with all relevant papers and documentation in postscript.

As far as the W-pair physics is concerned the KoralW is optimized to operate together with the
YFSWW program: KoralW provides the complete background (beyond CC03) simulation by including all
the Born level Feynman diagrams of a given process, whereas the signal process (CC03) is simulated by
YFSWW including first order corrections to W production. The final prediction is then obtained by adding
and subtracting appropriate results.

In order to facilitate this add and subtract procedure both programs have been re-organized in the
following way: (1) The CC03 anomalous Born matrix element and corresponding phase-space generator,
covering the entire phase-space, are the same in both codes. (2) The ISR, based on YFS principle, with
O(a3) leading-log matrix element and finite transverse photon momenta is also the same in both codes
(in the case of YFSWW it requires switching off the bremsstrahlung off VF-pair). (3) The FSR is realized
in both codes in the same way with the help of PHOTOS library. (4) The input data cards are in the same
format for both codes and can be stored in one data file with common data base of parameters along with
keys specific for both programs.

The features (1) - (3) guarantee that the common for both programs Born+ISR+FSR CC03 part
can be defined and conveniently subtracted. This is a non-trivial feature, as for instance there are a
number of different implementations of photonic cascades available amongst four-fermion Monte Carlo
codes. The feature (4) is a matter of convenience as it allows for coherent and safe handling of the input
parameters. For CC03, we note for clarity that YFSWW3 and KoralW 1.42 differ in that YFSWW3 has the
YFS exponentiated exact NL O(a) correction to the production process whereas KoralW 1.42 does not.

Numerical results

We start with predictions for the total cross-section, shown in Tables 3-5, where the Born approximation
and the best results are shown. These results in Tables 3-5 already show the size of the NL O(a)
correction, ~ 1.5 - 2.0%, when compared to the analogous results from programs such as GENTLE, see
for example Ref. [34]. In the sub-section below on the comparison between RacoonWW and YFSWW3,
results such as those in Tables 3-5 are used to arrive at the current precision on the total WW signal
cross-section at LEP2 energies.
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Table 3: Cross-sections [fb] for e+e" -> W+ W~ from YFSWW at y/s = 183 GeV.

Channel

ud sc
udcfu

udpTVp
ude~Ve

all ffW channels

Born

1.96325(37)
1.96369(41)
0.65441(14)
0.65458(12)
0.21809(4)

17.66681(351)

Best

1.59365(86)
1.59572(71)
0.53901(22)
0.53899(23)
0.18193(7)

15.49161(618)

Table 4: Cross-sections [fb] for e+e~ -> W+W~ from YFSWW at yfs = 189 GeV.

Channel

ud sc
uddu

udii'Vp

ude~Ve

all WW channels

Born

2.03231(39)
2.03285(40)
0.67756(14)
0.67756(14)
0.22573(4)

18.29266(354)

Best

1.68293(93)
1.68565(76)
0.56931(24)
0.56931(24)
0.19220(8)

16.36329(694)

Table 5: Cross-sections [fb] for e+e~ -» W+W~ from YFSWW aty/s = 200 GeV.

Channel

ud sc
uddu

udyTVy,
ude~Ve

all WW channels

Born

2.06691(40)
2.06737(41)
0.68899(16)
0.68913(13)
0.22957(5)

18.59649(383)

Best

1.75725(96)
1.76065(82)
0.59440(26)
0.59444(27)
0.20065(9)

17.09010(771)

Turning now to KORALW, we note that it has multiple-options in the presence multi-photonic events.
It can define distributions for

1. visible 7 (radiative/hardest);

2. all photons, i.e. no cuts, in which case one can take only a) the most energetic photon to determine
energy and angles (all/hardest), b) the sum (all/sum).

e+e
A sample of results is shown in Figs. 9, 11 where we present various differential distributions for
—> udli/i including all background graphs and emission of multiple photons with finite transverse

momenta from initial and final states generated by KoralW. The following general cuts have been used
for all plots: Mud > 10 GeV, Et > 5 GeV and | cos 0{| < 0.985.

39



ÎO3

10!

10 :

10" :

JO'

10"1

i — RRC00NWW
KORRLW radi.oti .ve/hor-desl.
KORRLW o i l / h o r d e s ! .
KORRLW olL/sum

u dyi^I

Ec . - 200 GeV

'"'••:

20 30

E, (GeV]

RñCODNWW
KORRLW rod i .o t i . ve /hordes t
KORRLW o U / h o r d e s l

O.G 0.8 1

Fig. 9: KORALW E1 and cos 0 7 spectra for udfi'

S KORRLH oLL/sun WRHP
3 KORRLW oLL/hordest
•?, KORRLW rodi-ottve/har-dest.

Fig. 10: KORALW E7 spectra for ude~

40



10J

10'

10

10"

10"' T

10"'

HRfiP

KDRBLH moos,
KORflLH H U B S ,

E„ - 200 GeV :

io!

10'

10°

10"'

:

/ \

/ • • / \ ' * • •

- WRRP :
KORRLH moss. :

- KORRLW tnoss2

E c . - 200 GeV :

1

' " • - ' • • • • • . -

60 80 )00

Bare Moss lud) [GeV]
6Û SO 100

Colo Moss lud) [GeVl

Fig. 11: KDRALW bare, calo M spectra for udfi~

In the first plot of Fig. 9 the photon energy distributions are shown for: the hardest of all photons,
the hardest of visible (radiative) photons and the sum of all photons. A visible photon is defined as having
energy of at least 1 GeV, separated by at least 5° from all charged fermions and having | cos 67\ < 0.985.
Apart from the natural big difference between visible and invisible photons one can also see a substantial
effect due to emission of more than one photon (hardest vs. sum). A similar pattern for the electron final
state is shown in Fig. 10. In the second plot of Fig. 9 the angular distributions of the hardest and hardest
visible photon are shown.

In Fig. 11 the invariant mass distributions are shown. mass\ denotes the ud-system invariant mass
and mass2 the pv^ mass. Calo mass includes all photons that have either energy smaller than 1 GeV
or their angle to any final state charged particle less than 10° for leptons or 25° for quarks. In the case
of leptons one can see the familiar pattern of reduction of the cross-section below the peak (and weak
change above) due to FSR when going from the Bare to Calo mass definition (cf. eg. Ref. [35]). In the
case of hadrons the FSR is not generated.

CC0S with GENTLE

Authors

D. Bardin, A. Olchevski and T. Riemann

We describe shortly the GENTLE development after v.2.00 (1996). GENTLE v. 2.10 (March
2000) [5,68], with authors D. Bardin, J. Biebel, D. Lehner, A. Leike, A. Olchevski and T. Riemann can
be obtained from: h t t p : //www. i f h. de /^r iemann/doc/Gent le /gent le . html
/afs /cern .ch/user /b /bardindy/publ ic /Gent le2_10

Program developments since GENTLE v.2.00 (used in the 1996 LEP2 workshop):
GENTLE v. 2.01 (14 March 1998) compared to v.2.00:
Angular distribution (with anomalous couplings) extended from CC03 class to CC11 class [69,70].
GENTLE v. 2.02 (11 Sept 1998) compared to v.2.01 :
For CC cross-sections, also a constant W width may be chosen; minor bugs eliminated.
ZAC v. 0 .9 .4 ( 12.02.1999) [71]: new package, includes anomalous couplings and calculates the angular
distribution for polarized Z pair production in the NC08 class.
GENTLE v. 2.10 (March 2000) differs from v.2.02 by the following features:
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- for the CC cross-sections, above threshold the Coulomb correction was modified.
- the NC cross-sections in package 4f an include now besides the NC32 class also the NC02 process;
also some new options introduced, see flag descriptions below.

As is well-known, recent comparisons for the total CC03 cross-section showed that GENTLE v.2.00
overestimated it by about 2%. The reason was understood in a study made by the RacoonWW collaboration
[72]. It was found that the Coulomb correction as computed in references [28] overestimates the FSR
QED correction above the 2W threshold. Such a behaviour was not excluded, of course, because old
calculations control only the leading term at threshold O(1/0W), where fi%, = 1 — AM^/s. Only more
complete calculations, using e.g. the DPA, may check how precisely the 1/PW approximation works.

An introduction of a simple suppression factor

max f 1 - — - ^ , 0 ) (60)
Y Pw\ ^=200 GeV )

switching off the Coulomb correction smoothly between ^/s = 2 Mw and 200 GeV improves the nu-
merical agreement with RacoonWW considerably. In this sense, the introduction of such a. fudge factor is
justified by a more complete calculation based on DPA.

Compared to GENTLE v.2.00, new or extended flag regimes in GENTLE v. 2.10 allow for:
(a) IFUDGF=0,l: switching the Coulomb suppression factor off/on (for IPROC=l, ie, CC);
(b) IIQCD=O,1: without/with inclusive (naive) treatment of QCD corrections (for IPR0C=2, ie, NC);
(c) IIFSR=0,l,2: choice of final state QED corrections [none, at scale s=M| , or at scale Sj] (for
IPR0C=2);
(d) ICHNNL=0,l: switching between NC02 and NC32 classes (for IPR0C=2);
(e) IGAMWS=0,l: switching between constant and s-dependent W width (for IPR0C=l);
(f) IINPT=2: use of the GF input scheme (for IPR0C=2) See section 2.13, Eq. (8) of [5]: sj =

Further, by calling subroutine WUFLAG, one may redefine the numerical value of aem(M|)=ALPHFS (for
IIFSR=1).

Remaining electroweak corrections, genuine weak corrections in particular, are not included in
GENTLE. Although, we have several choices of input parameters. We may recall here that GENTLE v.2.00
had two options: a-scheme and GF-scheme, as defined by Eqs.(71). In GENTLE v.2.10 this is extended
to the NC32 family. A sample of the numerical results is shown in Table 6. The CC table is produced
with the following GENTLE flag settings:
IPROC,IINPT,IONSHL,IBORNF,IBCKGR,ICHNNL= 1 1 1 1 0 0
IGAMZS,IGAMWS,IGAMW,IDCS,IAN0,IBIN = 0 0 1 0 0 0
IC0NVL,IZERO,IQEDHS,ITN0NU,IZETTA = x x x 0 1
IC0LMB, IFUDGF, IIFSR, IIQCD = 2 1 0 1
IMAP, IRMAX, IRSTP, IMMIN, IMMAX = 1 0 1 1 1
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Table 6: Cross-sections [pb] for e+e~ —> W+W~ —» 4f; first column: RacoonWW [20,72], second col-
umn: GENTLE 2.10, third and fourth columns estimate variations due to theoretical uncertainties. Flags:
ICONVL, IZERO, iqEDHS=001,100,013.

VS [GeV]
172.086
176.000
182.655
188.628
191.583
195.519
199.516
201.624
210.000

RacoonWW
12.0934(76)
13.6171(67)
15.3708(76)
16.2420(111)
16.5187(85)
16.7910(88)
16.9670(89)
17.0254(89)
17.0876(91)

GENTLE -
12.0366
13.5651
15.2628
16.1723
16.4749
16.7674
16.9590
17.0309
17.1419

GENTLE 2.10
12.0457
13.5723
15.2731
16.1839
16.4869
16.7797
16.9723
17.0435
17.1539

GENTLE +
12.1289
13.6655
15.3771
16.2935
16.5983
16.8927
17.0864
17.1579
17.2687

As seen from the Table, there is a very good agreement between GENTLE v.2.10 and RacoonWW. It
is important to emphasize, that the introduction of a suppression factor, Eq. (60), is the only modification
as compared to v.2.00 which overestimated the total cross-section by about 2%. In this respect one
could say that, following GENTLE's example, all programs that do not include DPA may, nevertheless,
give an effective description of CC03 that emulates the results of DPA, e.g. RacoonWW. Nevertheless,
only programs including DPA represent a state-of-the-art calculation. Indeed, the Coulomb correction
is just part of the full O{a) correction and cannot be split from the rest unambiguously at energies
well above threshold. However, an improved Born approximation (IBA) comes significantly closer to
the O (a) -corrected result if the Coulomb singularity is switched off above threshold with some weight
function f{j3w). This was already done in the IBA of Ref. [42], where f(/3w) reduced the Coulomb part
from 2% to about 1% at yfs = 200 GeV. The more radical f(/3w) of (60) reduces the 2% to zero at
y/s = 200 GeV.

Concerning the theoretical uncertainties given in Table 6, one should understand that they are
exclusively due to ISR as it is implemented within the GENTLE approach. As seen, they are of the order
of 0.75%. Again, a complete approach, like the DPA, is better suited to provide a safe estimate of
theoretical uncertainties.

Comparison between RacoonWW and BBC results

Authors
RacoonWW A. Denner, S. Dittmaier, M. Roth and D. Wackeroth
BBC F. Berends, W. Beenakker and A. Chapovsky

In this section we compare the Monte Carlo generator RacoonWW [20,22] with the semi-analytical
benchmark program [9] of Berends, Beenakker and Chapovsky, called BBC in the following. The numer-
ical comparison has been done for the leptonic channel e + e ~ —> j^/i+T~ZA r and the input parameters of
Ref. [9]. As explained in more detail below, in this section the RacoonWW results are not calculated with
the preferred options, but rather in a setup as close as possible to the BBC approach.

The two programs include the complete electroweak O(a) corrections to e + e ~ —* W W —»
4 / ( + 7 ) , both including the non-factorizable corrections and W-spin correlations, which at present is
only possible within the DPA formalism. Although both programs use the DPA, nevertheless there are
differences between these two calculations. One is technical, the usual difference between a flexible
Monte Carlo calculation, which is also meant for experimental use, and a more rigid semi-analytical one,
which was constructed as a benchmark for future calculations. The other difference is in the implemen-
tation of the DPA. The BBC calculation adheres strictly to DPA definitions, so also the phase space and
photon emission are taken in DPA. In RacoonWW the matrix elements for virtual corrections are calcu-
lated in the DPA, but the exact off-shell phase space is used. For real photon radiation the DPA is not
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used. Instead all Born diagrams for e+e —» 4 /7 (including the background) are taken into account and
the finite width is introduced in the fixed-width scheme. Formally this procedure is not gauge-invariant,
but it has been checked numerically with a gauge-invariant calculation (complex-mass scheme). The
matching between the virtual and real corrections, which is necessary in order to cancel the IR and mass
singularities, is done in such a way that the leading-logarithmic corrections arising from ISR are taken
into account exactly, i.e. not in DPA. By comparing the two calculations one can numerically check the
quality of the DPA for real-photon radiation. The expected differences in the relative corrections be-
tween both approaches are formally of O(a/ir x Fy//AE), with AE = y/s — 2M\¥ near the W-pair
production threshold.

The differences in the approaches have important consequences. With RacoonWW predictions can
be obtained for general cuts and physically relevant situations. The fact that the masses of the final-state
fermions are neglected restricts the applicability of the program to those observables that are free of
mass singularities connected to the final state. This means, in particular, that collinear photons have to
be combined with the corresponding fermions. This combination depends on the experimental situation,
which in turn depends on the type of final state. The semi-analytical approach is of course less flexible
for implementing the experimental cuts. In the benchmark BBC calculation some of the integrations were
performed analytically in order to speed up the numerical evaluations. For instance, the invariant-mass
distributions were treated differently from observables where the invariant masses have been integrated
over. This is not a requirement in general in the DPA if one is prepared to do more of the integrations
numerically. On the other hand, a treatment of mass-singular observables, i.e. ones without photon
recombination, can be easily performed in the semi-analytical approach.

For the total cross-section, the differences between the two approaches should be of the naively
expected DPA accuracy ofO(Fw/AE) relative to the O(a) correction. In Fig. 12 we show the prediction
of BBC as points with error-bars and the prediction of RacoonWW as a curve together with error-bars for
some points. All error-bars are purely statistical.

As shown in Fig. 12, both calculations agree very well above 185 GeV. Below this energy the
differences in the implementation of the DPA become visible, in agreement with the expected relative
error of O(VW/AE). The main effect originates probably from the different treatment of the O{a) ISR
and the phase space. While BBC treat the complete Q(a) correction (including ISR) in DPA and use
the on-shell phase space consistently, in RacoonWW10 the universal leading-log part of the O(a) ISR
correction is applied to the full CC11 cross-section, and the off-shell phase space is used throughout.
Below about 170 GeV the DPA cannot be trusted any more for both virtual corrections and real-photon
radiation, since the kinetic energy of the W bosons becomes of the order of the W width. The large
deviations of up to 2% in the energy range between 170 and 180 GeV can be partially attributed to the
fact that BBC treats also the leading logarithmic ISR corrections in DPA which is not done in RacoonWW.
Therefore this difference cannot be viewed automatically as a theoretical uncertainty of the Monte Carlo
programs.

10The exponentiation of ISR has been switched off in RacoonWW for this comparison, the on-shell Coulomb singularity has
been used and no naive QCD corrections are included. Moreover, the lowest-order cross-section used for normalization is
calculated in DPA with on-shell phase space. This allows to compare directly the relative corrections of both approaches.
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Fig. 12: Relative O(a) corrections to the total cross-section of e+e~

For angular and energy distributions unavoidable differences arise from the definition of the phase-
space variables in the presence of photon recombination. When defining the momenta of the W bosons
for angular distributions, BBC chooses to assign the photon to one of the production/decay sub-processes.
If the detected photon is hard, Ey S> IV, then this is theoretically possible. The error in the assignment
is suppressed by O(TW/AE). If the detected photon is semi-soft, E1 ~ IV , then it is impossible to
assign it to any of the sub-processes, but as the photon momentum is much smaller than the W-boson
momentum, the error associated with this procedure is suppressed by the same relative O(VW/AE).
The angles are then determined from the resulting W-momenta and the original fermion momenta. In
RacoonWW, all angles are defined from the fermion momenta after eventual photon recombination. To
this end, the invariant masses of the photon with each of the charged initial- or final-state fermions are
calculated. If the smallest of these invariant masses is smaller than M rec and the fermion corresponding
to this invariant mass is a final-state particle, the photon is recombined with this fermion. The two
different angle definitions lead to a redistribution of events in the angular distributions, which arises, in
particular, from hard photon emission.

The relative corrections to the distributions in the cosines of the polar production angle, #w =
Z(e+ , W + ) , and the decay angle, 6>MW = Z(/x+, W + ) , are compared for ^/s = 184 GeV in Fig. 13.

The results of BBC are again shown as points with error-bars. The results of RacoonWW are plotted
as histograms for two different photon recombination cuts M rec = 5 GeV or 25 GeV. The relative cor-
rections in the two recombination schemes differ at the level of 0.5 -=- 1%, with the largest differences
for large angles where the cross-section is small. The deviations between BBC and RacoonWW are some-
what larger than this and also larger than in the case of the total cross-section, but of the same order of
magnitude. A repetition of the analysis at yfs — 250 GeV has shown that the deviations at large angles
grow with increasing centre-of-mass energy, since also the hard-photon redistribution effects grow with
energy.

Invariant-mass distributions depend crucially on the treatment of the real photons. Since this is
fundamentally different in RacoonWW and BBC, it does not make sense to compare these distributions
between the two programs. Specifically, BBC define the W invariant masses from the fermion momenta
only (bare or muon-like) which make them sensitive to the collinear mass singularities. In RacoonWW,
the photons are always recombined with the fermions (calorimetric or electron-like). The actual mass
shifts crucially depend on the experimental setup. They are of the order of several 10 MeV and negative
for the bare procedure. In the calorimetric treatment these mass shifts are reduced and can even become
positive depending on the recombination procedure.
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u^fi+T~UT at

As was already mentioned earlier, the most important difference between the two approaches is the
treatment of real-photon radiation. Therefore, it is important to compare distributions that are exclusive
in the photon variables. As an example of such a distribution we present in Fig. 14 a comparison of the
photon spectrum, E1 da/dE^, as a function of photon energy at the CM energy 184 GeV.
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Fig. 14: Photon energy spectrum,
cuts, as described in the text.

2 3
£7[GeV]

da/dE^, at the CM energy 184 GeV for the two different sets of angular

The spectrum is shown for two different sets of angular cuts, which restrict the angles between the
photon and the beam momenta, / ( e ^ 7), the photon and final-state lepton momenta, Z ^ , 7), and the
beam and final-state lepton momenta, Z ^ , e*):

) > lOdeg,

e±) > lOdeg.

1. Z ( e ± , 7 ) >

2. Z (e ± , 7 ) > 50deg,

5degand

> 50deg and

The first set of cuts is closer to experiment, but the second suppresses the dominant contribution of ISR in
the real-photonic factorizable corrections. Since the second set of cuts removes a large part of the phase
space, statistics in the first case is about ten times bigger than in the second case. However, the second
set of cuts renders non-factorizable and factorizable radiation of a comparable order, thus checking the
former. Figure 14 reveals an agreement between the two approaches within ~ 10% for both sets of cuts,
which is of the order of the naive expectation for the DPA error of O(FW/AE). Note a peculiar decrease
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of the photon energy spectrum at lower photon energies for the second set of cuts. It was numerically
checked in the BBC approach that this decrease is due to non-factorizable contributions (interference
between various stages of the process). More precisely, the non-factorizable part amounts to roughly
20% of the complete contribution and is negative for Ey <S Fw; it tends to zero above E7 ~

Comparison o/RacoonWW and YFSWW3 results

Authors
RacoonWW A.Denner, S.Dittmaier, M.Roth and D.Wackeroth

YFSWW3 S. Jadach, W. Placzek, M. Skrzypek, B. Ward and Z. Was

In this section we compare results obtained with the Monte Carlo generators RacoonWW [20,22]
and YFSWW3 [76]. The numerical comparison has been done for the LEP2 input parameter set. This
comparison is restricted to the CC03 contributions for e+e~ —> WW —> 4 / , i.e. background diagrams
have been omitted11.

First we recall that RacoonWW contains the complete electroweak O(a) corrections to e+e~ —»
WW —»• 4/ (+7) within the DPA, including the non-factorizable corrections and VF-spin correlations.
Real-photon emission is based on the full e+e~ —> 4 /7 matrix element (of the CC11 class), and ISR
beyond O(a) is treated in the structure-function approach with soft-photon exponentiation and leading-
logarithmic contributions in O(a3). To be more precise, for 4 / and 4 / 7 (with a hard non-collinear 7) at
tree level all final states are supported, i.e. also Mix43, i.e. uddu. If, however, soft and collinear photons
are allowed, the virtual correction to e+e~ —» WW —> 4f is required. In this case, RacoonWW takes
photon radiation from the CCl 1 class into account12. The singular Coulomb correction is included with
its full off-shell behaviour.QCD corrections are taken into account by the naive QCD factors (1 + as/7r)
for hadronically decaying W bosons.

In YFSWW3 the exact O{a) electroweak corrections to e+e~~ —+ W + W~ are implemented together
with YFS exponentiation of the corresponding soft-photon effects for the production process as defined
in the DPA, which is equivalent to the LPA as defined in Ref. [77] for this process. ISR beyond O(a)
is taken into account up to O(a3) in leading-logarithmic approximation. The full off-shell behaviour
of the singular Coulomb correction is included. The corrections to the W decay, including naive QCD
corrections, are implemented by using the corrected branching ratios. In this way, the total cross-section
receives the full O{a) corrections in DPA. Taking this cross section as normalization, final-state radiation
with up to two photons is generated by PHOTOS, which is based on a leading-logarithmic (LL) approxi-
mation in which finite px effects are taken into account in such a way that the soft limit of the respective
exact O{a) pj* spectrum is reproduced.

For observables where the decay of the W bosons and their off-shellness are integrated out, the
expected differences between the two calculations are of the order of the accuracy of the DPA, i.e. of
the relative order O[aT^ / AE), modulo possible enhancement factors. Here AE is a typical energy
scale for the considered observable, i.e. AE ~ y/s — 2Mw for the total cross-section near the W-
pair production threshold. For observables that depend on the momenta of the decay products larger
differences can be expected. This holds, in particular, for observables involving a real photon. While
such observables are based on the full lowest-order matrix element for e+e~ —> 4 / 7 in RacoonWW, in
YFSWW3 the multi-photon radiation in the WW production (within the YFS scheme) is combined with
0 ( a 2 ) LL radiation in W-decays (done by PHOTOS), i.e. the real photon radiation is treated in DPA and
some finite O(a) terms from FSR are neglected, but the treatment of the leading logarithms goes beyond
strict O(a).

' 'Note that the real corrections in RacoonWW include the background diagrams of the CCl 1 class, and the ISR is convoluted
with this class of diagrams. For LEP2 energies, however, the difference induced by these background diagrams with respect to
the Born should be at the per mille level.

12To do this, in any program, for Mix43 would require virtual corrections to Z-pair production, which are not implemented.
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For the total cross-section, the differences between the two approaches should be of the naively
expected DPA accuracy, i.e. below 0.5% for \fs > 180 GeV. In Table 7 we compare the results from
both generators for the total cross-section without any cuts. The best numbers correspond to the inclusion
of all corrections implemented in the programs. Independently of the channel both programs differ by
0.2 -7- 0.3%, which is of the order of the intrinsic ambiguity of any DPA implementation, i.e. the numbers
are consistent with each other.

Table 7: Total cross-sections for CC03 from RacoonWW and YFSWW3 aty/s = 200 GeV without cuts. The numbers
in parentheses are statistical errors corresponding to the last digits.

no cuts
final state

ud/u-p^

udsc

program
YFSWW3

RacoonWW
(Y-R)/Y
YFSWW3

RacoonWW
(Y-R)/Y
YFSWW3

RacoonWW
(Y-R)/Y

0tot[fb]
Born

219.770(23)
219.836(40)
-0.03(2)%
659.64(07)
659.51(12)
0.02(2)%

1978.18(21)
1978.53(36)
-0.02(2)%

best
199.995(62)
199.551(46)
0.22(4)%

622.71(19)
621.06(14)
0.27(4)%

1937.40(61)
1932.20(44)
0.27(4)%

The results of YFSWW3 presented here differ from the ones presented at the winter conferences,
where still a difference of 0.7% between the programs was reported. The main point is that the re-
sults in Table 7 are obtained with version 1.14 whereas those presented at the winter conferences were
obtained with version 1.13. Version 1.14, which has benefitted from the detailed comparison between
the RacoonWW and YFSWW3 virtual corrections, represents, according to renormalization group improved
YFS theory [78], an improved re-summation of the higher order corrections as compared to version 1.13.
We stress that we (the RacoonWW and YFSWW3 groups) have also checked that, when we use the same
couplings, our O{a) virtual plus soft corrections in the W-pair production building block agree differ-
entially at the sub-per mille level and agree for the total cross section at < 0.01%. This is an important
cross check on both programs. However, as a by-product of this detailed comparison, we have realized
that the GF scheme of Refs. [79] has only the IR divergent part of the virtual photonic corrections with
coupling a(0) whereas the renormalization group equation implies that any photon of 4-momentum q
should couple completely with a(0) when q2 —» 0, where a(q2) is the running renormalized QED cou-
pling. In version 1.14 of YFSWW3, we have made this improvement as implied by the renormalization
group equation [78]. The generic size of the resulting shift in the YFSWW3 prediction can be understood
by isolating the well-known soft plus virtual LL ISR correction to the process at hand, which has in O(a)
the expression [79]

a 7T
(61)

where /? = ^(L - 1), L = ln^s/m2 ,), and k0 is a dummy soft cut-off which cancels out of the
cross section as usual. In the GF scheme of Refs. [79] which is used in YFSWW3-1.13, only the part
(3 In k0 + (a/7r)(7T2/3) of S^^ LL has the coupling a(0) and the remaining part of S^S

RLL has the cou-
( ) / ( 0 0 3 1 ) lii i d YFS h i l i hpling aaF — a ( 0 ) / ( l — 0.0371). The renormalization group improved YFS theory implies, however,

that a (0) should be used for all the terms in SJSR,LL-
 T h i s i s d o n e i n YFSWW3-1.14 and results in the nor-

malization shift ((a(0) - otGF)/ir) (1.5L - 2), which at 200GeV is ~ - 0 . 3 3 % . This explains most of
the change in the normalization of YFSWW3-1.14 vs that of YFSWW3-1.13. Moreover, it does not contradict
the expected total precision tag of either version of YFSWW3 at their respective stages of testing. We stress
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that, according to the renormalization group equation, version 1.14 is an improvement over version 1.13
- it better represents the true effect of the respective higher order corrections. More details of the actual
scheme of renormalization and re-summation used in YFSWW3-1.14 will appear elsewhere [59].

In RacoonWW, the coupling a(0) is used everywhere in the relative O(a) corrections, even in the
GF scheme, in order to include the appropriate coupling for the (dominant) photonic corrections. A
switch in YFSWW3-1.14 to this scheme shifts the maximal differences between the programs to 0.34%,
somewhat larger than the 0.27% shown. This confirms the expectation that the effects of unknown
higher-order corrections are at the level of 0.1%.

It should be noted that the results in Table 7 lie by 2 -f- 3% below the LL-type predictions given
by GENTLE [68] (see also Section 4.1). As stated above, however, this consideration only applies to
GENTLE in some special setup. The disagreement with all other codes active in the '95 workshop [5]
is within 1.5%. The fact that two independent Monte Carlo calculations with physical precision at the
level of O(^j^-) now agree to 0.2 -r 0.3% at 200 GeV for this total cross section is truly an important
improvement over the situation in the '95 workshop [5].

In the following we consider observables obtained with the cut and photon recombination pro-
cedure as given in the description of numerical results of RacoonWW in Section 4.1. We again con-
sider the cases of a tight recombination cut M rec = 5 GeV {bare) and of a loose recombination cut
M rec = 25 GeV (calo).

Table 8 shows the analogous cross-sections to Table 7 but now with the described bare cuts ap-
plied. The difference of 0.2 -r 0.3% between the two compared programs does not change by the applied
cuts. When turning from bare to calo cuts the results for the cross-sections do not change significantly;
of course, the lowest-order results do not change at all.

Table 8: Total cross-sections for CC03 from YFSWW3 and RacoonWW at y/s = 200 GeV with bare cuts (see text).
The numbers in parentheses are statistical errors corresponding to the last digits.

with bare cuts
final state

VpfJ,+T~DT

ud/Lt~PM

udsc

program
YFSWW3

RacoonWW
(Y-R)/Y
YFSWW3

RacoonWW
(Y-R)/Y
YFSWW3

RacoonWW
(Y-R)/Y

<rtot[fb]
Born

210.918(23)
211.034(39)
-0.05(2)%
627.18(07)
627.22(12)
-0.01(2)%
1863.40(21)
1864.28(35)
-0.05(2)%

best
192.147(63)
191.686(46)

0.24(4)%
592.68(19)
590.94(14)
0.29(4)%

1826.80(62)
1821.16(43)
0.31(4)%

In the following relative corrections to various distributions for the semi-leptonic channel e+e —»
!^ are compared at ^/s = 200 GeV. All these distributions have been calculated using the above

set of separation and recombination cuts.

The corrections to the cosine of the production angle for the W + and W~ bosons are shown
in Figs. 15 and 16, respectively, for the bare (left) and the calo (right) recombination schemes. The
distributions are compatible with each other to better than 1%. The largest differences are of the order of
1% and appear in general for large scattering angles.
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Fig. 15: Distribution in the cosine of the W + production angle with respect to the e + beam for the bare (left) and
calo (right) setup at y/s = 200 GeV for ud/n^F^ final state.
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Fig. 16: Distribution in the cosine of the W production angle with respect to the e beam for the bare (left) and
calo (right) setup at •/£ = 200 GeV for ud/i~FM final state.

The corrections to the invariant mass distributions for the W + and W~ bosons are shown in
Figs. 17 and 18 for the bare (left) and the calo (right) recombination scheme. The distributions are
statistically compatible with each other everywhere and agree within 1%. It should be noted that the
distortion of the distributions is mainly due to radiation off the final state and the W bosons. It may
seem remarkable that the LL approach of PHOTOS properly accounts for these distortion effects. But one
should remember that PHOTOS was fine-tuned to describe the exact O{al) FSR for the radiative Z and r
decays, like Z —> /x~/z+(7) and r —> jivDipf). PHOTOS was also cross-checked against the exact matrix
element for the W —> /xi/7 process.

Figures 19-21 show the distributions in the photon energy Ey, in the cosine of the polar angle of
the photon (w.r.t. the e+ axis), and in the angle between the photon and the nearest final-state charged
fermion from the two programs and in the two recombination schemes.
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Fig. 17: Distribution in the W + invariant mass for bare (left) and calo (right) setup at %/s = 200 GeV for ud/j.~
final state.
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Fig. 18: Distribution in the W~ invariant mass for bare (left) and calo (right) setup, ,/s = 200 GeV,
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(right) setup at yfs = 200 GeV for ud/x~F^ final state.
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fermion for bare (left) and calo (right) setup at v^i = 200 GeV

The differences are of the order of 15 — 20%. Differences of this order may be expected, since
photonic observables are no corrections anymore, but belong to the class of e+e~ —> 4 /7 processes,
since e+e~ —> 4 / does not contribute here. Whether or not the observed differences are consistent with
the differences in the treatments of the real photon emission in the two programs is under investigation.

4.2 Internal estimate of theoretical uncertainty for CC03

Here we give a quantitative statement on the theoretical precision for DPA-approximation.

Estimating the theoretical uncertainty of the DPA with RacoonWW

Authors

A.Denner, S. Dittmaier, M. Roth and D.Wackeroth

All existing calculations of electroweak corrections to e+e~ —> WW —> 4 / are based on DPA. A
naive estimate of the accuracy of this approach yields [a./IT) X ln(...) X F W / M W , where F w / ^ w is the
generic accuracy of the DPA, a/w results from considering one-loop corrections, and ln(...) represents
leading logarithms or other possible enhancement factors in the corrections. This naive estimate suggests
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that the DPA has an uncertainty of some 0.1%. Note, however, that this estimate can fail whenever small
scales become relevant. In particular near the W-pair threshold, the estimate should be replaced by
(a/O x ln(...) x rw/(V« - 2Mw)-

In order to investigate the accuracy of the DPA quantitatively, a number of tests have been per-
formed with RacoonWW. The implementation of the DPA has been modified within the formal level of
aFw/Mw, and the obtained results have been compared. Note that in RacoonWW only the virtual cor-
rections are treated in DPA, while real photon emission is based on the full e+e~ —> 4 / 7 matrix element
with the exact five-particle phase space. Thus, only the 2 —> 4 part is effected by the following modifi-
cations. Specifically, three types of uncertainties have been considered (see Ref. [22] for details):

• Different on-shell projections:
In order to define a DPA one has to specify a projection of the physical momenta to a set of
momenta for on-shell W-pair production and decay13. This can be done in an obvious way by
fixing the direction of one of the W bosons and of one of the final-state fermions originating from
either W boson in the CM frame of the incoming e+e~ pair. The default in RacoonWW is to fix
the directions of the momenta of the fermions (not of the anti-fermions) resulting from the W +

and W~ decays (def). A different projection is obtained by fixing the direction of the anti-fermion
from the W + decay (prof) instead of the fermion direction.

• Treatment of soft photons:
In RacoonWW, the virtual photon contribution is treated in DPA, while real photon radiation is fully
taken into account. These two contributions have to be matched in such a way that IR and mass
singularities cancel. This requirement only fixes the universal, singular parts, but leaves some
freedom to treat non-universal, non-singular contributions in DPA or not. For instance, in the
branch of RacoonWW that employs the subtraction method of Ref. [41], the endpoint contributions
of the subtraction functions are calculated in DPA and added to the virtual photon contribution as
default. As an option, RacoonWW allows to treat also the universal (IR-sensitive) part of the virtual
photon contribution off-shell by extracting an U(l)-invariant factor a la YFS [80] from the virtual
photon contribution and adding it to the real photon contribution, i.e. this soft+virtual part of the
photonic correction is treated off shell (eik). The two described treatments only differ by terms
of the form (a/n) x TT2 x 0(1) which are either multiplied with the DPA (def) or with the full
off-shell Born cross-sections (eik).

• On-shell versus off-shell Coulomb singularity:
The Coulomb singularity is (up to higher orders) fully contained in the virtual O(a) correction in
DPA. Performing the on-shell projection to the full virtual correction leads to the on-shell Coulomb
singularity. However, since the Coulomb singularity is an important correction in the LEP2 energy
range and is also known beyond DPA, RacoonWW includes this extra off-shell Coulomb correction
as default. Switching the extra off-shell parts of the Coulomb correction off (Coul), yields an effect
of the order of the accuracy of the DPA.

In the following table and figures the total cross-section and various distributions have been
compared for the different versions of the DPA defined above. The results have been obtained us-
ing the LEP2 input parameter set and the set of separation and recombination cuts as given in the
description of numerical results of RacoonWW in Section 4.1. The recombination cut is chosen to be
M rec = 25GeV. As default, we take the RacoonWW results (best-with-4f-Born) of Section 4.1 for the
process e+e~ —> \idfj,~V^i('y) at y/s = 200 GeV, which are based on the above input. The only differ-
ences are that the naive QCD factors and ISR corrections beyond O(a) are not included in the results of
this section. The results for the total cross-section are shown in Table 9.

13This option only illustrates the effect of different on-shell projections in the four-particle phase space; if real photonic
corrections are treated in DPA the impact of different projections may be larger.
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Table 9: RacoonWW predictions for the total cross-section of e+e
versions of the DPA and relative differences S = aja^i — 1

ud/u Up (7) at y/s = 200 GeV in various

cr/pb
S/%

def
570.53(46)

0

proj
570.37(46)

-0.03

eik
570.47(46)

-0.01

Coul
571.28(46)

0.13

Note that these cross-sections are calculated with the above cuts. We find relative differences
at the level of 0.1%. As expected, the prediction that is based on the on-shell Coulomb correction is
somewhat higher than the exact off-shell treatment, since off-shell effects screen the positive Coulomb
singularity. The results in Table 9 have been obtained using phase-space slicing for the treatment of the
IR and collinear singularities. If the subtraction method is used instead, the resulting cross-section is
about 0.01% smaller.

In Figs. 22 and 23 we show the differences of the proj, eik, and Coul modifications to the default
version of the DPA for some distributions. For the distribution in the cosine of the W-production angle
#w+ and in the W-decay angle #w-/x- ( s e e Fig- 22) the relative differences are of the order of 0.1 -j- 0.2%
for all angles, which is of the expected order for the intrinsic DPA uncertainty.
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For the /z-energy distribution, shown in the l.h.s. of Fig. 23, the differences are typically of the same
order, as long as Ep. is in the range for W-pair production, which is 20.2 GeV < J5M < 79.8 GeV at
s/s = 200 GeV. Outside this region, the four-fermion process is not dominated by the W-pair diagrams,
and the DPA is not reliable anymore, which is also indicated by large intrinsic ambiguities. The r.h.s. of
Fig. 23 shows the DPA uncertainties for the ud invariant-mass distribution. Within a window of 2Fw
around the W resonance the relative differences between the considered modifications are also at the
level of 0.1 4- 0.2%. The differences grow with the distance from the resonance point.

The discussed results illustrate that the intrinsic ambiguities of the DPA, as applied in RacoonWW,
are at the level of a few per mil, whenever resonant W-pair production dominates the considered observ-
able.

Estimating the theoretical uncertainty of the DPA with YFSWW3-KoralW

The accuracy of the combined result from YFSWW3 1.13 and our all 4-fermion process MC KoralW 1.42
[81] as presented in Ref. [59] is expected to be below 0.5% for the total cross-section when all tests are
finished. These tests are currently in progress.

4.3 Summary and conclusions

In this Section we have compared different theoretical predictions for the CC03 cross-section that have
been used to analyze the data in terms of all W-pair final states, Aq(qqqq) and non-4q(qq\v, \v\u). The
major achievement in this area is represented by inclusion of radiative corrections in DPA for the WW
cross-section.

Data are collected from 161 GeV up to 210 GeV. One should remember that below some threshold
(« 170 GeV) the DPA cannot be trusted any more for both virtual corrections and real-photon radiation,
since the kinetic energy of the W bosons becomes of the order of the W width. RacoonWW has shown
that the intrinsic ambiguities of its implementation of the DPA are at the level of a few per mille.

For the total CC03 cross-section, the differences between RacoonWW and YFSWW should be of the
naively expected DPA accuracy, i.e. below 0.5% for y/s > 180 GeV. And, indeed, independently of the
channel, the two MC differ by 0.2 -f- 0.3% in the results presented herein and this increases to 0.4% if
uncertainties from unknown higher-order corrections are taken into account. Note that, with bare cuts
applied, the difference of 0.2 -=- 0.3% shown here between the two compared programs does not change.

The corrections to the distribution in the cosine of the production angle for the W + and W~
bosons have also been analyzed for the bare and the calo recombination algorithms. They are compatible
with each other at a level below 1%. Although compatible with the statistical accuracy, the deviations
seem to become somewhat larger for large scattering angles. The corrections to the invariant mass
distributions for the W + and W~ bosons, again with bare and calo recombinations are statistically
compatible between the two Monte Carlo programs everywhere and agree within 1%.

Another comparison, shown in Fig. 12, indicates that RacoonWW and BBC calculations agree very
well for the total W-pair production cross-section above 185 GeV. Below this energy the differences
in the implementation of the DPA become visible, in agreement with the expected relative error of
O(a/ir x FW/AE). However, for angular and energy distributions unavoidable differences at the level
of 1 -T- 2% arise between the two predictions, as a consequence of the definition of the phase-space vari-
ables in the presence of photon recombination. Although the BBC-calculation has not been implemented
in a MonteCarlo it can be used for obtaining a relative O(a) correction factor where one has an estimated
internal accuracy ranging from 1.5% at lower energies to 0.3% at 210 GeV.

In conclusion, from the direct comparisons of RacoonWW and YFSWW3, supported by BBC, we can
estimate an overall theoretical uncertainty of the current predictions for the total WW cross-section at
0.4% at 200 GeV. The 0.4% precision tag is an important conclusion of this Workshop.
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For other energies no complete investigations of the theoretical uncertainty have been performed.
However, based on the error estimate of 0.4% for 200 GeV, the intrinsic uncertainty of the DPA of 0.2%
at 200 GeV and the generic energy dependence of this uncertainty given by FW/(ECMS — 2Mw) we
estimate an uncertainty of the predictions of RacoonWW and YFSWW3 of 0.5% for 180 GeV and 0.7% for
170 GeV. This could be somewhat further reduced, if the sources of the differences between the different
programs are found.

Results for the WW cross-section at O(a) are also available from GRACE but a comparison with
the other codes is not yet at the level of those already presented where a considerable amount of time
was invested to try to understand differences towards a safe estimate of theoretical uncertainty.

5 FOUR FERMIONS PLUS A VISIBLE PHOTON

The class of processes that are investigated at LEP2 are e+e~ —» W+W~ —> 4f, single-W production,
Z-boson-pair production, single-Z production. LEP2 and also future linear colliders will allow us to
study a new class of processes, e+e~ —> 4f + 7.

The physical interest of the latter is twofold. They can be used to obtain informations on the
quartic gauge-boson couplings and include the production processes of three gauge-bosons, W+W~^,
ZZ~f and Z77. In this case the photon is visible by definition and we term the corresponding process
radiative, i.e. we consider as radiative events those events with photons where at least one photon passes
the experimental photon requirements, for instance E-y > 1 GeV, cos#7 < 0.985(0.997) and #/_7 > 5°.

Note that for all final states, the invariant mass needs a more precise definition in case radiative
photons are present in the event. From a calculational point of view, there is always a minimal invariant
mass (energy and separation angle) below which photons are not resolved. Thus we need to specify
fermion-photon invariant mass or fermion-photon energies and separation angles, below which the the
photon are combined with the fermion and above which the photons are not included in the mass calcu-
lation. A bare mass would set these cuts rather tight, excluding photons from the / / mass, a calo mass
would set the separation cuts looser. Theorists like cuts on M{-y — nearestf). Experimentalists like cuts
on energies and angles. In the following we list both TH(eory) cuts and EXP(erimental) cuts.

TH cuts: bare M(ff + (7)) including photons if M(f + 7) < 5 GeV,

calo M(ff + (7)) including photons if M(f + 7) < 25 GeV.

EXPcuts: bare M(f1f2 + (7)), photons less than 1 GeV or less than 1° away from f\ or /2 are
included;

calo M(Jil2 + (7)), photons less than 1 GeV or less than 10° away from charged leptons are
included,
M(q1q2 + (7)), photons less than 1 GeV or less than 25° away from either quark qi, q^ are
included, which takes at least the major difference between fermions - quarks versus leptons
- into account.

These definitions serve for benchmarking distributions, not so much to mimic an actual experi-
mental strategy, which is of course fermion dependent. In other words this is an approximation to the
experimental side: if the fermion is a muon, even 0° opening angles can be separated experimentally.
In addition, for identified photons one still may or may not choose to recombine the photon with the
fermion.

Furthermore, e+e~ —> 4f + 7 is an important building block for the radiative corrections to the
Born process e+e~ —> 4f, hence non-radiative events are those with no photon or only photons below
the minimal photon requirements. In case of non-radiative events, this amounts to adding up virtual
and soft radiative corrections. The effect of O(a) QED corrections very often amounts to several per
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cent, mostly originating from collinear photon radiation off highly energetic particles and from vir-
tual photon exchange. For initial state radiation, for instance, we have three types of corrections, a)
O(a/ir ln(me/Q)) with Q » me being the typical scale at which the process occur, b) Oiaj-n) from
hard photons that must, nevertheless, be included for a 1% precision tag, c) leading O(a2), or higher
corrections that becomes relevant for a precision tag below the 1% thresholds.

Owing to the fact that a theoretical prediction with a typical accuracy of some fraction of a per
cent must include all QED corrections, we face the complexity of it. Handling the singularities of the
squared matrix element represents a formidable task; in any bremsstrahlung process the integrand blows
up for arbitrary small photon energies and similar problems arise from collinear emission off the charged
particles.

A general comment about this section is that some of the programs, but not all, implement 4f + 7
at the level of (exact) matrix elements. Few programs have only an effective treatment of photons via
structure functions, with or without pt. Furthermore we also have to distinguish between massless vs.
massive calculations.

5,1 Description of the programs and their results

4f + 7 with RacoonWW

Authors

A.Denner, S.Dittmaier, M.Roth and D.Wackeroth

General description

The program RacoonWW [22] evaluates cross-sections and differential distributions for the reactions
e+e~ —> 4f and e+e~ —» 4f + 7 for all four-fermion final states. The long write-up has already
been presented in Section 4.1, so that we only stress the features that are peculiar to 4f + 7 produc-
tion with a separated hard photon. The calculation is based on full 4f + 7 matrix elements for all final
possible states. Since fermion masses are neglected, lower cuts on the invariant mass of ff pairs and on
e^ emission angles have to be imposed, in addition to the angular and energy cuts for the hard photon.
RacoonWW supports different ways to treat finite gauge-boson widths (fixed and running widths, complex-
mass scheme) and allows to select subsets of graphs (VV'y signal diagrams, QCD background). Detailed
numerical results on 4f + 7 production with RacoonWW can be found in Ref. [18] and in Section 5.2.

4f + 7 with PHEGAS/HELAC

Author

C. G. Papadopoulos

This section refers to a novel Monte Carlo program that is capable to deal with any tree-order
process involving any particle and interaction described by the Standard Model, including QCD.

The program consists of two modules:

1. HELAC which is a matrix element computation-tool [60] based on Dyson-Schwinger equations, and

2. PHEGAS an automatic phase-space generator [61] capable to simulate all peaking structures of the
amplitude.

The over all code is using a Monte Carlo integration based on multichannel optimization [62].

HELAC

The matrix element is evaluated using a recursive approach based on Dyson-Schwinger equations. The
computational cost exhibits an exponential growth (~ 3n) as a function of the number of external parti-
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cles (n) which for multi-particle processes results to a very important increase in the efficiency as com-
pared with the traditional Feynman-graph approach whose computational cost grows factorially (~ n\).
In order to optimize code's efficiency the computational strategy consists of two phases. In the first
phase a solution to the recursive equations is established in terms of an integer array containing all rel-
evant information for the process under consideration. This is the initialization phase and is performed
once at the beginning of the execution of the program. In the second phase, using the already generated
information, the actual computation is performed resulting to the numerical evaluation of the amplitude
for each specific phase-space point provided.

In order to consistently describe unstable particles the fixed width as well as the complex width
schemes have been included. ISR and running couplings are also an option and work is in progress to
implement higher order corrections within the approach of reference [16].

In order to deal with numerical stability problems, besides the double precision, a quadruple
as well as a multi-precision [63] version is available. This makes HELAC able to deal with processes
exhibiting strong collinear singularities, like e~e+ —>• e~e+pTyilr at zero scattering angles. Moreover
all particle masses and vertices of the Standard Model, including QCD, in both the Feynman and unitary
gauges are incorporated.

PHEGAS

Although several matrix element computational tools were available in the past that can deal with ar-
bitrary processes, to the one or to the other extent [64], phase-space generators were always developed
according to a specific process or a class of processes [65]. PHEGAS is a phase space generator that
incorporates in an automatic way all possible kinematical mappings for any given process, using the
relevant information provided by HELAC. To this end each Feynman graph contributing to the process
under consideration gives rise to a kinematical mapping. The integration is performed via a Monte Carlo
multichannel approach and during the computation, weight optimization selects automatically those kine-
matical mappings that are relevant for the process under consideration.

As a first highly non-trivial test PHEGAS/HELAC has been used to produce results for four-fermion
plus a visible photon within the current study. Nevertheless, it is worthwhile to emphasize that PHEGAS/
HELAC is able to deal with any process involving any Standard Model particle and is by no means re-
stricted to e+ e~ —» 4 f + 7 reactions. A detailed presentation of the code, the implemented algorithms
as well as the incorporated physics effects will be available in the near future [61].

4f+7

Authors

G. Montagna, M. Moretti, O. Nicrosini, M. Osmo and F. Piccinini

Description of the Method.

Contributions of the Pavia/ALPHA group to the subject of four fermions plus gamma final states are
summarized.

Hard-scattering matrix element

The exact tree-level matrix elements for the processes with four fermions plus a visible photon in the
final state are computed by means of the ALPHA algorithm [82]. At present, the processes which can be
mediated by two W-bosons (CC processes) or by two Z-bosons ( NC processes) are accounted for. The
effect of finite fermion masses is taken into account exactly both in the kinematics and dynamics. The
contribution of anomalous trilinear gauge couplings can be also simulated, after having implemented in
ALPHA and cross-checked the parameterization in terms of Afc7, A7, 5z, Akz and \z of Refs. [83,84].
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The genuinely anomalous quartic gauge boson couplings, involving at least one photon and relevant
for this process at tree-level, are also included, according to the parameterization of Ref. [85]. Final
cross-checks on anomalous quartic couplings are in progress. The fixed-width scheme is adopted as
gauge-restoring approach, as motivated in comparison with other gauge-invariance-preserving schemes
in Ref. [18].

Radiative corrections

The phenomenologically relevant Leading Log (LL) QED radiative corrections, due to initial-state ra-
diation (ISR), are implemented via the Structure Function (SF) formalism [86], according to the two
following options:

- collinear SF£>(x,s);

- pt-dependent SF D(x, cos 07; s), i.e. a combination of the collinear SF D(x, s) with an angular
factor for photon radiation inspired by the leading behaviour l /(p • k) [87,88].

In fact, as discussed in detail in Refs. [31,88], due to the presence of an observed photon in the final
state, the treatment of ISR in terms of collinear SF turns out to be inadequate because affected by double
counting between the pre-emission photons (described by the SF) and the observed one (described by
the hard-scattering matrix element).14 By keeping under control also the transverse degrees of freedom
of ISR, as allowed by pt-dependent SF, it is possible to remove the double-counting effects, following
the procedure for the calculation of the QED corrected cross-section discussed in Refs. [31,88], i.e.

aQRD = Idx1dx2dc^)dc^) D{xu<M;s)D{x2,c&;s)0(cuts)da4{+1^ , (62)

where c-y = cos 9j, i — 1,2. According to Eq. (62), an equivalent photon is generated for each
colliding lepton and accepted as a higher-order ISR contribution if:

- the energy of the equivalent photon is below the threshold for the observed photon E™m, for
arbitrary angles; or

- the angle of the equivalent photon is outside the angular acceptance for the observed photons, for
arbitrary energies.

Within the angular acceptance of the detected photon, the cross-section is evaluated by means of the
exact matrix element for the processes e+e~ —> 4f + 7. Therefore, Eq. (62) applies to the signature of
four fermions plus exactly one photon in the final state, corrected by the effects of undetected soft and/or
collinear ISR. The Q2-scale entering the QED SF is fixed to be Q2 = s.

Computational tool and obtained results

The theoretical features sketched above have been implemented into a massive MonteCarlo (MC) pro-
gram, named WRAP (W Radiative process with Alpha & Pavia). The multi-channel importance sampling
technique is employed to perform the phase-space integration, paying particular attention to the infrared
and collinear peaking structures due to photon emission. The code supports realistic event selections and
can be employed either as a cross-section calculator or as a true event generator. Results obtained in the
present study can be summarized as follows: We have performed a critical analysis of the effect of ISR
(see Figs. 24-26) and a study of the impact of finite fermion masses (see Table 10), Finally, we have
tuned comparisons with the predictions of other codes, especially with RacoonWW (see Section 5.2).

14In the tuned comparison with RacoonWW the effect of ISR SF was switched off.
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The impact of ISR via collinear SF on the 4f + 7 integrated cross-section of the CCIO final state
yT V^ u d 7 is shown in Figs. 24 and 25, as a function of the LEP2 c.m.s. energy (Fig. 24) and of the
photon energy threshold at y/s = 192 GeV (Fig. 25). Figure 24 shows that ISR in the collinear approxi-
mation reduces the Born cross-section between 16 — 12% in the c.m.s. range 180 — 190 GeV and at the
10% level close to 200 GeV, for the considered photon separation cuts. In particular, at y/s = 192 GeV
the reduction factor as due to ISR is 12 — 13%, almost independent of the photon detection threshold, as
shown in Fig. 25.
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Fig. 24: The effect of ISR, simulated by collinear SF, on the integrated cross-section of the CC10 final-state
fi~ Vp u d 7 as a function of the LEP2 c.m.s. energy. The Born cross-section for the CC20 final-state e~ Ve u d 7
is also shown.
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Fig. 25: The effect of ISR via collinear SF to the cross-section of the CC10 final-state \T
of the minimum energy of the observed photon, at 192 GeV.

7, as a function

Note that collinear SF contradicts photon detection criteria, as discussed before. However, in order
to get a first estimate of the correction due to ISR, collinear SF can be used, since the error introduced by
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this treatment (double-counting effects) is estimated in Fig. 26, by comparing collinear and pt structure
functions.
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Fig. 26: Comparison between the effects of ISR via collinear SF (dashed line) and pt-dependent SF (solid line),
respectively, for the cross-section of the the CC10 final-state yr V^ u d 7, as a function of the minimum energy
of the observed photon, at 192 GeV.

Table 10: Comparison between massive and massless Born cross sections for the process fi v^cs + 7 at y/s =
200 GeV, as obtained by means of WRAP. 0 7_/ , with / = q,/j, is the minimum separation angle between the
photon and final state charged fermions. In the third column, the first result refers to the massive case, and the
second one to the massless case. Relative difference is shown in the last column.

1?7_9 (deg)
5°

5°

5°

0 7 - M [deg]
1.0°

0.1°

0.0°

cross-section [fb]
90.157 ±0.036
91.903 ±0.035
104.777 ±0.046
115.004 ±0.044
105.438 ± 0.045

S{%)
1.92 ±0.08

9.31 ±0.09

As far as fermion masses are concerned we show in Table 10 a comparison between the cross-
section for the final state \f~ V^ c s 7 in the massless approximation is compared with the same cross-
section in the presence of finite masses for the final state fermions. The mass values and cuts used are:
m^ = 0.105 GeV, ms = 0.3 GeV, mc = 1.55 GeV, with Mcs > 3 GeV. In the considered channel with a
muon in the final state, the minimum separation angle between the quarks and the photon is maintained
fixed at 5°, while the separation angle between the muon and the photon is varied from 1° down to zero.
It can be seen that the mass effects on the the integrated cross section are of the order of 1% for not too
small separation angles, but it may reach, not surprisingly, the 10% level in more stringent conditions,
where only a massive 4f + 7 calculation can provide a reliable prediction in the presence of muons in the
final state.
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4f + 7 with CompHEP

Authors

E. Boos, M. Dubinin and V. Ilyin

General description

The program CompHEP [89] calculates cross-sections and distributions for all channels e+e~ —> 4 / and
e+e~ —> 4 / +7 . The calculation is based on a tree-level matrix element for the complete set of diagrams.
Finite fermion masses are taken into account both in the matrix element and in the four or five particle
phase space parameterization. The fixed-width prescription is used for the gauge boson propagators.
In so far as CompHEP uses the squared diagrams technique, the calculation for the five particle states
with radiative gamma is CPU time consuming and in the following only the results for the channel
e+e~ —> "ffnTU^ud (2556 squared diagrams) are presented (Figs. 27, 28, where the factor a(Q)/aGF is
not accounted for). We used the standard set of cuts including EXP-cuts for the distributions in the bare
and calo mass.

CompHEP

fi !/„ u d y

Vs = 200 OeV

5 10 15 20 25 30 35 40 45 50

E,(GeV)

0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Fig. 27: Distributions in the gamma energy, gamma transverse momentum, gamma angle with the beam, and in
the opening angle between the gamma and the nearest charged fermion. The distributions for the e+e~ -> jfiu^ud

are shown by the solid line and the distributions for the e+e~ -+ 7/zi^W"1" with the following W isotropic decay
are shown by the dashed line.
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On-shell W boson approximation for e+e

5 process e+eIn the 2 —» 4 approximation of the on-shell W boson e+e —> ^[ivilW
+ for the 2

^jiUjjud the number of diagrams is much smaller (31 for the 4-body and 71 for the 5-body final state).
It is interesting to find out if a simpler on-shell W approximation reproduces with enough likelihood the
total rate and distributions given by the exact 2 —* 5 tree level amplitude. The possibility to describe
quantitatively the 5-body distributions of radiative events by some trivial change of the normalization in
the 4-body results could be attractive.

We calculated the cross section of the process e+e~ —> 'y/M>fJ,W
+ multiplied by a factor given by

the following on-shell W isotropic decay to ud. Vectors of the u, d quarks momenta generated randomly
in the rest frame of the W were boosted to the e+e~ c.m.s., where the standard kinematical cuts were
introduced: E 7 >_lGeV,£M > 5GeV, |cos0(7e)| < 0.985. Furthermore, |cos0(/ite)| < 0.985, 0(7, fj,),
0(7, u), and 0(7, d) > 5°. Such a scheme of calculation is based on the well-known approximation of
infinitely small W width M w r t o t / [ ( M ^ - M%, )2 + M^r t

2
ot] =• w 5{M^ - M2

W) and have been widely
used for the simulation of the 3- and 4-body final states in many generators. The simulation by PYTHIA
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generator [90] follows slightly better scheme, when the W decay products invariant mass is distributed
according to the Breit-Wigner and gamma radiation from quarks can be switched on in the approximation
of final state shower.

The total rate of the a(e+e~ —> jfj,u^W+) Br(W+ —> ud) is equal to 49.4(2) fb to be compared
with the exact 2 —> 5 result 69.1(9) fb. Missing contribution of the omitted diagrams, especially from
the phase space regions near the collinear and infrared poles of the photons radiated from the initial
state and the u, d quarks leads to substantial underestimate of the rate. Peaks of the forward and back-
scattered photons (Fig. 27), radiated from the initial e+ , e~~, are much stronger underestimated than
the photon distribution in the central rapidity region. Distributions in the quark energy and transverse
momentum (upper plots in Fig. 28) are rather different in the exact and approximate calculation. For the
exact calculation the quark energy spectrum more rapidly decreases than for the approximation where
the photon radiation from quarks is not accounted for. In the exact 5-body consideration the W boson is
created in a rather well defined polarization state, so the approximation of an isotropic on-shell W decay
could be unsatisfactory for angular variables. Large difference of the distributions in the photon-fermion
(muon or quark) angle (lower plot in Fig. 27) is caused by a simple combinatorial reason. Calo jet-jet
mass (lower plot in Fig. 28) contains the unresolved photon radiated from the initial state or from the
muon, so only Mu^ > Mw is possible.

It follows that in the case of four fermion events with radiative photon the approximation of the
on-shell W isotropic decay does not, generally speaking, satisfactorily describe both the total rate and
the full set of final particle distributions.

4f + 7 via Structure Functions with NEXTCALIBUR

Authors

F.A.Berends, C. G. Papadopoulos and R.Pittau

e+e~
In this Section we show illustrative results for the processes e+e+e~ ~ ji+uuji+uu{^) (ZZ signal) and

(WW signal). Analogous results for the single-W case can be found in Section 6.

NEXTCALIBUR does not contain the exact matrix element for e+e~~ —> 4 / + 7, therefore we gen-
erate photons always through ^-dependent ISR Structure Functions. We used the set of cuts specified
in the proposal at y/s = 200 GeV, all diagrams and fermion masses included. In tables 11 and 12 four
values of cross section (in pb) are shown.

Table 11: Cross-sections in fb from NEXTCALIBUR for the process e+( l)e"(2) -» p,-(3)n+(4)u(5)u(6).
M(34) > 10 GeV and M(56) > 10 GeV. Separation cuts for the photons: £ 7 > 1 GeV, | cos07 | < 0.985.

Type
<7tot

Cnrad

Csrad

^drad

Cross-section
16.107(9)
15.018(9)

1.0697(30)
0.0189(4)

Table 12: Cross-sections in fb from NEXTCALIBUR for the process e+ ( l )e (2)
Af (56) > 10 GeV. Separation cuts for the photons: E1 > 1 GeV, | cos 071 < 0.985.

Type
Otot

Cnrad

^srad

Cdrad

Cross-section
617.27(59)
578.19(58)
38.54(16)
0.54(2)
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The first value, labelled by tot, is the sum of radiative and non radiative events (within the specified
separation cuts for the generated photons). The second one nrad corresponds to non-radiative events and
the third one srad to single-radiative events, namely events with only one radiated photon outside the
separation cuts. We also include a fourth entry that represents the small fraction of radiative events with
2 photons (drad).

To check the sensitivity of the distributions to the chosen form of Structure Function, we run again
the above processes with a slightly different implementation of the sub-leading terms, without observing
any significant deviation with respect to the previous results.

4 f + 7 witfi GRACE

Authors

Y. Kurihara, M. Kuroda and Y. Shimizu

In this Section we present results from GRACE for the 4f + 7 processes with VF-pair and single-
t s cuts. Parameters and cuts used are the same as those of the WRAP and RacoonWW collaborations,
except that we used acF for all vertices. Unfortunately, GRACE results cannot be compared directly with
those of RacoonWW and WRAP; indeed, when GRACE numbers are be compared with the others one should
multiply by a factor a(Q)/acF. To check the calculations, the following tests have been performed for
the processes e+e~ —»[w^ud^ at y/s — 200 GeV:

- Gauge parameter independence check; the amplitude generated by GRACE keeps gauge parameters
in covariant gauge. It has been checked numerically that the amplitude is independent of gauge
parameters at several phase-space points.

- Ward Identity check; when the polarization vectors of the external photons are replaced by their
four-momentum, the amplitude must be zero due to Ward-Identity. We have checked it numerically
at several phase-space points.

- Soft photon check; the cross-sections with soft-photon emission can be easily calculated by non-
radiation cross-section and the soft-photon emission function. We have calculated the soft-photon
emission cross-section by two methods;

1. Using 4f + 7 matrix elements with cuts, 10~4GeV < E1 < 10~2 GeV, no angular cut
on the photon, | cos6»M| < 0.985, E^ > 5 GeV, M(ud) > 10 GeV, giving a = 0.5105 ±
-0.0002 pb;

2. Using 4f + 7 matrix elements with soft-photon function with cuts, 10~4 GeV < Ey <
10~2 GeV, no angular cut on the photon, | cos 9^ < 0.985, E^ > 5 GeV, M(ud) > 10 GeV
giving a = 0.5109 ± 0.0005 pb.

The two methods, therefore, give consistent results. We have used exact matrix elements for the
calculations of 4f + 7. For W-pair processes, we simply used fixed width for the gauge-boson
propagator in the unitary gauge. For single- W processes we used a special gauge [93] for the
^-channel photon, which shows very small effects from the gauge violation due to the gauge-boson
width.

Distributions from GRACE are shown in Figs. 29-34.
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Fig. 29: J57 and cos 91 distributions for the process (iv^ud'y from GRACE with WW cuts.
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Fig. 32: Bare and calo M(ud) distributions for the process eveud^ from GRACE with WW cuts.

67



ID-

V ^ sLngLe-W

I . I . I

GRflCE

. u d

J\

In )

- 200

v til

•

•

GeV:

20 30

E. IGsV]
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.

Fig. 33: Ej and cos 07 distributions for the process eveudrf from GRACE with single-W cuts.

10'

10"'

io"J

; 10"'

10

GRHCE bor-a
GRRCE c a l o

sLngLe-W, Ec . - 200 GeV

10"

10 r

10"'

80
M(ud)

10"'

GRflCE bore
GRRCE co lo
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5.2 Comparisons for 4f + 7

A first set of comparisons between the predictions of several independent codes, namely WRAP, CompHEP,
GRACE and RacoonWW was performed at the beginning of the workshop.

This comparison covers integrated cross-sections and various differential distributions, essentially
for a CC10 final state. Discrepancies observed at that stage are mainly to be ascribed to non-tuned com-
parisons. In fact, a detailed tuned comparison between WRAP, RacoonWW and PHEGAS/HELAC presently
shows a beautiful agreement for several distributions and final states.

Input parameters and cuts used to carry out this tuned comparison correspond to those of the 4f
proposal (in the approximation of massless fermions). In particular, the photon cuts are: E™m = 1 GeV,
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I cos 07 | < 0.985, at y/s = 200 GeV. In the PHEGAS - RacoonWW - WRAP comparison, the following final
states have been considered:

- /z Vp_ u d 7

- e~ Ve u d 7

- V V,j, T + vr 7

- e~ ve r+ uT 7

- s cu d*y

The observables studied in the tuned comparison are:

- integrated cross-sections;

- £ 7 distribution, dajdE1 [fb/GeV];

- distribution in the cosine of the photon angle #7, da/d cos 07 [fb];

- distribution in the opening angle 0/7 between the photon and the nearest charged final-state fermion,
da/d9lf [fb];

- distributions in the bare invariant masses of the W+ and W~ bosons, M+ = M^MT+Vr,
da/dM+ [fb/GeV]; M_ = M^.M^-p^, Me-Pe, da/dM- [fb/GeV].

All the observables are calculated for y/s = 200 GeV in the fixed width scheme. The squared matrix
element is calculated in the GF scheme and subsequently multiplied by a(0)/aGF, to take exactly into
account of the scale of the real photon.

The applied cuts are:

- common to all processes: £ 7 > lGeV, | cos(0(7, beam)| < 0.985, 0(7, f) > 5°, f = charged
fermion.

- for udfxu^j and udeuey. M(ud) > 10 GeV, | cos 0(1, beam)| < 0.985 E\ > 5 GeV, where 1 is a
charged lepton,

- for TUr^Vf/y and TvTevey. | cos 0(1, beam) | < 0.985, E\ > 5GeV,M(l+l~) > lOGeV,

- for udcsj: at least two pairs with Mfaqj) > 10 GeV.

The generators have produced a huge collection of results and only a small sample will be shown here.

The total cross-sections are reported in Table 13 where the differences between the predictions of
WRAP, RacoonWW and PHEGAS/HELAC are around 0.1%, signalling perfect technical agreement.

In the following we will show few example of predictions. By comparing the three different codes
with a tuned comparison we get a rough estimate of the associated technical uncertainty also for distri-
butions. Besides the distributions compared in plots we also be present ratio-plots, as the distributions
themselves are too close to show a difference between programs in the actual scale.

First we consider the angular distribution, i.e. the cos#7 distribution in the range [—1,1] for
various final states, as shown in Figs. 35-39, where we also plot the ratios bewteen the predictions.
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Table 13: Comparison between WRAP, RacoonWW and PHEGAS/HELAC for a sample of total cross-sections (fb).

Process

ud yTV^
ude~Vej

udscrf

WRAP

75.732(22)
78.249(43)
28.263(9)

29.304(19)
199.63(10)

RacoonWW

75.647(44)
78.224(47)
28.266(17)
29.276(17)
199.60(11)

PHEGAS/HELAC

75.683(66)
78.186(76)
28.296(22)
29.309(25)
199.75(16)
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Similarly, the E^ distributions and ratios in the range [1, 50] GeV are shown for various processes
in Figs. 40-43. Note that virtual corrections are not included, therefore, the photon spectrum starts at
some lower boundary of 1 GeV. Deviations are of the order of 1% for soft photons and tend to deteriorate
for harder ones. Statistically the deviations are compatible with zero. Note that for very hard photons the
cross section and therefore the accuracy of the numerical integration of the programs becomes poorer.
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In Fig. 44 we show the fermion-photon opening angle 9(7, f) (where f is a charged fermion) dis-
tribution. In the same figure we show the percentage deviation between the three predictions. The most
interesting region occurs for small angles, i.e. towards the collinear region, where a reasonable agree-
ment is registered, of the order of a per cent. For the used statistics the deviations are not yet significant.
The agreement deteriorates for a larger separation between the photon and the charged particles. How-
ever, in this region the cross-section is an order of magnitude lower. Note that the peculiar behavior of
the distribution towards 0° is only due to the fact that the third bin is between 3.6° and 5.4° with a cut at
5°.
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Fig. 44: Distribution in the opening angle 8(7, charged fermion) between the photon and the nearest charged
final-state fermion in the process ev^pTV^ and the corresponding ratios.
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Finally, we compare the distributions in the bare invariant masses. First the W one as predicted
by WRAP and RacoonWW. Results for all considered channels and for the W~ distribution are shown in
Fig. 45(left). Note that the curves for the two purely leptonic channels and the two semi-leptonic final
states are almost identical. In Fig. 45 (right) we also present the percentage deviations for the process
udscj. In Fig. 46 we give the corresponding W+ invariant-mass distribution including results from the
3 programs. In Fig. 47 we show the ratio between the W+ and the W~ invariant-mass distributions from
WRAP and RacoonWW respectively.
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75 76 77 76 79 8081 82 8384 85
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Fig. 45: Bare W mass distributions and percentage deviations between WRAP and RacoonWW for one specific
example, udscj.
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Fig. 46: Bare W+ mass distributions from WRAP, RacoonWW and PHEGAS.
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5.3 Estimate of theoretical uncertainty

No global statement can be given, at the moment, on this issue. The following programs have agreed to
make individual statements:

RacoonWW

Since the program has only tree-level precision for e+e~ —• 4f + 7, a reliable estimate for the theoretical
uncertainty cannot be given with the present version. This could be done if leading corrections such as
ISR were included, which is planned in future extensions of the program.

WRAP

WRAP has tried to estimate the theoretical uncertainty in 4f + 7 processes coming from variations in the
renormalization scheme. The selected process is e+e~ —> ud/j,~i>fl'y with the cuts used in the tuned
comparisons. The following two schemes have been adopted:

s.,, = 1 — a =
4TT

2 Oc

'•> 9 = 4 ? r ~9~>

II) ,, with a(2MHr) = 128.07. (63)

The cross section is always rescaled by the factor a(0)/a in order to take into account of the scale a(0)
for the emitted real photon. Here, a is the value computed in the corresponding renormalization scheme.
The results are shown in Table 14.
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Table 14: Estimate of the contribution to the theoretical uncertainty as due to variation of the input parameter set,
according to WRAP. I and II refer to the choices in Eq. (63) and 5 is the percentage difference.

^ [ G e V ]
200 (I)
200 (II)
189 (I)
189 (II)
183 (I)
183 (II)

cross section [fb]
75.750(29) fb
75.887(29) fb
71.889(25) fb
71.997(25) fb
67.238(22) fb
67.324(22) fb

5

0.18%

0.15%

0.13%

Note that the overall theoretical uncertainty for 4f + 7 production cannot be below the level of
1 -T- 2%. In this respect the numbers given in Table 14 are only a partial indication of possible sources
of uncertainty. As shown by the previous analysis, ISR needs to be taken into account in programs
for a realistic analysis of 4f + 7 final states. Furthermore, in order to avoid double-counting between
pre-emission and matrix-element radiation, the implementation of QED corrections in computational
tools for 4f + 7 processes should rely upon methods, such parton shower, YFS or pt-dependent structure
functions, able to keep under control photon pt effects. Effects due to finite fermion masses can become
important at some per cent level for small photon-charged fermion separation cuts.

In order to better understand the uncertainty associated to the implementation of collinear ISR
in 4f + 7 processes, a comparison between the effects of ISR via collinear SF and pt-dependent SF,
respectively, is shown in Fig. 26 for the cross section of the the CC10 final state JJL~ V^ U d 7, as a
function of the minimum energy of the observed photon, at \fs = 192 GeV. As can be seen, the two
prescriptions for ISR can differ at 5% level for E™in close to 1 - 2 GeV, while the difference becomes
smaller and smaller as E™m increases. In general, the difference between collinear and pt-dependent SF
is stronger near the soft and collinear regions, as a priori expected, and it gives an estimate of the size of
the double-counting effect at the level of ISR.

NEXTCALIBUR

To check the sensitivity of various distributions to the chosen form of the Structure Functions, the pro-
cesses e+e~ —> /u~/u+nn(7) and e+e~ —> e~Veud{^) have been considered with a slightly different
implementation of the sub-leading terms, without observing any significant deviation, at the per mille
level, with respect to the previous results.

5.4 Summary and conclusions

While the technical precision in e+e~ —> 4f + 7 does not represent a problem anymore for all those
programs that implement an (exact) matrix element, very little effort has been devoted in analyzing the
overall theoretical uncertainty. Some of the programs also include the large effect of initial state radiation
at the leading logarithmic level. When this is done, the bulk of large radiative corrections is included.
Since however in general non-logarithmic O(a) corrections are not known, the theoretical accuracy is at
the level of 2.5% on integrated cross-sections and on inclusive distributions.

6 SINGLE-W

Another interesting process at LEP2 is the so-called single-W production, e+e~ —> Weu which can be
seen as a part of the CC20 process, e+e~ —> qqdxu^, TVT) eve, or as a part of the Mix56 process,
e+e~~ —*• e+ e~ veve. For a more detailed theoretical review we refer to [91] and to [92]. All pro-
cesses in the CC20/Mix56 families are usually considered in two regimes, | cos 0(e~)\ > c or SA and
I cos 0(e~)\ < c or LA. In the list of observables, the single W production is denned by those events that
satisfy | cos 9(e~)\ > 0.997 and therefore is a SA.
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The LA cross-section has been computed by many authors and references can be found in Ref. [5].
It represents a contribution to the e+e~ —» W+W~ total cross-section. From a theoretical point of view
the evaluation of a LA cross-section is free of ambiguity, even in the approximation of massless fermions,
as long as a gauge-preserving scheme is applied and 0(e") is not too small.

For SA instead, one cannot employ the massless approximation anymore. In other words, in addi-
tion to double-resonant P7-pair production with one W decaying into ei/e, there are ^-channel diagrams
that give a sizeable contribution for small values of the polar scattering angle of the t-channel elec-
tron. Single-W processes are sensitive to the breaking of U{\) gauge invariance in the collinear limit,
as described in Ref. [7] (see also [93]). The correct way of handling them is based on the so-called
Fermion-Loop (FL)scheme [12], the gauge-invariant treatment of the finite-width effects of W and Z
bosons in LEP2 processes. However, till very recently, the Fermion-Loop scheme was available only
for the LA-regime. For e+e~ —> e~vefif2, the C/(l) gauge invariance becomes essential in the region
of phase space where the angle between the incoming and outgoing electrons is small, see the work
of [7] and also an alternative formulations in Ref. [11], In this limit the superficial 1/Q4 divergence of
the propagator structure is reduced to 1/Q2 by U(l) gauge invariance. In the presence of light fermion
masses this gives raise to the familiar In(m2/s) large logarithms. Furthermore, keeping a finite electron
mass through the calculation is not enough. One of the main results of [91] was to show that there are
remaining subtleties in CC20, associated with the zero mass limit for the remaining fermions.

In Ref. [39] a generalization of the Fermion-Loop scheme (hereafter EFL) is introduced to account
for external, non-conserved, currents. Another extension has been given in Ref. [112] for the imaginary
parts of Fermion-Loop contributions, which represents the minimal set for preserving gauge invariance.

The most recent numerical results produced for single- W production are from the following codes
[95]: CompHEP, GRC4F, NEXTCALIBUR, SWAP, WPHACT and WTO.

In view of a requested, inclusive cross-section, accuracy of 2% we must include radiative correc-
tions to the best of our knowledge, at least the bulk of any large effect. As we know, the correct scale
of the couplings and their differentiation between s- and ^-channel is connected to the real part of the
corrections, so that the imaginary FL is not enough, we need a complete FL for single-W, or EFL. Hav-
ing all the parts, the tree-level couplings are replaced by running couplings at the appropriate momenta
and the massive gauge-boson propagators are modified accordingly. The vertex coefficients, entering
through the Yang-Mills vertex, contain the lowest order couplings as well as the one-loop fermionic
vertex corrections.

Each calculation aimed to provide some estimate for single-W production is, at least nominally, a
tree level calculation. Among other things it will require the choice of some Input Parameter Set (IPS)
and of certain relations among the parameters. Thus, different choices of the basic relations among the
input parameters can lead to different results with deviations which, in some case, can be sizeable and
should be included in the theoretical uncertainty. Here, more work is needed.

For instance, a possible choice is to fix the coupling constant g as

where GF is the Fermi coupling constant. Another possibility would be to use

9
2 = 4V2GFMl, (65)

but, in both cases, we miss the correct running of the coupling. Ad hoc solutions should be avoided, and
the running of the parameters must always follow from a fully consistent scheme.

Another important issue in dealing with single- W production is connected with the inclusion of
QED radiation. It is well known that universal, s-channel structure functions are not adequate enough to

78



include the radiation since they generate an excess of ISR bremsstrahlung. In i-channel dominated pro-
cesses the interference between incoming fermions becomes very small while the destructive interference
between initial and final states becomes strong.

It is quite a known fact that, among the electroweak corrections, QED radiation gives the largest
contribution and the needed precision requires a re-summation of the large logarithms. For annihilation
processes, e+e~ —> / / , initial state radiation is a definable, gauge-invariant concept and we have general
tools to deal with it; the structure function approach and also the parton-shower method. However, when
we try to apply the algorithm to four-fermion processes that include non-annihilation channels we face
a problem: it is still possible to include the large universal logarithms by making use of the standard
tools but an appropriate choice of scale is mandatory. Such is the case in single-VF. The problem of
the correct scale to be used in QED corrections has been tackled by two groups, GRACE and SWAP and
additional results will be shown in Sections 6.2.1, 6.2.3 and in Section 6.2.

6.1 Signal definition in single- W

The experimental requirements on single-W are:

- CC20 - Mix56 calculations with some detector acceptance that are used for a) triple gauge cou-
pling determination, b) standard model background to searches;

- the LEP EWWG cross-section definition that is used to combine the cross-section measurements
from the four LEP experiments.

During the last WW99 Crete Workshop a proposal has been made to reach a common signal
definition for the LEP EWWG cross-section [96]. The persons who participated in the WW99 workshop
agreed on some setup to define the single-W production and now this has been formalized in one of the
LEP EWWG meetings; there, it was decided to have a combination of the single-W cross-section using the
signal definitions of Table 15 for e+e~ —> e~T/ef'f: The set of ^-channel diagrams, all for CC20, are
shown in Fig. 48. The signal definition uses 10 diagrams for CC20, 9 for CC18 and 37 for Mix56.

Process
eeuv

evTv
evud
eves

Table 15

diagrams
t-channel only
t-channel only
^-channel only
f-channel only
^-channel only

: Signal definition for single-PF processes.
cuts

E{e+) >2OGeV,|cos0(e+)| < 0.95, | cos0(e-)| > 0.95
E(fi+) > 20 GeV
E(T+) > 20 GeV
M{ud) > 45GeV
M{cs) > 45GeV

Note that charge-conjugate state should be taken into account and that an asymmetric cut has been
introduced for eeuu; the latter is due to the fact that the process itself is CP-even when no cut is applied,
but an ambiguity remains if one starts to discuss single-W with e~ in the forward direction. Then we
should multiply this process by a factor 2 as well. The goal of this common definition is to be able to
combine the different euqq, ev\xv, evTv, evev measurements from different experiments so that the new
theoretical calculations can be checked with data at a level better than 10%.

Signal definition has a longstanding tradition in LEP physics, the most celebrated being the t-
channel subtraction in Bhabha and the most recent being the CC03 cross-section. Here we have a dif-
ferent situation. First of all, nobody has radiative corrections for single-W production, hence the usual
argument of the availability of a sophisticated semi-analytical calculation for the signal does not apply.
We could avoid a definition of the signal in terms of diagrams and have recourse to a definition in terms

79



of cuts since, in a very narrow cone around the beam axis, the single- W family is fully dominated by the
it-channel photons.

Fig. 48: The t-channel component of the CC20 family of diagrams: fusion, bremsstrahlung and multi-peripheral.

6.1.1 A study ofsingle-W signal definition with CompHEP

Authors

E. Boos, M. Dubinin and V. Ilyin

e+e veveSingle-W signal definition in the reaction e+e~

It is well-known for a long time how the single W signal can be separated with the help of kinematical
cuts [93]. The typical set of cuts used by ALEPH, DELPHI and L3 collaborations for the leptonic four
fermion states e~Vel

+ui separates the configurations with very forward e~ and a rather energetic l+ pro-
duced at a sufficiently large angle with the beam. For instance, the L3 cuts to be used in the following
calculations are | cos 9e-1 > 0.997, Ei > 15 GeV and | cos 9\+ \ < 0.997. In the case of the semi-leptonic
states e~Veqq an additional cut M(qq') > 45 GeV have been applied by OPAL. In so far as different
collaborations are using not exactly the same cuts (defined by the optimal detector acceptance), the def-
inition of the W signal in terms of angular cuts is not universal and some standardization procedure is
needed. In the recent proposal by LEP experiments [96] the OPAL collaboration considered the possibil-
ity to introduce the definition of the W signal in terms of diagrams. Angular cuts on the forward electron
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and the corresponding anti-lepton are not imposed, so the single W cross-section depends only on the
Ei energy cut and is defined by the gauge invariant subset of the it-channel single resonant diagrams.
The universality of such definition is satisfactory if the interferences between the gauge invariant subsets
of diagrams in the channels e~Vel

+vi and e~Veqq are always negligible. Then indeed the single W
cross-section in terms of diagrams could be meaningful.

We performed a detailed calculation of the contributions from various diagram sets of the Mix56
channel e+e~ —> e+e~veVe (see Appendix for Figs. 63 and 70 referred to in the following). Using the
general approach to the amplitude decomposition into gauge invariant classes [131], we found ten gauge
invariant subsets of diagrams (see Figs. 63-64). In Table 16 18VF denotes two gauge invariant subsets of
9 diagrams with single W (see Fig. 63), SZ denotes two gauge invariant subsets of 4 diagrams with single
Z (see Fig. 64), 9 W+ W~ stands for the double-resonant subset (Fig. 65) and so on. Main contribution to
the final configurations with forward electron come from the single W and the single Z production, while
various 7, Z —> e+e~ conversion corrections (Figs. 68-70) to the e+e~ —> e+e~, i/eVe are negligible.
For the case of angular cuts on the forward electron the interference between the single W and single
Z subsets 18W and %Z is negative and equal to several fb. However, if the angular cuts are removed,
the destructive interference modulo increases rather considerably (Table 16). This is not an unexpected
fact since both single-VF and single-Z (NC processes with one lost electron) subsets have a similar t-
channel pole structure. Other interferences are also not negligible. So in the case of e+e~veve channel
the diagram-based definition of single W signal is not completely satisfactory.

Table 16: Contributions of the gauge invariant subsets (fb) at the energy y/s =200 GeV. First row - with angular
cuts, second row - no angular cuts for e~, e+. The result for 26 ^-channel diagrams (18W and SZ, see Fig.1,2) is
indicated in the second column.

0e,Ei
only Ei

26 t-ch.
49.9
220.5

181V
36.1
106.6

&Z
16.4
153.6

9W+W-

0.91
240.5

4ZZ
0.02
44.9

9ueve

8-10-3

15.9

4e+e~
7-10-5

0.02

2veue

1-10-5

3-10-3

2t-ch
6lO~7

8-10~4

6.2 Description of the programs, results and comparisons

WTO and EFL

Author

G. Passarino

The Fermion-Loop scheme (EFL)

The EFL scheme for non-conserved currents is described in Ref. [39] and briefly discussed in Sec-
tion 3.8.1. It consists of the re-summation of the fermionic one-loop corrections to the vector-vector,
vector-scalar and scalar-scalar propagators and of the inclusion of all remaining fermionic one-loop cor-
rections, in particular those to the Yang-Mills vertices.

In the original formulation, the Fermion-Loop scheme requires that vector bosons couple to con-
served currents, i.e., that the masses of all external fermions can be neglected. There are several exam-
ples where fermion masses must be kept to obtain a reliable prediction. As already stated, this is the case
for the single-W production mechanism, where the outgoing electron is collinear, within a small cone,
with the incoming electron. Therefore, me cannot be neglected. Furthermore, among the 20 Feynman
diagrams that contribute (for eVeud final states, up to 56 for e+e~veve) there are multi-peripheral ones
that require a non-vanishing mass also for the other outgoing fermions.
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As well known in the literature, the Fixed-Width scheme behaves properly in the collinear and
high-energy regions of phase space, to the contrary of the Running-Width scheme, but it completely
misses the running of the couplings, an effect that is expected to be above the requested precision tag of
2%. To be specific the name of Fixed-Width scheme is reserved for the following: the cross-section is
computed using the tree-level amplitude. The massive gauge-boson propagators are given by l /(p2 —
m2 + iTm). This gives an unphysical width in ^-channel, but retains £/(l) gauge invariance in the CC20
process.

The correct way of handling this problem is to apply the EFL-scheme and, by considering the
impact of the EFL-scheme on the relevant observables, one is able to judge on the goodness of naive
rescaling procedures or of any incomplete FL-scheme. One of the problem with the latter is that vertices,
although chosen to respect gauge-invariance, are not uniquely defined. Furthermore, couplings other
than CXQED usually do not evolve with the scale and complex poles, the truly gauge-invariant quantities,
are never introduced or explicitly computed. Finally, programs than cannot split diagrams and apply an
overall rescaling, both in s- and i-channel, mistreat single-W and/or violates 517(2) invariance.

Numerical results and recommendations.

Numerical results for EFL have been shown in Ref. [115]. Here, we limit the presentation to some useful
recommendations:

- the bulk of the effect is in the running of the e.m. coupling constant;

- one can compute the single-W cross-sections for a fixed mass of the top quark, such as mt —
173.8 GeV, without finding any significative difference with the case where mt is fixed by a con-
sistency relation. We are using complex-mass renormalization but we only include fermionic
corrections. Therefore, we can start with the Fermi coupling constant but also with Mw as an
input parameter. Equating the corresponding renormalization conditions yields a relation be-
tween Mz, GF, Re{a(M|)~ 1}, Mw, and mt, see [12]. This relation can be solved iteratively
for mt. For the following input parameter set, Mw - 80.350 GeV, Mz = 91.1867 GeV and
GF = 1.16639 x 10~5 GeV~2, we obtain the following solution:

fiw = jRe(pw) = 80.324 GeV, lw = - I m ^ ) = 2.0581 GeV, mt = 148.62 GeV,

(66)
with 26 MeV difference between Mw and fMw. See Section 6.3.1 for the inclusion of QCD effects.
This type of effect should be included in any incomplete FL-scheme;

the main accent in the EFL-scheme is on putting the correct scale in the running of CKQED- The
latter is particularly important for the ^-channel diagrams, dominated by a scale q2 « 0 and not
q2 RS M ^ . However, a consistent implementation of radiative corrections does more than evolving
CKQED to the correct scale, other couplings are also running, propagators are modified and vertices
are included;

the effective FW-scheme describes considerably well the hadronic final state with a cut of M(ud) >
45 GeV. However, the diminution induced by CKQED^2) is too large for the leptonic final state. The
latter is a clear sign that other effects are relevant and a naive rescaling does not suffice in repro-
ducing a realistic approximation in all situations, at least not within the 2% level of requested
theoretical accuracy;

Modifications induced by the fermionic loops are sensitive to the relative weight of single-resonant
terms and of multi-peripheral peaks. Furthermore, the effect of radiative corrections inside the W-
propagators (p-factors of Ref. [115]) is far from being negligible and tends to compensate the
change due to the running of CKQED-
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These recommendations are better illustrated by few examples. At y/s = 183 GeV we consider the
angular distribution, da/d6e for the ude~ve final states. The results are shown in Fig. 49.

From Fig. 49 we see that the EFL prediction is lower than the FW one, from —7.46% in the bin
0° - 0.1° to -5.56% in the bin 0.3° - 0.4°. Correspondingly, the first bin is 6.78 higher than the second
one, 11.60(16.37) than the third(fourth) one. This is not a surprise, since the first bin represents 50% of
the total single-W^ cross-section.

Always in the same figure, we have reported the behavior of a(q2)/acF — 1 as a function of 6e

for three values of y, using the appropriate relation: q2 = q2(6e, y), y being the fraction of the electron
energy carried by the photon. The behavior of EFL/FW-1, when we vary 0e, is very similar to the one
given by the ratio of coupling constants, indicating that the bulk of the effect is in the running of the e.m.
coupling constant.

For completeness we have reported the numerical results for the three energies in Table 17, where
the first entry is Fixed-Width distribution and the second entry is EFL one. Only the first four bins are
shown, owing to the fact that they are the most significant in the distribution. The third entry in Table 17
gives EFL/FW-1 in per cent.

Next we consider e+e~ —» ei/fiv, with |cos#e | > 0.997, E^ > 15 GeV, and | c o s ^ | < 0.95. In
Table 18 we report the comparison between the EFL distribution and the FW one for y/s ~ 183 GeV. As
before, only the most significant bins are shown (0.0° -j- 0.4°).

As for the hadronic case, the EFL prediction is considerably lower than the FW one, although the
percentage difference between the two is approximately 2.2% -=- 2.4% smaller than in the previous case.
Useful comparisons will be presented in the WPHACT description of this Section.

io3

10'

• FL
• FW

0.00.1 0.2 0.3 0.4 0.S
o, [deg]

0.00.1 0.2 0.3 0.4 0.S
eB ( d e g j

E_ - 183 Gsv

0.2 0.3
8. [deg]

O.i 0.5

Fig. 49: WTO predictions for da/dcos9e [fb/degrees] for e+e~
183 GeV.

ude~ve with M(ud) > 45 GeV and y/s —

83



Table 17: da/d9e in [pb/degrees], from WTO, for the process e+e~ —> e~Veud, for M(W) > 45 GeV. First entry
is Fixed-Width distribution, second entry is Fermion-Loop one and third entry is EFL/FW-1 in per cent.

de [Deg]
0.0° -hO.r

0.1°-=-0.2°

0.2° 4-0.3°

0.3° -=- 0.4°

y i = 183 GeV
0.48395
0.44784

-7.46
0.07026
0.06605

-5.99
0.04095
0.03860

-5.74
0.02897
0.02736

-5.56

J~s = 189 GeV
0.54721
0.50695

-7.36
0.07815
0.07357

-5.86
0.04554
0.04298

-5.62
0.03223
0.03045

-5.52

y i = 200 GeV
0.67147
0.62357

-7.13
0.09323
0.08798

-5.63
0.05433
0.05141

-5.37
0.03845
0.03646

-5.18

+ eTable 18: da/d9e in [pb/degrees], from WTO, for the process e+e
15 GeV, and | cos 0M| < 0.95. Furthermore, y/s = 183 GeV.

for | cos#e| > 0.997,

0e [Deg]
0.0° -=- 0.1°
0.1° -=-0.2°
0.2° -=- 0.3°
0.3° -=- 0.4°

FW
0.14154
0.02113
0.01238
0.00880

EFL
0.13448
0.02031
0.01194
0.00851

EFL/FW-1 (percent)
-4.99
-3.88
-3.55
-3.30

A final comment will be devoted to QED ISR. Very often one can find the statement that the choice
of the appropriate scale in the structure functions is mandatory. This is a jargon for 'implementing the
correct exponentiation factor in multi-photon emission'. Note that the usual infrared exponent aB is
represented by

aB

m2

Q2

2a 1+r2

~h-r2

r

, /1l n -r
2a / Q2

l n ^2 ~ f o r m >

(67)

where Q2 is the Mandelstam invariant associated with the emitting pair. For |£| » m2, the photon
radiation is governed by ln(|£|/m.g) rather than by \n{s/m^). The difference is again a large log and
explain the excess of radiation generated by s-channel SF. However, the whole expression for B is known
and not only its asymptotic behavior (the scale). Therefore, for vanishing scattering angles, the correct
behavior should be read from Eq. (67). In this respect one should remember that |t7

be much lower than m2,, being m2y2 / ( I — y) where y = M 2 (V e / i / 2 ) / s .
in single- W can

Single-W with WPHACT

Authors

E. Accomando, A. Ballestrero and E. Maina

A new version of WPHACT [127] is now available. It includes all massive matrix elements in
addition to the previous ones which accounted for &-quark masses only. As before, the matrix elements
are computed with the method of Ref. [126], which has proved to be fast and reliable in particular for
massive calculations. New mappings of the phase space have been added, in order to account in an
efficient way for the peaking structure of contributions like single-^, single-Z and 77 contributions.
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With the new version one has, therefore, the choice of using fully massive or massless calculations.
The former are needed in various processes which diverge for massless fermions , while the latter are
faster and give an excellent approximation for most cases. We start with the introduction of the IFL-
scheme showing comparisons with alternative solutions, designed to deal with gauge-invariance issues.
However, the most important part is contained in the second Subsection where the effective scaling
induced by OIQED is presented.

IFL-scheme

The Imaginary Part Fermion-Loop scheme has been generalized to the fully massive case of non-con-
served weak currents in Ref. [112]. The results obtained have been compared with other gauge restoring
schemes used in single-W processes computations. The following schemes have been considered in the
analysis:

- Imaginary-part FL scheme (IFL): The imaginary part of the fermion-loop corrections, as computed
in Ref. [112], are used. Fermion masses are neglected only in loops but not in the rest of the
diagrams.

- Fixed width (FW): The W-boson propagators show an unphysical width for p2 < 0, but retains
(7(1) gauge invariance in the CC20 process [7].

- Complex Mass (CM): All weak boson masses squared M2 ,B = W, Z are changed to M j -
iMBYB [18] (YB is the on-shell B width), including when they appear in the definition of the
weak mixing angle. This scheme, which again gives an unphysical width in some cases, has
however the advantage of preserving both [/(I) and 577(2) Ward identities.

- Overall scheme(OA): The diagrams for e~e+ —> e~i?eudca.n be split into two sets that are sepa-
rately gauge invariant under U(l). In the actual implementation of the OA-scheme, t channel dia-
grams are computed without any width and are then multiplied by (q2 — M2)/(q2 — M2 + %MY)
where q, M and Y are the momentum, the mass and the width of the possibly-resonant W-boson.
This scheme retains U{\) gauge invariance at the expenses of a mistreatment of the non-resonant
terms.

In order to asses the relevance of current non-conservation, the imaginary part of the fermion-loop
corrections have also been implemented with the assumption that all currents that couple to the fermion-
loop are conserved. In this case the expressions of Ref. [112] reduce to those computed in Ref. [7]. Note
that the masses of external fermions are nonetheless taken into account in the calculation of the matrix
elements. This scheme violates U{\) gauge-invariance by terms which are proportional to the fermion
masses squared, as already noted in Ref. [94]. However they are enhanced at high energy by large factors
and can be numerically quite relevant. This scheme will be referred to as the imaginary-part FL scheme
with conserved currents (hereafter IFLCC). All schemes described above have been implemented in the
new version of WPHACT [127] with the fully massive option.

Table 19: Cross-sections in pb for the processes e+e —> e veud for various gauge restoring schemes. No ISR
is included and we apply the following cuts: M{ud) > 5 GeV , Eu > 3 GeV, Ej > 3 GeV, cos(0e) > 0.997

IFL
FW
CM
OA

IFLCC

190 GeV
0.11815(13)
0.11798(11)
0.11791(12)
0.11760(10)
0.11813(12)

800 GeV
1.6978(15)
1.6948(12)
1.6953(16)
1.6953(13)
1.7987 (16)

1500 GeV
3.0414(35)
3.0453 (41)
3.0529 (60)
3.0401 (23)
5.0706 (44)
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In Table 19 the cross-sections for CC20 are given for the different gauge restoring schemes at
LEP2 and LC energies. From it, one can immediately deduce that the IFL, FW, CM and the OA schemes
agree within 2 cr in almost all cases. The IFLCC scheme agrees with the other ones at LEP2 energies but
already at 800 GeV it overestimates the total cross-section by about 6%. At 1.5 TeV the error is almost
a factor of two. On the contrary, even in the presence of non-conserved currents, i.e. of massive external
fermions, the FW CM and OA calculations give predictions which are in agreement, within a few per
mil, with the IFL scheme. The agreement with the results of a self-consistent approach justifies, from a
practical point of view, the ongoing use of the FW, CM and OA schemes.

Table 20: Comparison of FW and IFL schemes for different single-W cross-sections in pb and at 200 GeV. No
ISR is included. Cuts are defined in the text.

e e+

e~e+
—> e~P{

-> e-p (

e~e +

e~e +

ud Mt

ud M%

-»• e ~ P e p

—> e~Pee

.4 > 45
A < 45

GeV
GeV

IFL
0.12043(10)
0.028585 (14)
0.035926 (34)
0.050209 (38)

FW
0.12041(11)
0.028564(14)
0.035886 (32)
0.050145 (32)

The possible dependence of this agreement on the particular single- W process considered has
been examined and we compare in Table 20 the cross-sections obtained in the IFL and FW scheme at
y/s = 200 GeV. In this case, as in the following ones, the standard cuts have been applied: the electron
angle is limited in all processes by | cos6~\ > 0.997, the other charged lepton by | cos 6i\ < 0.95, its
energy has to be Ei > 15 GeV. These results confirm that, at LEP2, there is no dependence of the cross-
sections on the scheme. Distribution of several observables have also been studied with WPHACT in the
IFL and FW schemes. In most variables like the electron angle and energy no difference has been found.
However, the mass spectrum of the ud pair shows some scheme dependence, as reported in Fig. 50. The
physical motivation for this difference can be traced to the fact that the IFL scheme uses, correctly, a
running VF-width. In fact, comparing IFL mass distribution with a FW calculation in which W mass
and width are properly shifted [113], the difference is reduced to a small overall factor, as expected, and
should not be viewed as a theoretical uncertainty.

In any case, in view of possible discrepancies, the use of IFL has to be preferred among the
schemes analyzed in this section.
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79 ei
Muj (GeV)

Fig. 50: Mass distribution of the ud pair in e e+ —> e~ ̂ i td at ^fs = 200 GeV in the IFL and FW schemes. No
ISR. | cos 0" | > 0.997

Running of a, comparisons with EFL

The EFL scheme implemented in Refs. [39,115] for the massive (non-conserved currents) case solves
the gauge-invariance problems exactly, as IFL does, but in addition it computes the real part of Fermion-
Loop radiative corrections. These terms are known to determine the running of the couplings involved in
single-W processes. One may argue, therefore, that considering the running of CKQED at an appropriate
physical scale might account for the most relevant part of EFL corrections. To test the correctness of this
argument, a proper OIQED evolution has been introduced as an option in WPHACT. For every set of final
momenta, CHQED is evaluated at the scale t, the virtuality of the photon emitted by the electron line, and
used for two vertices in the t-channel contributions only.

The separate gauge invariance of s- and i-channel diagrams makes it possible to use a different a
for them: a(t) for t-channel and aaF for s-channel. Such a separation, which can be implemented in
codes computing Feynman diagrams as WPHACT, should automatically account for the relative weight of
s and t contributions for any set of cuts.

Computations performed with this choice will be referred to as IFLa. Several comparisons have
been performed between the IFL and IFLa schemes and with the FW/EFL predictions by WTO [128].

The good agreement of the two codes as far as FW and IFL schemes are concerned is documented
in Tables 21-25 for the cross-sections, the electron angular distribution and the quark invariant mass
distribution. However, this has to be considered as a technical agreement more than a physical one.
Whether IFLQ can satisfactory reproduce the EFL complete calculations seems to depend on the process
considered. Note, in Table 21, the agreement between IFLa and EFL for the total cross-section of the
process e~e+ —> e~veud. Only at 200 GeV there is a disagreement of less than 0.5% . Moreover, the
angular distribution studied in Table 22, for the most relevant bins, never shows a higher discrepancy.
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Table 21: Total single-W cross-section in fb for the process e+e —» e veud, for M{ud) > 45GeV and
| cos 9e\ > 0.997. FW and EFL are computed by WTO, IFL and IFLa by WPHACT. No ISR. The number in paren-
thesis shows the statistical error of the numerical integration on the last digit.

v ^

183 GeV
189GeV
200 GeV

FW

88.17(44)
98.45(25)
119.77(67)

IFL

88.50(4)
99.26(4)

120.43(10)

IFLa

83.26(5)
93.60(9)
113.24(8)

EFL

83.28(6)
93.79(7)
113.67(8)

EFL/FW-1
(per cent)

-5.5(5)
-4.7(3)
-5.1(5)

Table 22: da/d6e in [pb/degrees] for the process e+e~ -» e~Veud, for M(ud) > 45 GeV, -^5=200 GeV. No ISR.
FW and EFL are computed by WTO, IFL and IFLa by WPHACT.

0e [Deg]

0.0° -r0.1°
0.1° ^-0.2°
0.2° -=-0.3°
0.3° ~ 0.4°

FW

0.67147
0.09323
0.05433
0.03845

IFL

0.67077
0.09321
0.05455
0.03867

IFLa

0.62404
0.08753
0.05141
0.03624

EFL

0.62357
0.08798
0.05141
0.03646

EFL/FW-1
(per cent)

-7.13
-5.63
-5.37
-5.18

The variation of the cross-section of the process at hand with the invariant mass M(ud) cut is
reported in Fig. 51 from which one deduces that the IFL and the IFLQ. schemes practically coincide
when the cut reaches the mass of the W-boson. In Table 23 one sees that, even varying the cuts, the
difference between FL and IFLa is at most of the order of 1%.

The conclusion is, therefore, that at LEP2 and for e~e+ —> e~veud the IFLa scheme is reliable
at the per cent level. The same does not apply to e~e+ —> e~ueii

+vtM, as can be verified with the
help of Tables 24 and 25. From these one sees that the discrepancy is of the order of 2% or worse. This
confirms that varying the scale of OQED* on an event by event basis, is not completely satisfactory. These
numerical results point towards an estimate of about 3% theoretical error for single- W predictions via the
IFLa-scheme. One can try to apply the running of CKQED to only one vertex of the i-channel diagrams; the
agreement obtained with this approximation (hereafter IFLai) is much better for e~e+ —» e~PeM

+IV
Of course, it becomes worse for e~e+ —> e~veud. At 183,189 and 200 GeV the cross-sections for
e~e+ -» e-Defi+v^ are respectively 25.65(1), 28.80(2), 34.86(2) fb, to be compared with the EFL
results of Table 24. The first bins of the angular distribution are also very close to EFL. No physical
meaning has to be attributed to this fact: there is no theoretical reason for using running O:QED just at
one vertex. The agreement may be accidental and it is probably due to the fact that with the cuts used for
e~e+ —> e~Pe/j.

+Ufj. the contribution of multi-peripheral diagrams is suppressed.
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Fig. 51: Total cross-section for e e + —> e veud at -</s = 200 GeV with 0e < 0.1° as a function of the lower cut
on MU2 in IFL and IFLa schemes. The markers give the results of FW and FL by WTO.

Table 23: Cross-sections for the process e+e —* e veud in pb for 0.0° < 6e < 0.1° and M(ud) > Mm;n (in
GeV). yfs = 183 GeV. No ISR. FW and EFL are computed by WTO, IFL and IFLa by WPHACT. The number in
parenthesis shows the statistical error of the numerical integration on the last digit.

Mmin{ud)

45
35
25
15
10
5
1

FW

0.04841(3)
0.05104(7)
0.0546(1)
0.0595(1)
0.0626(1)
0.0659(1)
0.0682(1)

IFL

0.04845(3)
0.05107(1)
0.05467(2)
0.05968(2)
0.06283(2)
0.06623(2)
0.06864(1)

IFLQ

0.04510(4)
0.04754(1)
0.05090(1)
0.05555(2)
0.05847(1)
0.06164(2)
0.06388(1)

EFL

0.04478(3)
0.04711(6)
0.0504(1)
0.0552(1)
0.0582(1)
0.0615(1)
0.0637(1)

EFL/FW-1
(per cent)

-7.5(1)
-7.7(1)
-7.7(2)
-7.2(2)
-7.0(2)
-6.7(2)
-6.6(2)

Table 24: Total single-W cross-section in fb for the process e+e —> e~vep,+ vli, for [ cos#fi| > 0.997, E^ >
15 GeV, and | cos 0 J < 0.95. No ISR. FW and EFL are computed by WTO, IFL and IFLa by WPHACT. The number
in parenthesis shows the statistical error of the numerical integration on the last digit.

V^

183 GeV
189 GeV
200 GeV

FW

26.77(14)
29.73(14)
36.45(23)

IFL

26.45(1)
29.70(2)
35.93(4)

WLa

24.90(1)
27.98(2)
33.85(4)

EFL

25.53(4)
28.78(4)
34.97(6)

EFL/FW-1
(per cent)

-4.6(5)
-3.2(5)
-4.1(6)
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Table 25: da/dQe in [pb/degrees] for the process e+e+e~ , for | cos#e| > 0.997, E^ > 15GeV, and
| cos 0 J < 0.95. y/s = 183 GeV. No ISR. FW and EFL are computed by WTO, IFL and IFLa by WPHACT.

0e [Deg]

0.0° -=- 0.1°
0.1°-T-0.2°
0.2° -f 0.3°
0.3° -i- 0.4°

FW

0.14154
0.02113
0.01238
0.00880

IFL

0.14170
0.02117
0.01240
0.00879

IFLa

0.1319
0.01987
0.01166
0.00830

EFL

0.13448
0.02031
0.01194
0.00851

EFL/FW-1
(per cent)

-4.99
-3.88
-3.55
-3.30

Since the IFLa and IFLQi schemes are, in turn, in good agreement with complete EFL for different
processes and cuts, the difference between their results will be used as an estimate of the theoretical error
for e~e+ —> e~e+veve and e~e+ —» e~elrvilvil, where EFL predictions are not available. The cross-
sections for such processes are presented in Tables 26 and 27. The angular distributions for the four pro-
cesses that we have discussed so far are reported in bins of 0.01 degrees in Fig. 52. Note that the relevant
part of the cross-section is concentrated in the first three or four bins, also for e~e+ —> e~e+i/ePe(Mix)
and e~e+ —> e~e+^yM(NC), as well as for the two CC processes. Finally the comparison between
WPHACT and WTO has been extended to cover the LEP2 signal definition for the hadronic decays of the
W-boson, but the results will not be presented here.

Table 26: Total single-W cross-section in fb by WPHACT for the processes e+e~ -> e+e~uv for | cos 9~ \ > 0.997,
Ee+ > 15 GeV, and | cos#e+| < 0.95. No ISR. The number in parenthesis shows the statistical error of the
numerical integration on the last digit.

183 GeV

189 GeV

200 GeV

final state
e+e~V<,Ve

e+e~veve

e+e~veVe

IFL
38.24(1)
12.81(1)
42.38(1)
13.74(1)
50.20(2)
15.37(1)

EFLQ

35.99(1)
12.05(1)
39.86(1)
12.92(1)
47.25(2)
14.46(1)

IFUi
37.10(2)
12.42(1)
41.09(2)
13.32(1)
48.70(2)
14.91(1)

Table 27: da/dde in [pb/degrees] by WPHACT for the processes e+e"
15 GeV, and | cos 9e+ \ < 0.95. </s = 200 GeV. No ISR.

e+e~uv for | cos^- | > 0.997, Ee+ >

0e [Deg]
0.0° ^0.1°

0.1° -=-0.2°

0.2° -r 0.3°

0.3° -r- 0.4°

final state
e+e~i/eVe

e+e~veVe

e+e~veve

e+e~ulj7fl

e+e~i>eVe

e+e~i/llVli

IFL
0.27958
0.09007
0.03890
0.01158
0.02279
0.00680
0.01622
0.00482

IFLQ

0.260390
0.08386
0.03643
0.01086
0.02146
0.00641
0.01535
0.00456

IFLal
0.26990
0.08693
0.03764
0.01123
0.02216
0.00660
0.01573
0.00467
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Fig. 52: Angular distributions for different single-W processes at y/s = 200 GeV in the IFL and EFLa scheme.

Single-W and SWAP

Authors

G. Montagna, M. Moretti, O. Nicrosini, A. Pallavicini and F. Piccinini

Description of the method

Contributions of the Pavia/ALPHA group to the subject of single- W production are summarized. The
exact matrix elements for single-W production are computed by means of the ALPHA algorithm [82] for
the automatic evaluation of the Born scattering amplitudes. Fermion masses are exactly accounted for in
the kinematics and dynamics. The contribution of anomalous trilinear gauge couplings is also taken into
account. The anomalous gauge boson couplings Aky, A7, Sz, Akz and Az are implemented according to
the parameterization of Refs. [83,84]. The fixed-width scheme is adopted as gauge-restoring approach,
as motivated in comparison with other gauge-invariance-preserving schemes in Ref. [112].

Radiative corrections

Leading-log (LL) QED radiative corrections are implemented via the Structure Function (SF) formalism
in the collinear approximation [86]. The Q2-scale entering the SF D(x, Q2) is fixed by comparing the
O(a) expansion of the SF method with the analytic results obtained for the O(a) double-log photonic
corrections as given by soft-photon bremsstrahlung from the external legs, its virtual counterpart and
hard-photon radiation collinear to the final-state particles. Notice that, since the goal is to determine the
scale entering the SF, only the contribution of real photons is explicitly calculated, because the virtual
corrections, in order to preserve the cancellations of infrared singularities, must share the same leading
collinear structure of the real part itself. More details about the derivation in the present approach of the
soft/collinear limit of the O(a) correction can be found in Ref. [114].
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For example, for the process e+e —> e vud, this comparison translates in the following two
Q2-scales: (two initial-state (IS) SF are assumed: QP_ refers to the SF attached to the incoming electron,
while Q\ to the SF attached to the incoming positron) [114]

Ql = 4£2
Q% = E2 (68)

where E is the beam energy, c_ the cosine of the electron scattering angle, cu and c^ the cosine of the
quark scattering angles with respect to the initial positron, cu^ the cosine of the relative angle between the
quarks, 8 the half-opening angle of the electromagnetic jet (calorimetric angular resolution). It is worth
noticing that in the numerical implementation, whenever one of the two scales is less than a small cut-off
(-̂ cut-off = 4ml, where me is the electron mass), the radiation from the corresponding leg is switched
off, in accordance with the expected power law behaviour.15 It was carefully tested that variations of the
cut-off do not alter the numerical results.

Also a naive ansatz for the two scales, as motivated by an analysis of the single-W process in
terms of the Weizsacker-Williams approximation, can be given [114] as follows:

V—,naive 197*1 > W+,naive = *w vPy)

where q*, is the squared momentum transfer in the ee^y* vertex and Mw is the mass of the W boson.

The effect of vacuum polarization is also taken into account in the calculation, by including the
contribution of leptons, heavy quarks and light quarks, the latter according to the standard parameteriza-
tion of Ref. [2].

Computational tool and obtained results

The theoretical features sketched above have been implemented into a massive MonteCarlo (MC) pro-
gram, named SWAP (Single W process with Alpha & Pavia). The multi-channel importance sampling
technique is employed to perform the phase-space integration. The code supports realistic event selec-
tions and can be employed either as a cross-section calculator or as a true event generator. The main
results obtained in the present study can be summarized as follows: we have performed a critical analy-
sis of the energy scale for QED radiation (see Fig. 53); Next, we have evaluated the effect of a running
of ctQED (see Fig. 54); Finally we have performed a tuned comparisons with other codes.
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Fig. 53: The effect of LL QED corrections to the cross section of the single-W process e+e~ —> e~vud for
different choices of the Q2-scale in the electron/positron SF. Left: absolute cross section values; Right: relative
difference between QED corrected cross-sections and the Born one. The marker • represents the Born cross-
section, o represents the correction given by Q\ = s scale, o represents the correction given by Q2

± = \q%. |
scale, A the correction given by the scales of Eq. (68), the correction given by the naive scales of Eq. (69). The
entries correspond to 183, 189,200 GeV.

15 Although this behavior is exactly known and could be implemented, SWAP has evidence for a corresponding small effect.
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Fig. 54: The effects of the rescaling of Q:QED from aoF to a(qit. = 0) ( A) and a(q%.) (o) on the integrated cross
section of the single-W process e+e~ —> e~ Pud. <Jo is the cross-section computed in terms of a.aF • The entries
correspond to 183,189,200 GeV.

Input parameters and cuts used to obtain the numerical results shown in the following are those
of the 4f proposal for the process e+e~ —* e~vud{\ cos •&e\ > 0.997, Mu^ > 45 GeV). For Fig. 53 the
value of 8 parameter entering Eq. (68) is 8 = 5°, but it has been checked that the numerical results are
very marginally affected by its actual value.

Scales & QED radiation. In Fig. 53 the numerical impact of different choices of the Q2 -scale
on the cross-section of the single-T^ process e+e~ —* e~vud is shown. The marker • represents the
Born cross-section, o represents the correction given by Q\ — s scale for both IS SF(s), 0 represents
the correction given by Q\ — \q^*\ scale for both IS SF(s), A the correction given by the scales of
Eq. (68), the correction given by the naive scales of Eq. (69). It can be seen that neither the s scale, as
implemented in computational tools used for the analysis of the single-W process, nor the \q2, | scale, as
recently proposed in Ref. [92], are able to reproduce the effects due to the scales of Eq. (68) and Eq. (69).
These two scales are in good agreement and both predict a lowering of the Born cross-section of about
8%, almost independent of the c.m.s. LEP2 energy. Note the 4% difference between ISR with s-scale
and the new scale.

Running O/Q:QED- Because GF, Mw and Mz are the agreed input parameters in the 4 / proposal,
the value of the e.m. coupling constant a is fixed at tree-level to a high energy value as specified by the
GF-scheme. On the other hand, the single-W process is aq2, ~ 0 dominated process and therefore the
above high-energy evaluation of a, aGF, needs to be rescaled to its correct value at small momentum
transfer. In order to take into account the effect of the running of Q;QED in a gauge invariant way, a re-
weighting procedure can be adopted, by simply rescaling the differential cross section da/dt (t = q2*)
in the following way

da a2(0) da da a2(t) da
dt dt dt

where a(0), a(t) is the QED running coupling computed at virtuality q2, equal to 0 and t, respectively.

Figure 54 shows the effects of the above re-weighting procedure. The A represent the relative
difference between the integrated cross-section computed in terms of aaF and the cross-section com-
puted in terms of a(0), while o is the relative difference between the integrated cross-section computed
in terms of aaF and the cross-section computed in terms of a(t). As can be seen, the rescaling from
otQF to a(t) introduces a negative correction of about 5-6% in the LEP2 energy range. The difference
between A and o, which is about 2-3%, is a measure of the running of «QED from q2* = 0 to q2. = t. A
detailed numerical analysis of the effect of the running couplings in single-W production has been very
recently performed in Ref. [39], based on the theoretical results of the massive fermion-loop scheme of
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Ref. [39]. The results for the running of CHQED, as shown in Fig. 54, are in agreement with those of
Ref. [115], as far as the effect of CHQED is concerned, which is the bulk of the EFL contribution, leaving
residual differences at the level of 1-2%, depending on the considered channel and event selection, see
also the discussion in the WPHACT part of this Section.

NEXTCALIBUR

Authors

F.A.Berends, C. G. Papadopoulos and R.Pittau

This section describes the features of a new Monte Carlo program NEXTCALIBUR [111], which
aims at keeping the advantages of EXCALIBUR [116], but tries to improve on its shortcomings. The
advantages, which should be kept are the high speed of the program and the applicability to all possible
4-fermion final states. The shortcomings of EXCALIBUR, which are partly related to its assets, are the
massless nature of its fermions, the inclusive treatment of ISR QED corrections (no pt from a photon in
an event) and the neglect of any running of coupling constants.

The strategy of the code

To start with, it should be noted that unless stated otherwise complex gauge boson masses and a complex
weak mixing angle are used to ensure gauge invariant matrix elements [18]. This procedure has been
shown to work well [112]. The various wanted improvements will now be successively discussed.

Inclusion offermion masses

Inside the program a massive matrix element is needed, for the calculation of which a recursive method
[117] is used.

This massive matrix element now exists in the whole phase space, since the singularities of the
massless case are regularized. Nevertheless serious numerical cancellations take place in very specific
situations. The most dramatic case is caused by the photonic multi-peripheral diagrams which blow up
for forward scattering. When at the same time both electron and positron move in the forward direction,
it becomes necessary to perform the calculation in quadruple precision. When only one is moving in
the forward direction the usual double precision is sufficient. A version of the program using double
precision in all possible situations is currently under study.

The phase space generation is an extension of the treatment in EXCALIBUR, i.e. a self-adjusting
multi-channel approach, now including the multi-peripheral situation in an improved form.

With the above mentioned ingredients one indeed has an event generator for any massive four-
fermion final state. In particular, for the potentially dangerous kinematical situations events can now be
generated, like forward single W-production or 77 processes. Also all channels, where Higgs exchange
can take place now indeed contain Higgs exchanges.

To demonstrate the ability of the program to cover all phase-space regions, without loosing effi-
ciency, we show, in Tables 28 and 29, the total cross-sections for the processes e+e~ —> e+e~/j.+(j.~ and
e+e~ —> e+e~e+e~. Where available, we compare our predictions with the QED numbers published in
Ref. [125].

NEXTCALIBUR contains all electroweak diagrams, and can therefore be used to compute the electroweak
background to the above 7 7 processes. By looking at the last entry of the tables, the latter is found to be
less than 1% at LEP2 energies, at least for totally inclusive quantities.

All numbers have been produced at the Born level, but ISR and running OJQED can be included as de-
scribed in the next sections.
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Table 28: crtot (in nb) for the process e+e~ —> e+e~//+/i~. Only QED diagrams, except in the last entry.

20
35
50
100
200
200 (all)

BDK
98.9 ± 0.6
131.4 ± 2 . 2
154.4 ± 0.9
205.9 ± 1 . 2

—

NEXTCALIBUR
99.20 ± 0.98
131.03 ±0 .88
152.33 ± 0.83
204.17 ± 1.73
263.50 ±1 .31
265.58 ± 1.44

Table 29: atot (in nb x 107) for the process e+e —> e+e e+e~. Only QED diagrams, except in the last entry.

20
35
50
100
200
200 (all)

BDK
0.920 ± . 0 1 1
1.070 ± .015
1.233 ± . 0 1 8
1.459 ± .0 2 5

—
—

NEXTCALIBUR
0.905 ± .011
1.079 ± .014
1.214 ± .016
1.485 ± .020
1.776 ± . 0 1 9
1.787 ± .030

Taking into account the correct scale

As mentioned above, the matrix element calculation can easily be modified. One option would be to take
into account Fermion-Loop corrections, which becomes relevant when there are different scales in the
matrix element, e.g. due to small it-channel scales. A possible solution is the Fermion-Loop approach of
Refs. [12,115], where all fermion corrections are consistently included by introducing running couplings
g(s) and 'e(s), together with the re-summed bosonic propagators.

In presence of the WWj vertex, the above ingredients are not sufficient to ensure gauge invari-
ance, because loop mediated vertices have to be consistently included. On the contrary, when no WWj
vertex is present, the neutral gauge boson vertices, induced by the Fermion-Loop contributions, are sep-
arately gauge invariant [12].

Instead of explicitly including the loop vertices, we follow a Modified Fermion-Loop approach. Namely,
we neglect the separately gauge invariant neutral boson vertices, and include only the part of the WW7
loop function necessary to renormalize the bare WW7 vertex and to insure the U(l) gauge invariance.
Our procedure is as follows: besides running couplings, we use bosonic propagators

with running boson masses defined as

M2(s) -

V(/*«,)
-g2(s)[Tw(s)-Tw{i^VJ)}

Tw>z(s) are contributions due to the top quark, / i w z the complex poles of the propagators (one can take,
for instance, fj,WiZ = M^z - iTw,zMw>z) and

9 \s)
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The leading contributions are in the real part of the running couplings therefore we take only the real
part of them. This also means that one can replace, in the above formulae, g2(^WtZ) —> g2(M^z),
c2

9(fiz) -> c2
e(M

2) and also TWtZ(^z) -> TW>Z{M2
>Z).

When the WW^y coupling is present, we introduce, in addition, the following effective three gauge
boson vertex

P+ w+

v t v^
7M ' W W ^ J / = i e{s)Vlu,p

with s = p2, s+ — p+ , s = p i and

+ b ( s + ) - 5 ( 5 - ) ] [ « - 3 ( s + ) + s+5(s")]] • (71)

It is the easy to see that, with the above choice for V^p, the U{\) gauge invariance - namely current
conservation - is preserved, even in presence of complex masses and running couplings, also with massive
final state fermions.

By looking at Eq. (71), one can notice at least two effective ways to preserve U(l). One can either
compute g(s) at a fixed scale (for example always with s = -M^,), while keeping only the running of
e(s), or let all the couplings run at the proper scale.16

With the first choice the modification of the three gauge boson vertex is kept minimal (but the
leading running effects included). With the second choice everything runs at the proper scale, but a heav-
ier modification of the Feynman rules is required. At this point one should not forget that our approach
is an effective one, the goodness of which can be judged only by comparing with the exact calculation of
Ref. [39]. We found that the second choice gives a better agreement for leptonic single-W final states,
while the first one is closer to the exact result in the hadronic case, which is phenomenologically more
relevant. Therefore, we adopted this first option as our default implementation in NEXTCALIBUR. The
results of the EFL-scheme are then reproduced at 2% accuracy for both leptonic and hadronic single- W
final states.

We want to stress once more that the outlined solution is flexible enough to deal with any four-
fermion final state, whenever small scales dominate. For example, once the given formulae are im-
plemented in the Monte Carlo, the correct running of «QED is taken into account also for s-channel
processes as Z7* production.

Also naive QCD corrections can be easily included, without breaking U(l) gauge invariance, by
the usual recipe of rescaling the total W-width and the cross-section.

In fact, in our approach, Tw can be generic, and the above procedure respects current conservation,
provided the same W-width is used everywhere17.

16Note, however, that in the complete formulation of the EFL scheme there is no ambiguity and all scales are automatically
fixed.

17Note, however, that in a complete EFL scheme the relevant objects are the complex poles and QCD corrections should be
computed accordingly, see Section 6.3.1.
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Improving the treatment of the QED radiation

Once the matrix element calculation is fixed one can add externally the QED leading logarithmic effects
in the Structure Function method [118]. Such a strategy is implemented in most of the programs used for
the analysis of the LEP2 data [119] and accurately reproduces the inclusive four-fermion cross-sections,
at least for s-channel dominated processes. In principle both initial and final state radiation (ISR and
FSR) can be treated in this way, as it has been explicitly done originally for Bhabha scattering [120].
Here only the implementation of ISR in NEXTCALIBUR is discussed. There are two issues to be discussed.
One is the choice of scale q2 in the leading logarithm L = ln(g2/m2). Another is the unfolding of this
leading logarithm in terms of an emitted photon. For the latter issue a particular form of pt dependent
Structure Functions [88] is implemented. These are derived, at the first leading logarithmic order, for
small values of pt. In practice, we replace the quantity

(^o) by
mi

in the strictly collinear Structure Function for the ith incoming particle, by explicitly generating c\ and C2,
the cosines (in the laboratory frame) of the emitted photons with respect to the incoming particles. Once
01,2 are generated, together with the energy fractions 0:1,2, and the azimuthal angles <j>it2, the momenta
of two ISR photons are known. The four-fermion event is then generated in the c.m.s. of the incoming
particles after QED radiation, and then boosted back to the laboratory frame.

We also take into account non leading terms with the substitution [121]

l n ( l ^ ) - l _> i
m e 1 - d -

The above choice ensures that the residue of the soft-photon pole gets proportional to ln(-2
T) - 1, after

integration over Q.

As to the scale q2, s should be taken for s-channel dominated processes, while, when a process is
dominated by small t exchanges and —t is much smaller than s, the scale is related to t. This is e.g. . the
case in small angle Bhabha scattering [122] and the proper scale is chosen as the one which reproduces
roughly the exact first order QED correction, which is known for Bhabha scattering. A similar procedure
now also exists for the multi-peripheral two photon process [100], since an exact first order calculation
is also available [124]. In these ^-channel dominated processes it is important to know whether a cross-
section with angular cuts is wanted, since then the t-related scale will increase and the QED corrections
as well. When no exact first order calculations are available the scale occurring in the first order soft
corrections is also used as guideline to guess q2 [100,114].

In NEXTCALIBUR the choice of the scale is performed automatically by the program, event by
event, according to the selected final state [see Table 30].

Table 30: The choice of the QED scale in NEXTCALIBUR. q\ are the scales of the incoming e* while t± represent
the i-channel invariants obtained by combining initial and final state e± momenta. When two combinations are
possible, as in the last entry of the table, that one with the minimum value of \t\ is chosen, event by event.

Final State
Noe*
l e "
l e +

1 e~ and 1 e+

2 e~ and 2 e+

q'i
s

\t_\
s

\t-\
min(|t_|)

1+
s
s

\t+\
t+\

min(|t+|)
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Numerical results

In Tables 31 and 32 we show single-W numbers produced with the Modified Fermion-Loop approach,

as discussed in the previous section. Comparisons are made with the EFL calculation of Ref. [39]. The

results of EFL are reproduced within 2% accuracy for both leptonic and hadronic single-W final states.

It should also be noted that, when neglecting Fermion-Loop corrections, one can directly com-

pare NEXTCALIBUR with other massive Monte Carlo's and one finds excellent agreement for single-W

production in the whole phase space.

Table 31: da/dOe [pb/degrees] and atot [fb] for the process e+e~ —> e~Veud. The first column is the Modified
Fermion-Loop, the second one is the exact Fermion-Loop of Ref. [39]. -Js = 183 GeV, |cos#e | > 0.997,
M(ud) > 45 GeV. QED radiation not included. The number in parenthesis is the integration error on the last
digits.

da/d8e

0.0° -4-0.1°
0.1° -rO.2°
0.2° -r 0.3°
0.3° -r 0.4°
&tot

MFL
0.45062(70)
0.06636(28)
0.03848(21)
0.02726(18)

83.26(9)

EFL
0.44784
0.06605
0.03860
0.02736
83.28(6)

MFL/EFL - 1 (per cent)
+0.62
+0.47
-0.31
-0.37
-0.02

Table 32: da/d6e [pb/degrees] and atot [fb] for the process e+e —> e i>eVy.fi+. The first column is the Modified
Fermion-Loop, the second one is the exact Fermion-Loop of Ref. [39]. -fs = 183 GeV, |cos#e | > 0.997,

cos 0M| < 0.95 and E^ > 15 GeV. QED radiation not included. The number in parenthesis is the integration error
on the last digits.

da/d6e

0.0° -T-0.1"

0.1° -=-0.2°
0.2° -f- 0.3°
0.3° -=- 0.4°
Ctot

MFL
0.13218(26)
0.01997(10)
0.01171(8)
0.00838(6)

25.01(3)

EFL
0.13448
0.02031
0.01194
0.00851
25.53

MFL/EFL - 1 (per cent)
-1.7
-1.7
-1.9
-1.5
-2.0

process e+e
In Figs. 55, 56 we show the cos#7 and E1 distributions for the most energetic photon in the

e-peud(<y). We used y/s = 200 GeV, | cos0e| > 0.997 and M(ud) > 45 GeV. Only
ISR photons are taken into account, according to the scheme given in Table 30.

Note, however, that the recipe of using Structure Functions with a proper choice of scales is not
enough to determine without ambiguity the pattern of the radiation in t-channel dominated processes.
The reason is that, when |i| = q2 ~ m\, the Leading Order Structure Function approach fails and one has
to introduce a minimum value for \t\, below which only non-radiative events from the corresponding leg
are generated. Since Structure Functions behave like 6 functions for vanishing q2, this is automatically
achieved by introducing a minimum value \tmin\, such that, for events with \t\ < | tm i n | , the scale in the
corresponding Structure Function is always set equal to l ^n l 1 8 . We observed deviations at the order
of 0.5% by varying | tm i n | from 2.71828 ml to 100 m^. The default value of \tmin\ in NEXTCALIBUR is
taken to be the latter.

18Note, however, that this behavior is known and could be implemented. It is enough to consider the standard YFS infrared
emission factor B, see e.g. Eq. (3) of Ref. [45].
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- 1 0 1

cos9y

Fig. 55: cos #7 distribution (with respect to the incoming e+) , by NEXTCALIBUR, for the most energetic photon in
the process e+e~ —> e~Peud(-y).

10

10

Fig. 56: E~! distribution, by NEXTCALIBUR, for the most energetic photon in the process e+e —> e i/eud{i).
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In Table 33 we also give the cross sections (in pb) corresponding to the above distributions, tot
refers to radiative plus non radiative events (within the specified separation cuts for the generated pho-
tons), nrad to non-radiative events, srad to single-radiative events and drad to double radiative events.

Finally, in order to quantify the effects due to ISR scales and running of ctQEDi we show, in
Tables 34 and 35, the cross sections obtained by using both ISR scales = s and switching on and off the
Modified Fermion loop corrections.

Table 33: Cross-sections in fb from NEXTCALIBURfor the process e+(l)e~ (2) -»• e~(3)]7e(4)u(5)5(6). M(56) >
45 GeV, no energy cut. ISR as in Table 30, Modified Fermion Loop included. Separation cuts for the photons:
Ey > 1 GeV, | cos6>7| < 0.997.

Type

Ctot

Cnrad

Csrad

fdrad

Cross-section
103.68(33)
96.54(32)

7.00(7)
0.139(7)

Table 34: Cross-sections in fb from NEXTCALIBUR for the process e + ( l ) e " (2) -» e~(3)z7e(4)u(5)d(6). M(56) >
45 GeV, no energy cut. Both ISR scales = s, Modified Fermion Loop included. Separation cuts for the photons:
E-y > 1 GeV, | cos ft^ < 0.997.

Type

Ctot

Cnrad

^srad

^drad

Cross-section
100.73(17)
93.39(16)

7.21(4)
0.124(5)

Table 35: Cross-sections in fb from NEXTCALIBUR for the process e+( l )e~ (2) -> e-(3)Fe(4)u(5)d(6). M(56) >
45 GeV, no energy cut. Both ISR scales = s, Modified Fermion Loop excluded. Separation cuts for the photons:
Ey > lGeV, |cos<97| < 0.997.

Type

Ctot

Onrad

0srad

Cdrad

Cross-section
106.36(18)
98.62(17)

7.61(5)
0.131(5)

Single-W with GRACE

Authors

Y. Kurihara, M. Kuroda and Y. Shimizu

Introduction

The single-W production processes present an opportunity to study the anomalous triple-gauge-couplings
(hereafter TGC) at LEP2 experiments. In order to proceed to the precise measurement of TGC, the in-
clusion of an initial state radiative correction (ISR) in any generator is an inevitable step. As a tool
for the ISR the structure function (SF) [129] and the parton shower [130] methods are widely used for
the e+e~ annihilation processes. Since the main contribution for the single-VF production processes
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comes, however, from the non-annihilation type diagrams, the universal factorization method used for
the annihilation processes is, obviously, inappropriate. The main problem lies in the determination of the
energy scale of the factorization. According to the study of the two photon process [100], SF and QED
parton shower (QEDPS) methods were shown to reproduce the exact 0{a) results precisely even for the
non-annihilation processes, when the appropriate energy scale is used in those algorithms.

Here, we propose a general method to determine the energy scale to be used in SF and QEDPS.
The numerical results of testing SF and QEDPS for e~e+ —> e~Veud and e~e+ —> e~Ve,n

JrvIJi are given.
The systematic errors are also discussed.

6.2.1 Energy scale determination in QED corrections

S ingle- W is not dominated by annihilation and, therefore, standard methods as s-channel structure func-
tions fail to reproduce the correct result.

The factorization theorem for the QED radiative corrections in the LL approximation is valid
independently of the structure of the matrix element of the kernel process. Hence structure functions
(hereafter SF) and QEDPS must be applicable to any e+e~ scattering processes. However, the choice
of the energy scale in SF and QEDPS is not a trivial issue. For simple processes like e+e~ annihilation
into fermion pairs and two-photon process (with only the multi-peripheral diagrams considered so far),
the evolution energy scale could be determined in terms of the exact perturbative calculations. However,
for more complicated processes, this is not always possible. Hence a way to find a suitable energy scale
without knowing the exact loop calculations should be established.

First we look at the general consequence of the soft photon approximation.

The soft photon cross-section is given, in some approximation, by the Born cross-section multi-
plied by the following correction factor [99]:

dasoft(s) _ dao(s)
dtt ~ dil exp

m2m2, \ 2

(72)

( 7 3 )

where rrij (pj) are the mass(momentum) of j-th charged particle, kc is the maximum energy of the soft
photon (the boundary between soft- and hard-photons), E is the beam energy, and ej the electric charge
in unit of the e+ charge. The factor rjj is —1 for the initial particles and +1 for the final particles. The
indices («, j) run over all the charged particles in the initial and final states.

The part proportional to ln(E/kc) that is shown explicitly in Eq. (72) is exact and not only LL-
approximated. However, the single-logarithmic part is omitted, so that the formula is not a complete
LL-approximation, but it is enough to guess the energy scale appearing in SF and QEDPS. For the two-
photon process, e~(p-) + e+(p+) —> e~(q_) + e+(<z+) + /z~(fc_) + /i+(fc+),itwasshowninRef. [100]
that the soft-photon factor in Eq. (72) with a (p_ • q_)-term gives a good numerical approximation to the
exact O{a) correction [101].

This implies that one is able to make and educated guess about the possible evolution energy scale
in SF from Eq. (72) without an explicit loop calculation.

However, one may question why the energy scale s = (p_ + p+)2 does not appear in the soft-
photon correction, even if they are included in Eq. (72). When applying SF to the two-photon process we
have ignored those terms which come from the photon connecting different charged lines. This is because
the contributions from the box diagrams, with photon exchange between the e + and e~ lines, is known
to be small [102]. Fortunately, the infrared part of the loop correction is already included in Eq. (72) and
there is no need to know the full form of the loop diagram. For the two-photon processes we look at those
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two terms where, for example, (p_ p+)-terms and (<?_ p+)-terms are present; here, the momentum of e~
is almost the same, before and after the scattering(p_ « qJ). The difference only appears in r)jrjk = +1
for a (p_p+)-term and in rjjr]k = - 1 for a (q-p+)-term. Then these terms compensate each other after
summing them up for the forward scattering, which is the dominant kinematical region of this process.
This is why the energy scale s = (p_ + p+)2 does not appear in the soft-photon correction, despite its
presence in Eq. (72).

When experimental cuts are imposed, for example the final e~ is tagged in a large angle, this can-
cellation is not perfect but only partial and the energy scale s must appear in the soft-photon correction.
In this case the annihilation-type diagrams will also contribute to the matrix elements. Then the usual
SF and QEDPS formulation for the annihilation processes are justified and can be used for ISR with
the energy scale s. One can check which energy scale is dominant under the given experimental cuts
by numerically integrating the soft-photon cross-section given by Eq. (72) over the allowed kinematical
region. Thus, in order to determine the energy scale it is sufficient to know the infrared behavior of the
radiative process using the soft-photon factor.

Next, we determine the energy-scale of the QED radiative corrections to the single-W production
process,

e-(p_) + e+(p+) -> e-(q-.) + J7e(qi/)+u(ku) + d(kd). (74)

The soft-photon correction factor shown in Eq. (72) is numerically integrated with the Born matrix
element of the process (74), with ^-channel diagrams only and without any cut on the final fermions. The
results are shown in Table36.

Table 36: Soft-photon correction factor from different sets of charged particle combinations in the process of
e+e~ —* e~Veud at the c.m.s. energy of 200 GeV. The total factor is normalized to unity.

all terms
1

P-Q-
0.38

p+kukd

0.61
all other combinations

1.9 x 10-a

One can see that the main contribution comes from an electron-line (p_(j_-term) and a positron-
line (p+kukd-term), while all the other contributions are negligibly small. As in the case of the two-
photon processes, the energy scale s does not appear in the soft-photon correction. Applying SF or
QEDPS for the electron and positron charged-lines individually and with an energy scale given by their
momentum-transfer squared might be legitimate, according to the above results.

6.2.2 Structure function method

The corrected cross-section is given by

(?total(s) = I dxj- I dxF- I dxI+ J dxu I dxdDe-{xI-,-tJ)De-(xF-,-tJ)

De+(xI+,plud)Du{xu,mld)Dd(xd,mld)ao(s), (75)

using the structure function (Df) with an energy scale t- = (p_ - q~)2, p\ui i.e. the transverse-
momentum squared of the u-d system and rr?ud — (ku + kd)

2.

The energy-scale determination for the positron line is rather ambiguous. The pTu+d is distributing
around Mw / 3 , then the difference between these two energy scales does not give a significant effect on
the correction factor. After(before) the photon radiation the initial(final) momenta p± (q±) become p±
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(g±) defined by:

1P- = £ ,_p_ , q- - <?_,... (76)
XF-

Then the c.m.s. energy squared s is scaled as s = x

6.2.3 Parton shower method

Instead of the analytic formula of the structure-function approach, a Monte Carlo method based on
the parton shower algorithm in QED (QEDPS) can be used to solve the Altarelli-Parisi equation in
the LL approximation [103]. The detailed QEDPS-algorithm can be found in Ref. [105] for the e+e~
annihilation processes, in Ref. [106] for the Bhabha process, and in Ref. [100] for the two-photon process.
In QEDPS we use the same energy scale as in the SF method. One difference between SF and QEDPS is
that the ad hoc replacement of the perturbative expansion coefficient L(= ln(<22/m?)) by L — 1, which
was realized by hand for SF, does not apply for QEDPS. Another significant difference between these
two methods is that QEDPS can give a correct treatment of the transverse momentum of emitted photons
by imposing the exact kinematics at the e —» ej splitting. Note that it does not affect the total cross
sections too much when the final e~ are unconstrained. However, the finite recoiling of the final e^ may
result into a large effect on the tagged cross-sections.

As a consequence of the exact kinematics at the e —» e^ splitting, the e*1 are no more on-shell
after photon emission. On the other hand the matrix element of the hard scattering process must be
calculated with the on-shell external particles. A trick to map the off-shell four-momenta of the initial
e^ to those at on-shell is needed. The following method is used in the calculations: First s — (p_ +p+) 2

is calculated, where p± are the four-momenta of the initial e^ after the photon emission by QEDPS. s is
mainly positive even for the off-shell e±. (When s is negative, that event is discarded.) Subsequently, all
four-momenta are generated in the rest-frame of the initial e^ after the photon emission. Four-momenta
of the hard scattering in their rest-frame are p±, where f>\ = m2, (on-shell) and s = (p_ + p+)2.

Finally, all four-momenta are rotated and boosted to match the three-momenta of p~± with those
of p±. This method respects the direction of the final e^ rather than the c.m.s. energy of the collision.
The total energy is not conserved because of the virtuality of the initial e±. The violation of energy-
conservation is of the order of 10~6 GeV or less. The probability to violate it by more than 1 MeV is
10-4.

Numerical calculations, the total cross-sections

Total and differential cross-sections of the semi-leptonic process e~e+ —> e~Veud and of the leptonic
one, e~e+ —> e~17e/x

+i^, are calculated with the radiative correction by using SF or QEDPS. For-
tran codes to calculate amplitudes of the above processes are produced using GRACE system [107]. All
fermion-masses are kept finite in calculations. Numerical integrations of the matrix element squared in
the four-body phase space are done using BASES [108]. For the study of the radiative correction for the
single-W productions, only i-channel diagrams(non-annihilation diagrams) are taken into account.

For the total energy of the emitted photons, both methods must give the same spectrum, when the
same energy scale are used. That is confirmed by the results shown in Fig. 57 at the c.m.s. energy of
200 GeV for the semi-leptonic process.

Total cross-sections as a function of the c.m.s. energies at LEP2 with and without experimental
cuts are shown in Fig. 58. The experimental cuts applied here are Mqg > 45 GeV and Ei > 20 GeV.
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Fig. 57: Differential cross-section of the total energy of emitted photon(s) obtained from QEDPS (histogram) and
from SF (circle).
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Fig. 58: Total cross-sections of eveud and eve\ivv processes without and with experimental cuts. SF (t) denotes
SF with correct energy scale and SF (s) with wrong energy scale (s).

The effect of the QED radiative corrections on the total cross-sections are obtained to be 7 to 10%
on LEP2 energies. If one uses the wrong energy scale s in SF, the ISR effect is overestimated of about
4% as shown in Fig. 59 both with and without cuts. For the fully extrapolated case the SF-algorithm with
a correct energy scale is consistent with QEDPS within 0.2%. It may reflect the difference between L
and L - 1, as mentioned in Section 6.2.1. On the other hand, with the experimental cuts the SF-method
at the correct energy-scale gives a deviation of around 1% from QEDPS.
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Numerical c alculations, the hard photon spectrum

Energy and angular distributions of the hard photon from QEDPS are compared with those from the
calculations of the exact matrix elements. The cross-sections of the process e~e+ —> e~Ve.ud^ are
calculated based on the exact amplitudes generated by GRACE and integrated numerically in five-body
phase space using BASES. To compare the distributions, the soft-photon correction for the radiative
process must be included. For this purpose QEDPS is implemented into the calculation of the process
e~Veud^ with a careful treatment aimed to avoid a double-counting of the radiation effect. The definition
of the hard photon is Ey > 1 GeV with an opening angle between the photon and the nearest final-state
charged particles that is greater than 5°. The distributions of the hard photons are in good agreement as
shown in Fig. 60. The total cross-section of the hard photon emission is consistent at the 2% level. On
the other hand, if the soft-photon correction is not implemented on the radiative process, we end up with
an over-estimate of 30%.

6.3 Technical precision in single- W

An old comparison for single-W has been extended to cover

1. e+e~ —> qqei/(-y), |cos#e | > 0.997, either M(qq) > 45GeV or Eqi,Eq2 > 15GeV, inclusive
cross-section accuracy 2%, photon energy and polar angle (| cos 97\ < 0.997 (0.9995)) spectrum

2. e+e~ —» ewev(-y), \ cos 9e\ > 0.997, E e > 15GeV, | cos 0e\ < 0.7 (0.95), inclusive cross-section
accuracy 5%, photon energy and polar angle (| cos #7J < 0.997 (0.9995)) spectrum.

3. e+e —> ev[iv{^{) and e+e —* euTu{^), |cos^e | > 0.997, £w T > 15GeV, | c o s ^ / r | < 0.95,
inclusive cross-section accuracy 5%, photon energy and polar angle (| cos#7 | < 0.997 (0.9995))
spectrum.
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(degree)

Fig. 60: Differential cross-sections of the hard photon; Energy, transverse energy w.r.t. the beam axis, cosine of
the polar angle, and opening angle between photon and nearest charged-fermion. A histogram shows the QEDPS
result and stars from the matrix element with soft-photon correction.

With this comparison we want to check a) technical precision at the Born level, b) the correct inclusion
of QED radiation, c) QCD corrections, especially in the low-mass region.

The first answer is that technical precision is not a problem anymore, all codes agree on single-W
cross-sections and distributions, even for 9e < 0.1°, even for leptonic final states. On crBorn t n e technical
accuracy is 0.1%, the same for da/dQe for 6e —> 0. Not only invariant-mass cuts, but also energy-cuts
have been tested as shown in Tables 37, 38 and in Fig. 61.

Table 37: Cross-sections [fb] for e + e —> e

NEXTCALIBUR
SWAP

v ^ = 183GeV
26.483 ± 0.041

26.47 ± 0.04

^ = 189 GeV
29.679 ±0.047

29.70 ±0 .04

^/5 = 200 GeV
35.893 ±0 .048
35.93 ± 0 . 0 5

Table 38: Cross-sections [fb] for e+e~ -» e~

NEXTCALIBUR
SWAP

^5=183 GeV
26.422 ± 0.035

26.3 ±0.2

y/s = 189 GeV
29.655 ± 0.046

29.6 ±0.2

VeT
+VT.

y/s = 200 GeV
35.954 ±0.052
35.92 ±0.05
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Fig. 61: 6e distributions for udfj. v^ and single-W cross-sections

6.3.1 QCD corrections

QCD corrections are usually implemented in their naive form, a recipe where the total VF-width is
corrected by a factor

„,.. / 9 nJM2 A
(77)

and the cross-section gets multiplied by 1 + as(M^)/ir. In all those approaches where the Fermion-
Loop is included or simulated, one should pay particular attention to QCD, for instance in WTO QCD
corrections are incorporated in the evaluation of the complex poles by using the O{aas) vector-boson
self-energies of Ref. [3] (the location of the poles is gauge-invariant). Furthermore, the vertices are
effectively corrected so that the relevant Ward identity remains satisfied. In a similar way WPHACT also
includes QCD effects in the computation of the imaginary part of both the re-summed propagators and
the vertices, to preserve gauge invariance.

To check the effect of QCD corrections we have compared WPHACT (IFLQ,) with WTO (EFL) for
eveud final states in LEP2 configuration with and without QCD. The comparison is shown in Table 39
where the first error for WTO comes from a variation of the scale /J, from ///2 to 2 //, where we adopt
/j, — Mw as the scale for light quarks and fi = mt for the b — b, b — t and t — t contributions. Therefore,
QCD effects in single-W are under control in those programs that implement them consistently with
Fermion-Loop.
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Table 39: Cross-sections [fb] at y/s = 182.655 GeV for e+e~ -» e~Veud (LEP2 configuration) with and without
QCD corrections. The first error in WTO comes from a variation in the scale n from p,/2 to 2 fi.

WPHACT
WTO

WPHACT/WTO-1 [%]

without QCD
107.63 ±0.10
108.96 ±0.04

-1.22

with QCD
109.18 ±0 .08

110 .63 io 'o4 ± 0 - 0 4

-1.07

6.3.2 Assessing the theoretical uncertainty in single-W

If we do not want to use the Fermion-Loop prediction then, by a careful examination of the most plau-
sible re-scaling procedure, we end up with approximately 1%,2% and 3% theoretical uncertainty to be
assigned to the energy scale in the channels ud, ^iv^ and eve respectively. Therefore, a conservative
estimate of the theoretical uncertainty would read as follows:

Energy scale: ±2 -i- 3% from a tuned comparison among NEXTCALIBUR, WPHACT and WTO;

ISR for t-ch,pt: ±4%: if one uses the wrong energy scale s in SF, the ISR effect is, indeed, overesti-
mated by approximately 4% as shown in the subsequent analysis.

giving a conservative total upper bound of ±5%, see Section 6.4 for a more complete discussion.

One should stress that most of the theorists were interested in gauge invariance issues due to
unstable particle for CC20. The experimentalists, however, were asking from the beginning for ISR pt
effects, comparison with QEDPSt, SF and YFS. Unfortunately, only few groups have been working on
these issues.

In the previous section few recipes have been introduced to improve upon QED ISR; they are
all equivalent insofar as they translate into different choices for the scale in the leading-logarithms of
the structure functions. However this problem has not yet received its final solution and a full O(a)
calculation would be needed.

There is, however, an additional complication in the use of QED structure functions originating
from mass effects. The single-VF is s © t- channels and the t-channel parts look as in Fig. 62.

h h

Fig. 62: The CC20 family of diagrams with the explicit component containing a ^-channel photon.

The corresponding cross-section is proportional to

I

/

I
d$3 - ^ Q = p_ (78)
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where p and q denote emission of soft and collinear photons. Usually, p2_ = pL = 0 and q^_ = qi — 0,
and one writes p_ = xmp- and q- = q-/xout with the kernel cross-section to be weighted with
structure functions. Here, however, masses matter should not be neglected and the electrons are in a
virtual state, i.e. off their mass-shell. A possible choice is to write

Q 3 _ ) 2 = - m l + - ( l

The important facts are that Q^L^ = 0 owing to gauge invariance. Instead we get

Qfj,L,j,v = 4(1 - x-m) m 2 q - v + 4(1 )m2
ep-v.

Even if we insist in putting p_ = x-mp_ and pt = -m^ , gauge invariance is violated by terms of
O(m1/s). The effect of constant terms on the Q2-integrated photon flux-function can be as large as 6%.
Gauge-invariance violation affects this term, resulting in some intrinsic theoretical uncertainty, although
we expect that the effect will be strongly decreased after convolution with SF peaking at z i n /o u t = 1.
Alternatively one may adopt formulations where the electron remains on-shell after emission but at the
price of having collinear photons of non-zero virtuality, (p — p)2 ^ 0.

It is worth noticing that, the rescaled incoming four-momenta are implemented in SWAP as p± =
(xE, 0,0, ±y/x2E2 — m2,), by interpreting x as the energy fraction after photon radiation, as motivated
in Ref. [134]. If required, p±/pL effects can be implemented in the treatment of ISR, by means of either
p±-dependent SF [88] or a QED Parton Shower algorithm [134]. Therefore, in practice SWAP adopts a
formulation that preserves on-shell incoming electrons. Furthermore, in NEXTCALIBUR it is possible to
have both on-shell initial state particles and on shell generated photons but at the price of loosing part of
the information on the direction of the initial states after radiation.

A final set of comments is needed to quantify the theoretical accuracy of single-W production.

GRACE

The method to apply the QED radiative correction on the non-annihilation processes are established. The
conventional method, SF with energy scale s gives about 4% overestimation for the QED radiative effect
on the LEP2 energies. If one wants to look at the hard photon spectrum, the soft-photon correction on
these radiative processes are needed.

SWAP

The difference shown in Fig. 53 between the predictions given by the two set of Q2 scales of Eq. (68)
and Eq. (69) is at the per mille level, and therefore the simple naive scales of Eq. (69) are a good ansatz
for the energy scale of QED radiation, which could be corroborated by the comparison with the results of
other groups. QED corrections missing in the present approach are beyond the LL approximation. The
present study shows that the choice Q% = s as scale in the IS QED SF(s) can lead to over-estimate the
effect of LL photonic corrections by a factor of 1.5, implying an under-estimate of the QED corrected
cross-section of about 4%. Also the choice of fixing the scale to Q\ = \q2* | for both the IS SF(s), as
recently suggested [92], leads to an under-estimate of the photon correction of about 4%. Since these
effects are not negligible in the light of the expected theoretical accuracy, it is recommended to adopt the
<32-scales as given in Eq. (68) or Eq. (69), which are motivated by the arguments sketched above.

Further, the effect of rescaling O:QED from the high-energy value aoF to a(q2*) amounts to a
negative correction of about 5 -r 6%, to be taken into account carefully.
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WPHACT

From the cross-sections of Tables 26 and 27 one deduces that the difference between IFL and IFLa is of
the order of 6%, for both e~e+ —> e~e+vepe and e~e+ —> e~e+vfiPtl. The discrepancy between IFLQ.

and IFLQ;! predictions is always of the order of 3% and one has, therefore, to attribute an estimate of
3 -7- 4 % error to the IFLQ calculations for these processes.

Considering all processes together one can conclude that the implementation of a proper running
CKQED reduces the theoretical uncertainty by about one half with respect to fixed-width or imaginary
fermion-loop alone. In some cases this uncertainty is further reduced to less than one per cent, but only a
comparison with complete EFL calculations, as a reference point, may assess whether this is the case. If
no comparisons are available for the process and cuts at hand our study points towards a 3% uncertainty
for the calculations using the running OIQED. for both single-W and single-Z processes. Of course, one
should add the uncertainty due to the fact that ISR for annihilation processes is not suited for t-channel
contributions. Some obvious improvements on this point will soon be implemented in WPHACT, however
a more careful study both for the theoretical uncertainty of these solutions and for a better treatment of
^-channel ISR is still needed.

WTO

Bosonic corrections are still missing and, very often, our experience has shown, especially at LEP 1,
that bosonic corrections may become sizeable [132]. A large part of the bosonic corrections, as e.g.
the leading-logarithmic corrections, factorize and can be treated by a convolution. Nevertheless the
remaining bosonic corrections can still be non-negligible, i.e. , of the order of a few per cent at LEP2
[133]. For the Born cross-sections 1 -=- 2% should, therefore, be understood as the present limit for
the theoretical uncertainty. This will have to be improved, soon or later, since bosonic corrections are
even larger at higher energies [6] [135] and the single-W cross-section will cross over the WW one at
500 GeV.

6.4 Summary and conclusions

A fairly large amount of work has been done in the last years on the topic of single- W. In the previous
sections we presented the most recent theoretical developments in single- W and their implementation in
the generators. There are common problematic situations with more or less equivalent solutions. One
has to assign an error band to the cross-section for our partial knowledge of ISR, with or without pt,
and for the uncertainty in the scale of the running couplings. As for the energy scale in couplings we
have an exact calculation based on the EFL-scheme which, at the Born-level (no QED) is known to be at
the 1% level of accuracy. EFL-scheme, however, is implemented only in one generator while the other
offer a wide range of approximations based on the idea of re-scaling the cross-section. Furthermore, no
program includes O(a) electroweak corrections, not even in Weizsacker-Williams approximation (for
the subprocess ej —> Wi/e), the counterpart of DPA in CC03.

A description of single-W processes by means of the EFL-scheme is mandatory from, at least,
two points of view. EFL is the only known field-theoretically consistent scheme that preserves gauge
invariance in processes including unstable vector-bosons coupled to e.m. currents. Furthermore, single-
t s production is a process that depends on several scales, the single-resonant s-channel exchange of W-
bosons, the exchange of VF-bosons in ^-channel, the small scattering angle peak of outgoing electrons. A
correct treatment of the multi-scale problem can only be achieved when we include radiative corrections
in the calculation, not only one-loop terms but also the re-summation of leading higher-order terms.
Recent months have shown that this project can be brought to a very satisfactory level by identifying
the correct approximation, process-by-process. In particular, the W — W configuration, dominated
by double-resonant terms, can be treated within DPA. As a consequence, the theoretical uncertainty
associated with the determination of the WW cross-section is sizably decreased. In principle, the same
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procedure applies to the determination of the ZZ cross-section, where one develops a NC02-DPA instead
of the CC03-DPA one.

We have found that all the modifications introduced via the EFL-scheme are relevant: running of
the couplings, p-factors and vertices, not only the change OJQED (fixed) —> CKQED (running). Therefore,
a naive rescaling cannot reproduce the EFL answers for all situations, all kinematical cuts. The high-
energy Input Parameter Set used in all calculations that are presently available - we quote, among the
various schemes, the Fixed-Width scheme, the Overall scheme and the IFL one - is based on GF , Mw

and Mz with CXQED (fixed) = 1/131.95798. It allows for the inclusion of part of higher order effects in
the Born cross-sections but, it fails to give a correct and accurate description of the q2 ~ 0 dominated
processes. A naive, overall, rescaling would lower the single-W cross-section of about 7%. We have
found, with the EFL calculation, that this decrease is process and cut dependent. Moreover, the effect
is larger in the first bin for $e - 0.0° -f- 0.01° - in the distribution da/d8e and tends to become less
pronounced for larger scattering angles of the electron. However, the first bin represents almost 50% of
the total single-W cross-section, so that, in general, the compensations that occur among several effects
never bring the EFL/FW ratio to one. We obtain a maximal decrease of about 7% in the result but, on
average, the effect is smaller. We have also found that the effect is rather sensitive to the relative weight
of multi-peripheral contributions.

Finally, the effect of the QED radiative corrections on the total cross-sections are between 7% and
10% at LEP2 energies. grc4f and SWAP have estimated that if one uses the wrong energy scale s in
the structure functions, the ISR effect is overestimated of about 4%, as shown in Figs. 53 and 59, both
with and without cuts. For the no-cut case SF with a correct energy scale is consistent with QEDPS
around 0.2%. On the other hand with the experimental cuts, SF with correct energy-scale gives around
1% deviation from QEDPS.

At the same time SWAP estimates that the effects due to two different scales (Eq. (68) and Eq. (69)
are in good agreement and both predict a lowering of the Born cross-section of about 8%, almost inde-
pendent of the c.m.s. LEP2 energy. SWAP results show a good agreement with those of gr c4f when both
are referred to s-channel SF.

Although we register substantial improvements upon the standard treatment of QED ISR, the prob-
lem is not yet fully solved for processes where the non-annihilation component is relevant. A solution of
it should rely on the complete calculation of the O(a) correction, therefore the the basic YFS approach
or any equivalent one augmented by virtual corrections.

At the moment, a total upper bound of ±5% theoretical uncertainty should still be assigned to
the single-W cross-section. In particular, the difference between annihilation-like QED radiation and
the optimized scales amounts to a 4%, which is conservatively used (by the LEP EWWG) in the global
estimate of theoretical uncertainty. Alternatively one should use the differences between different im-
plementations of ISR in the i-channel as a basis for the systematic uncertainty. However, we are not yet
ready to formulate a strict and definitive statement along these lines. Furthermore, there seems to be and
indication of some numerical difference arising from different QED treatments in GRACE and in SWAP.
At present no direct comparison has been attempted to understand the origin. We could say that QED
radiation in single-W is understood at a level better than 4% but we are presently unable to quantify this
assertion.

In this sense the current 5% should be considered as a good estimate of the global upper limit
for theoretical uncertainty. The origins of this upper bound are as follows. QED effects are bounded
by a 4%, saturated only by those programs that do not improve upon the scale. Effects due to running
couplings and vertices are bounded by a 2% -r 3%, saturated by those programs that do not implement
an exact massive FL-scheme. To lower this estimate is presently possible only in a multi-step procedure
where program A is used vs. B to assess the effect of EFL/Q;QED> then A is used vs. C to assess the effect
of QED ISR and finally A is corrected to take into account the missing pieces and assign an uncertainty.
This procedure should be performed within the experimental community, using the individual estimates
of theoretical uncertainties as declared by the programs in this Section.
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We expect an improvement upon this estimate when more implementation of the Fermion-Loop
scheme will be available. Presently, the results with a rescaling of CXQED for the ^-channel photon show
an agreement with EFL predictions that is between 1% and 2%. Note that in evev EFL is not yet
implemented and there we use the estimate by WPHACT of roughly 3%. All programs that implement
the correct running of CKQED should be able to reach this level of accuracy, but not all of them have this
implementation.

All program that still implement s-channel structure functions saturate the 5% level of theoretical
accuracy. Further and more complete studies are needed for QED corrections and ad hoc solutions, like
fudge factors should be avoided.

As stated above, the present level of global theoretical uncertainty, 5%, comes from different
sources and different effects. Some of them have been fully understood from a theoretical point of
view but, sometimes, not yet implemented in most of the programs. There are remaining problems that
have not yet received a satisfactory solution and some of the programs implement educated guesses.
In general we should say that single- W remains, to a large extent, the land of fudge factors. As for
individual programs, the following collaborations (listed in alphabetic order) have agreed to quantify
their performances:

NEXTCALIBUR tries to include all leading higher order effects. At present, by comparing with the
Exact-Fermion Loop and varying the internal parameters of the program, we can assign a conservative
3% uncertainty coming from our Modified fermion loop approach. On the other hand, our solution to
the i-channel ISR problem represents the best we have so far at the theoretical level. Therefore, the final
precision of ±5% on single-W has to be considered as a safe estimate of the accuracy reached by the
program, at least in absence of large angle hard photons.

SWAP includes exact tree-level matrix elements with finite fermion masses and anomalous trilinear
gauge couplings, the effect of vacuum polarization, higher-order leading QED corrections according to
the treatment for the energy scale as given by the (equivalent) choices of Eq. (68) and Eq. (69). Since,
apart from the effect of the running of CKQED. other one-loop fermionic and bosonic corrections are still
missing in SWAP, its theoretical uncertainty is at the level of 2-3% I 9 , depending on the channel and/or
event selection considered.

WPHACT can be used for single-VF in its version IFLa. This is at present the best choice: all
other schemes have been employed for studies and comparisons but are not recommended. As already
explained, the theoretical uncertainty due to non implementation of the complete EFL amounts to Z-A%
for CC20/Mix56. This, together with the non correct QED radiation for t-channel, leads to an estimate
of 5-6% accuracy in actual WPHACT single-W predictions.

WTO can only be used as a benchmark for the determination of the scales in the coupling constants.
In its default WTO saturates the upper bound of 5% of accuracy. Ideally, the difference between any
program using some approximation and WTO should be considered as systematic uncertainty for the scale
determination (in couplings) of that program. In practice EFL, the right approach, is only implemented
in WTO and a cross-check is needed before being able to apply the previous rule. The correct treatment
of QED radiation is still missing, it is a choice of the author to avoid ad hoc solutions and a consistent
upgrading is currently under study. Furthermore, Fermion-Loop (as DPA) implies certain characteristics
and programs that implement a incomplete-FL that does not reflect at least a large fraction of them should
refrain from using the label FL.

The collaborations each take responsibility for the above statements that range from conservative
to more optimistic ones.

19to be compared with the estimated upper bound of 5%.
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6.5 Outlook

A substantial amount of work was done in the last two years on the topic of single-W production. This
has triggered theoretical developments which can be used also in other areas, e.g. massive Fermion-Loop
scheme, QED radiation in processes dominated by it-channel diagrams. One of the main results of the
theoretical activity has been to upgrade programs that where available prior to the workshop and did
not provide a satisfactory simulation of the process. They might have given a numerically more or less
correct cross section, but this was mostly an accident.

Some work has not yet been done, e.g. low-invariant-mass ev+ hadrons final states (searches),
DPA-equivalent set of radiative corrections (high-luminosity LC). Finally, we still do not have a com-
plete, solution to the ISR problem, although there has been considerable progress in the treatment of
QED radiation, in particular in the determination of the radiation scale. Going beyond the present level
of theoretical accuracy would require a complete O(a) calculation therefore contributing to improve the
present level of theoretical accuracy.
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Appendix: the diagrams
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Fig. 63: Two gauge invariant subsets for the single W production in the channel e+e~ —> e+e~ueue. The set of
nine diagrams in the first three rows and the set of diagrams in the last three rows are separately gauge invariant.
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Fig. 64: Two gauge invariant subsets for the single Z production in the channel e+e —» e+e z/ei/e. The set of
four diagrams in the first two rows and the set of diagrams in the last two rows are separately gauge invariant.
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Fig. 65: The W+W~ double-resonant gauge invariant subset in the channel e+e~ —> e+e~t/eVe.
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Fig. 66: The ZZ double-resonant gauge invariant subset in the channel e+e —» e+e j / e iv
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Fig. 67: The gauge invariant subset with 7, Z —» e+e~ conversion corrections to the process e+e
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Fig. 68: The gauge invariant subset with Z —> veVe conversion corrections to the process e+e~ —> e+e
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Fig. 69: The gauge invariant subset with Z —> e+e~ conversion corrections to the process e+e~ —> ueue.
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Fig. 70: The weak multi-peripheral gauge invariant subset in the channel e+e~ —> e+e~veve.

7 THE NC02 CROSS-SECTION, aZz

The cross-section for e+e~ —> ̂ Z is defined starting from the NC02 process, very much as e+e~ —*•
W+W~ in terms of CC03, hence we sum over all channels, e+e~ —> Z(—> / i / x ) + Z(—> 72/2)
including four neutrinos in the final state. The electroweak corrections to ee —> ZZ were calculated in
Ref. [66]. Actually there the weak corrections have been discussed separately, but unfortunately in the a
scheme.

As usual, it is left for the experimenters to evaluate the background, i.e. to define a neutral current
observable cross-section as follows:

= CTNC02 (1 + £NCA) + [°"4f - O-NC02J • (79)

The theoretical prediction, therefore, should concentrate on <TNCO2» with or without O(a) radiative cor-
rection in DPA-approximation. In particular, the background should account for the Mixed processes
(Mix43). There is some important remark to be made. When dealing with uuuu etc, i.e. with channels
containing identical particles, we have to evaluate the unphysical sum of the two diagrams corresponding
to e+e~ —> Z(—* u\ui) + Z(—> U2U2), tacitly assuming that there are two u quarks, u of type 1 and
u of type 2. Since the interferences between the crossings are not double-resonant, it is customary to
consider them as background and to define the ZZ signal, i.e. CTNCO2> fr°m t n e absolute squares of the
double-resonant diagrams only. This is a matter of definition, i.e. , we could define the ZZ signal to
contain all crossings in case of four identical flavors in the final state. That one chooses the first option
is largely based on the drawback that, with the latter,

a{e+e~ -» ZZ) x BR2(Z -> uu), (80)

is no longer azz^,UuUu- It is certainly true that the cross-section containing all crossings would be more
physical but, for the time being this is the convention. Furthermore, one should remember that the
e+e~ —» 7*7*, 7*Z background is quite large (see e.g. Ref. [18]).

Bearing this in mind, we should stress that the terminology a^C02 is, sometimes, unfaithful, sim-
ply because this is not what experiments use in their analysis. A common procedure is to use EXCALIBUR
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and to restrict it to the complete set of double-resonant diagrams. In other words, experiments measure
data in some window of invariant mass and extrapolate with some coefficient, evaluated by MC, to what
one finally calls the NC02-total cross-section but it represents, instead, the sum of all double-resonant Z
diagrams (for some channel 4 instead of 2).

However, by definition, we select NC02 to be e+e~ —> ZZ, two diagrams (t and u channel), with
all Z decay modes allowed for both Z-bosons. If one computes everything as production <g> decay then,
as long as one remembers to include factors 1/2, everything is reasonable. The conclusion is based on
the following observation. When all diagrams are taken into account we find

a(e+e~ —> uucc) = 208.9 fb, a(e+e~ —> uuss) = 204.4 fb,

a(e+e~ -> ddss) = 182.6 fb, a(e+e~ -> uudd) = 1.980 pb,

cr(e+e~ -> uuuu) = 101.4fb, u{e+e~ -> dddd) = 87.88fb, (81)

and, as a consequence,
Ruucc/uuuu = 2.06, Rddss/dddd = 2.08. (82)

In other words, even if we define on-shell and compute off-shell the same result, within few per cents, is
obtained.

The relative significance of the ZZ cross-section is considerably less than the one attributed to
the WW cross-section. Its is smaller and with much larger experimental errors, even at the level of
projected ones. As a consequence the NC02 process has received less attention that the CC03 one and,
so far, we have no published result on O(a) DPA calculations for it although, in principle, there is no
major obstacle to it.

7.1 Description of programs and results

YFSZZ

Authors

S. Jadach, W. Placzek and B. F. L. Ward

General Description

The program evaluates the NC02 double resonant process e+e~ —> ZZ —> 4f in the presence of multiple
photon radiation using Monte Carlo event generator techniques. The theoretical formulation is based, in
the leading pole approximation (LPA), on O(a2) LL YFS exponentiation for the production process,
with the possibility of anomalous gauge couplings if the user so desires. The Monte Carlo algorithm
used to realize the YFS exponentiation is based on the YFS2 algorithm presented in Ref. [67] and in
Ref. [139]. In this way, we achieve an event-by-event realization of our calculation in which arbitrary
detector cuts are possible and in which infrared singularities are cancelled to all orders in a. A detailed
description of our work can be found in Ref. [140].

Features of the program

The code is a complete Monte Carlo event generator and gives for each event the final particle four-
momenta for the entire 4 / + nj final state over the entire phase space for each final state particle. The
events may be weighted or unweighted, as it is more or less convenient for the user accordingly. The code
features the realization of the LPA for the NC02 process that is the analog of that given in Ref. [57] for the
CC03 process of production and decay of WW pairs. A technical precision check on the program at the
level of 2 per mille for the total cross-section has been done by comparison with the results in Ref. [141].
The accuracy of the combined result from YFSZZ 1.02 and KoralW 1.42, when the combination is taken
in analogy with that presented in Ref. [142] for YFSWW3 1.14 and KoralW 1.42, is expected to be at the
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level of 2% for the total cross-section, due to the missing O(a) pure weak corrections in YFSZZ 1.02
(we do not expect the other effects missing from our calculation such as non-universal QED corrections
to enter at this level), when all tests are finished. These tests are currently in progress.

The operation of the code is entirely analogous to that of the MC YFS2 in Refs. [67]. A crude
distribution based on the primitive Born level distribution and the most dominant part of the YFS form
factors that can be treated analytically is used to generate a background population of events. The weight
for these events is then computed by standard rejection techniques involving the ratio of the complete
distribution and the crude distribution. As the user wishes, these weights may be either used directly
with the events, which have the four-momenta of all final state particles available, or they may be ac-
cepted/rejected against a maximal weight WTMAX to produce unweighted events via again standard
MC methods. Standard final statistics of the run are provided, such as statistical error analysis, total
cross-sections, etc. The total phase space for the process is always active in the code.

Description of output and availability

The program prints certain control outputs. The most important output of the program is the series of
Monte Carlo events. The total cross-section in fb is available for arbitrary cuts in the same standard way
as it is for YFS2, i.e. the user may impose arbitrary detector cuts by the usual rejection methods.

The program is available from the authors via e-mail. The program is currently posted on WWW
at http://enigma.phys.utk.edu as well as on anonymous ftp at enigma.phys.utk.edu in the form of a tar.gz
file in the /pub/YFSZZ/ directory together with all relevant papers and documentation in postscript.

ZZTO

Author

G. Passarino

Description.

ZZTO is a newly created code for computing aNC02 which, at the moment, has universal Initial State
QED, Final State QED, Final State QCD, is fully massive with b and c quarks running masses. Fermion-
Loop is also implemented. ZZTO is missing non-universal QED ISR and purely weak effects (in DPA);
however, it is under construction with the final goal of including those effects. The code sums over all ZZ
decay modes, even vvvv. However, single channels are available, i.e. qqqq, qqw, ggll, 1W, 1111, vvvv.
Therefor, inside ZZTO we have the exact matrix element for e+e~ —> ZZ —> 4f with massive fermions
and running masses for the b, c-quarks. Cuts are only implemented on the Z invariant masses, therefore
we can apply final state QCD correction factors beyond the usual naive correction. In other words, the
total hadronic decay rate of each Z-boson is split into the sum of the vector current induced rate, Fv, and
of the axial decay rate, FA, which receive different QCD corrections evaluated at the scale equal to the
virtuality of the qq-pah. Non-factorizable QCD corrections are neglected. Final state QED corrections
are also included, again evaluated at the virtuality of the pair, i.e. with aqEniM^). Initial state QED
corrections include, so far, only the universal part of the structure functions evaluated at the scale s.

To implement the Fermion-Loop scheme we had to incorporate QCD corrections in the evaluation
of the complex pole pz and of the p-parameter associated to the Z-propagator. This we have done by
taking into account also the massive top quark, while the light quarks, including the b one, are treated
as massless. QCD is exactly implemented by using the O(aas) vector-boson self-energies of Ref. [3]
with Mz as the scale for light quarks and mt for the b — 6, b — t and t — t contributions. For Mw =
80.350 GeV, Mz = 91.1888 GeV and as [Ml) = 0.120 we find a QCD effect illustrated in Table 40.
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Table 40: Effect of including QCD corrections on the complex pw ,pz poles according to ZZTO.

\iw = -/Repw [GeV]
-Im(pw)// iw [GeV]
pi, = y/RePz [GeV]
-Im(p z) / / i z [GeV]

mt [GeV]

without QCD
80.324
2.0581
91.155
2.4653
148.21

with QCD
80.322
2.1109
91.153
2.5315
156.32

The program ZZTO is currently posted on WWW at http://www.to.infh.it/giampier/zzto

Distributions.

The ZZ-sigaal is basically defined through invariant masses, for instance e+e~ —» qql+l~("y), ^-flavour
blind or heavy g-flavors, I = e/pi/r, | cosfyj < 0.985, no cut on the second lepton (only one lepton
tagged), M(qq) > 10 (45) GeV.

Here, we do not discuss invariant mass distributions in terms of the full processes but only in
terms of the signal NC02. The angular cuts are there only because of detector holes at the beam pipe.
Since for NC02 there are no poles at edge of phase space, we could leave these cuts out for simplicity.
Furthermore, we analyze only e+e~ —> qql+l~('i) where the definition of invariant masses is free of
ambiguities. ZZTO includes final state radiations in two different options. In a first case ZZTO implements
the exact, factorizable, O(a) corrections for some extrapolated setup were one can only cut on the Z-
virtuality, see Ref. [143]. In the second one, hard and collinear photons are included, within a cone
of angular resolution i5 < 1, according to the formalism of Ref. [144]. Moreover, soft photons are
exponentiated.

Therefore, we can define invariant mass distributions according to the following choices: a)
M(Z+£~7) or Mfaqj) where M represents the virtuality of the decaying Z-boson and b) m(l+l~)
where m is the l+l~ invariant mass and hard photons are included whenever the angle between the pho-
ton and the nearest charged final-state fermion is less than i 5 « l . Above S photons are not included
in the mass calculation. Gluons are always included in O{as) with a fully extrapolated setup, i.e. the
M-variable for qq final states is always understood as Z(M) —> <Z<? + 7 + <?•

In Fig. 71 we show the M-distribution for e+e~ + hadrons and for bb(cc) + leptons at one en-
ergy, */s = 188.6 GeV. There is no appreciable difference with fx+fi~ + hadrons due to the fact that the
FSR correction factor is approximately 3/4 Q"j a/n since we cut on the Z-virtuality and not on the / /
invariant mass.
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Fig. 71: NC02 distributions from ZZTO. Here M(ff(j, g)) is the virtuality of the corresponding Z-boson.

In Fig. 72 we show e+e~+hadrons and compare M and m distributions for the e+e~(y) pair.
The latter includes collinear photons within a cone of half-opening angle 5 = 5°. In the same figure we
also compare the m(ff) distributions for e+e~+ hadrons and fi+ft~ + hadrons. Since the cut is on the
invariant mass of the pair one starts appreciating differences between different flavors.
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Fig. 72: NC02 distributions from ZZTO. Here M(ff(-y,g)) is the virtuality of the corresponding Z-boson
and m(ff) is the / / invariant mass with collinear photons that are combined with the nearest fermion,
6>(7-nearest/) = 5°.

All distributions are computed by ZZTO in the Fermion-Loop mode. The largest effects in the
theoretical uncertainty are associated to the fact that non-factorizable QED corrections are neglected,
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although one can show that they vanish in the limit of on-shell Z-bosons, | M2 - M\ | < TZMZ. They
also vanish for a fully extrapolated setup, i.e. after integrating over the full range of the two Z virtualities,
which is not the case for distributions.

GENTLE

Authors

D. Bardin, A. Olchevski and T. Riemann

The NC cross-sections in package 4f an include now besides the NC32 class also the NC02 process
(NC08 is unchanged); also some new options introduced, ICHNNL=O,1: switching between NC02 and
NC32 classes (for IPR0C=2); Note, that the treatment of NC08 sub-family is not changed compared to
the version v. 2.10. It remains accessible only via NCqed branch of the package.

7.2 Comparisons for the NC02 cross-section

In this Section we will compare the NC02 cross-section between YFSZZ, GENTLE and the newly created
code ZZTO. First, the comparison between YFSZZ and ZZTO. Here, y/s - 188.6 GeV and QCD is not
included. The result is shown in Table 41. From Table 41 we see a remarkable agreement, further
quantified in Table 42. Furthermore, for azz with Born+ISR+QCD the uncertainty related to the IPS
(Input Parameter Set) is approximately 1%. This does not mean that the total, true, theoretical uncertainty
is 1%. The ZZ line-shape, as predicted by ZZTO and including QCD corrections is shown in Table 44
where the results refer to three schemes, a, GF and Fermion-Loop.

Finally, in Fig. 73 we present the NC02 line-shape for a wide range of energy, comparing the
a-scheme with the GF-scheme and the Fermion-loop one. Missing an implementation of the Fermion-
Loop scheme in other codes, our recommendation is to use the GF-scheme since it allows us to include
part of higher order effects in the Born cross-sections.

Table 41: Comparison for the NC02 cross-section between YFSZZ and ZZTO at y/s - 188.6 GeV. The cross-
sections are in fb.

channel

QQQQ

qqvv
qq\\
llvv
mi

vvvv
total

YFSZZ
294.6794(490)
175.4404(302)
88.1805(134)
26.2530(463)

6.5983(15)
26.1080(71)

617.2596(755)

ZZTO GF-scheme
298.4411(60)
175.5622(35)
88.7146(18)
26.0940(5)
6.5929(1)
25.8192(5)

621.2241(124)

ZZTO a-scheme
294.5715(59)
174.9855(35)
87.9881(18)
26.1342(5)
6.5706(1)

25.9868(5)
616.2366(123)

Table 42: Differences YFSZZ/ZZTO for the NC02 cross-section in per cent.

channel

mm
qqvv
qq\\
Wvv
1111

vvvv
total

ZZTO(GF)/YFSZZ - 1
+1.28
+0.07
+0.61
-0.61
-0.08
-1.11
+0.64

ZZTO(ct)/YFSZZ - 1
-0.04
-0.26
-0.22
-0.45
-0.42
-0.46
-0.17

122



Table 43: Scheme differences in per cent for NC02, according to ZZTD.

channel

QQQQ

qqvv
qq\\
1W
mi

vvvv
total

ZZTO GFJOL-\

+ 1.31
+0.33
+0.83
-0.15
+0.34
-0.64
+0.81

Table 44: NC02 ZZ line-shape from ZZTO.

yfl [GeV]

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

e r f [pb] with QCD

0.12478(1)

0.16044(2)

0.21135(2)

0.27770(2)

0.35224(1)

0.42644(1)

0.49579(1)

0.55897(1)

0.61596(1)

0.66723(1)

0.71336(1)

0.75487(1)

0.79225(1)

0.82596(1)

0.85643(2)

0.88393(2)

0.90875(1)

0.93118(1)

0.95146(1)

0.96890(1)

0.98635(2)

1.00012(2)

1.01460(2)

1.02660(1)

1.03736(1)

1.04700(1)

1.05561(1)

1.06326(1)

1.07001(1)

1.07594(2)

1.08111(2)

erg* [pb] with QCD

0.12568(1)

0.16160(2)

0.21287(2)

0.27970(2)

0.35477(1)

0.42950(1)

0.49936(1)

0.56299(1)

0.62039(1)

0.67203(1)

0.71848(1)

0.76030(1)

0.79794(1)

0.83190(1)

0.86258(2)

0.89028(2)

0.91528(1)

0.93787(1)

0.95830(1)

0.97677(1)

0.99343(2)

1.00843(2)

1.02189(2)

1.03397(1)

1.04481(1)

1.05452(1)

1.06320(1)

1.07090(1)

1.07770(1)

1.08367(2)

1.08888(2)

off [pb] with QCD

0.12669(1)

0.16267(2)

0.21376(2)

0.28009(2)

0.35457(1)

0.42881(1)

0.49833(1)

0.56175(1)

0.61901(1)

0.67057(1)

0.71699(1)

0.75879(1)

0.79643(1)

0.83040(1)

0.86111(2)

0.88884(2)

0.91388(1)

0.93651(1)

0.95698(1)

0.97549(1)

0.99220(2)

1.00724(2)

1.02075(2)

1.03288(1)

1.04376(1)

1.05352(1)

1.06224(1)

1.06998(1)

1.07683(1)

1.08284(2)

1.08809(2)

GF/¥L - 1 [per cent]

-0.80

-0.66

-0.42

-0.14

-0.03

+0.16

+0.21

+0.22

+0.22

+0.22

+0.21

+0.20

+0.19

+0.18

+0.17

+0.16

+0.15

+0.15

+0.14

+0.13

+0.12

+0.12

+0.11

+0.11

+0.10

+0.09

+0.09

+0.09

+0.08

+0.08

+0.07
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Fig. 73: Comparison of different schemes, a, GF and Fermion-Loop, for the ZZ line-shape from ZZTO.

In Table 45 we show the uzz cross-section as predicted from GENTLE. Table 45 is produced with
the following GENTLE/4f an flag settings:
IPR0C,IINPT)I0NSHL,IB0RNF,IBCKGR,ICHNNL = 2 2 1 1 0 0
IGAMZS, IGAMWS, IGAMW, IDCS, IANO, IBIN = 0 0 0 0 0 0
ICONVL,IZERO,IQEDHS,ITNONU,IZETTA = x x 3 0 1
ICOLMB,IFUDGF,IIFSR,IIQCD = 0 0 1 0
IMAP,IRMAX,IRSTP,IMMIN,IMMAX= 10 1 1 1

and with the following NCqed branch settings:
IPROC ,IINPT ,I0NSHL,IBORNF,IBCKGR,ICHNNL=321 1 1 2
IGAMZS,IGAMWS,IGAMW ,IDCS ,IANO ,IBIN = OOOOOO
ICONVL,IZERO ,IQEDHS,ITNONU,IZETTA = 0 1 x x 1
ICOLMB,IFUDGF,IIFSR ,IIQCD = 2 1 1 0
IMAP , IRMAX , IRSTP , IMMIN , IMMAX = 1 0 1 1 1

The Table deserves an extended comment. Its upper part is obtained with the aid of the standard
GENTLE approach to ISR: the band of theoretical uncertainties is produced by choosing standard structure
functions (SF) for the minimum and flux functions (FF) for the maximum with a reasonable choice in
between for the preferred one. For the maximum, we include LLA second order corrections and exclude
the lowest order constant term (option IZERO=O). The band has a typical width of about 3 -=- 4%. This
approach finds its roots in the treatment of the CC03 cross-section where we used the so-called current-
splitting technique, the precision of which is difficult to evaluate since it takes into account only a part
of diagrams. We emphasize again that nowadays, after the advent of DPA calculations, the theoretical
uncertainties in the CC-sector are reduced.

For NC-processes, the ISR is well defined and no current-splitting is required. In Ref. [145] we
provided the complete lowest order ISR QED corrections (option ITNONU=1). In our complete calcula-
tions the constant term is full reproduced and there are no justifications to exclude it. This is why in the
lower part of the Table we always use IZERO =1. For the theoretical uncertainties, we vary then over
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three working options IQEDHS3ITN0NU=00,10,ll and select preferred, min and max out of them. As
seen from the lower part of the Table, the theoretical uncertainty derived in such a way is about twice as
narrow as compared to the upper part. It is important to emphasize that the two bands overlap, although
there is a systematic shift towards slightly higher cross-sections.

Table 45: Cross-sections [fb] for e+e~ -> ZZ -> 4f at v ^ = 188.6 GeV; first column GENTLE 2.10 with preferred
flags, second and third columns estimate variations due to theoretical uncertainties. The upper part is produced
with the 4fan branch and with flags: ICDNVL, IZER0=00,10,01. The lower part is produced with NCqed branch of
GENTLE/4f an and with flags: IQEDHS, ITN0NU=00,10,l 1.

channel

qqqq
qqvv
qq\\
Wvv
mi

vvvv
total

qqqq
qqvv
qq\\
Wvv
1111
vvvv

total

GENTLE 2.10
299.642
176.076
89.187
26.204
6.637

25.857
623.602
301.448
177.137
89.725
26.361
6.676

26.022
627.370

GENTLE -
298.614
175.410
88.851
26.103
6.612

25.766
621.356
300.418
176.532
89.418
26.271
6.654

25.933
625.226

GENTLE +
301.448
177.137
89.720
26.362
6.677

26.013
627.356
301.522
177.180
89.746
26.367
6.678

26.029
627.522

This shift is due to the constant term. If we had chosen IZER0=l for the upper part, its band
would totally contain the band for the lower part. We tend to consider the lower part to be a more correct
treatment of the ISR for the case of NC-processes.

7.3 Summary and conclusions

Three different programs have produced numbers for the NC02 cross-section showing remarkable agree-
ment over a wide energy range. ZZTD has produced results with two different renormalization schemes,
GF and a, showing differences of the order of a per cent. GENTLE confirms the finding with nearly
the same shifts as ZZTO between the two schemes. It looks plausible to have a ±2% of theoretical un-
certainty assigned to the NC02 cross-section. There is an indications, coming from the Fermion-Loop
analysis of ZZTO, that show smaller deviations with respect to the GF-scheme and the Fermion-Loop is
usually accurate at the 1-2% level.

At the moment the estimated theoretical uncertainty comes from the comparisons between GENTLE,
YFSZZ and ZZTO and it is roughly about 2%. The size of the uncertainty is confirmed by an internal esti-
mate of GENTLE, as given in Table 45. With the complete lowest order ISR QED included GENTLE gives
a total cross-section at y/s = 188.6 GeV of 627.37^;^ fb where ZZTO gives 621.22 fb, i.e. GENTLE
predicts a 0.4% uncertainty with GENTLE and ZZTO differing by roughly 1%. Furthermore, GENTLE pre-
dicts a +0.6% shift due to the constant term in ISR and both programs predict a —0.8% shift from the
Gp-scheme to the a-scheme.

Given the experimental uncertainty on the cross-section a difference below 2% is reasonable and,
most likely, do not require the implementation of missing effects which are beyond the reach of the
experiments. Nevertheless, work is in progress for ZZTO towards a complete DPA calculation for NC02.
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8 CONCLUSIONS AND OUTLOOK

An extensive collection of theoretical predictions for observables in e+e~ interactions at LEP2 energies
had been presented in the 1996 CERN Report of the Workshop on Physics at LEP2. However, an update
with improved theoretical prescriptions is needed in order to match the precision achieved by now in the
experimental analyses.

The aim of the four-fermion contribution to this workshop effort is twofold. We have summarized
the most recent theoretical developments concerning e+e~ annihilation into four-fermions at LEP2 en-
ergies. Furthermore, applications to the four most important classes of processes have been discussed in
detail. In decreasing order of importance they are the WW-signal, the inclusion of an extra photon in
the final state, the single- W production and the ZZ-signal.

To gauge the priorities of this Report one should remember that the experimental situation is rather
different for WW when compared to the other processes. For W-pairs, LEP (ADLO) is able to test the
theory to below 1%, i.e. , below the old uncertainty of ±2% established in 1995. Thus the CC03-DPA,
including non-leading electroweak corrections, constitutes a very important theoretical development.
However, ADLO cannot test single-W or ZZ-signal to an equivalent level, since their total cross-section
is of the order of 1 pb or less, 20 times smaller than that of W-pair production 20.

The authors of the four-fermion report agree on the following conclusions from this study:

• There is a nice global agreement between the new DPA predictions for CC03, which are 2% -r 3%
lower than the old approach21.

• The Monte Carlo programs RacoonWW and YFSWW3 agree within 0.3% at V^ = 200 GeV. The
present estimated theoretical uncertainty of these programs is 0.4%, 0.5%, and 0.7% for y/s —
200 GeV, 180 GeV, and 170 GeV, respectively.

• There is a general satisfaction with the progress induced by new DPA calculations. Nevertheless,
the theoretical uncertainty could probably be improved somewhat in the future.

• More work will be needed to reduce the uncertainty for 4f + 7 and of parton shower with pt.

• In single-W production most of the theorists were interested in gauge-invariance issues due to
unstable particle. The experimentalists were asking for ISR and pt effects, comparisons including
parton shower, structure functions and exponentiation. Unfortunately, only few groups have been
working on these issues. Their work represents an important result of this Report.

• In single-VF production we have a (global) 2% -r- 3% theoretical uncertainty associated with the
scale of the t-channel photon, with a projected 1% uncertainty when the implementation of the
Fermion-Loop scheme [39] will receive more cross-checks.

• For simple processes like e+e~ annihilation and two-photon collision, the evolution of the energy
scale in the structure function or in the parton-shower algorithms can be determined by the exact
perturbative calculations. However, this is not available for more complicated processes. When
no exact first order calculations are available then one resorts to the scale occurring in the first
order soft corrections. Therefore, at the moment, we may apply a very conservative (global) upper
bound of 4% theoretical uncertainty for ISR in single-W production. Here we repeat one of the
conclusions of Section 6, we understand the implementation of QED radiation in the MC better
than before, Structure Functions at the scale s are obviously wrong, but we are presently unable
to precisely quantify the improvement upon the quoted - global - upper bound. Single programs

20For ZZ with 1997+1998+1999 data, the present analyses and global LEP combination method give an average measure-
ment with 7% accuracy. At the end of LEP, we may reach better than 5%.

21 see Section 4 for a proper definition of the old approach.
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may claim to have more stringent internal estimates. In conclusion, the current upper bound on the
global estimate of the theoretical uncertainty is 5% for single-W. A detailed explanation of this
bound is given in Section 6.4.

• Compared to the experimental uncertainty on the NC02 ZZ cross-section a difference of about
1% between theoretical predictions is acceptable. The global estimate of theoretical uncertainty is
2%, again acceptable. However, it would be nice to improve upon the existing calculations.

These points are discussed in more detail in the following.

The new DPA predictions for CC03 are 2% -r 3% lower than in the old approach. The new Monte
Carlo programs RacoonWW and YFSWW3 agree within 0.3% at yfs •= 200 GeV, i.e. at a level that is
consistent with the accuracy of the DPA. The theoretical uncertainty of these programs for the CC03
W-pair cross section, which we estimate to be below 0.4 -f- 0.5% for y/s = 180-210 GeV, should
be compared with the current experimental precision of ±0.9% with all ADLO data at 183-202 GeV
combined. It should be mentioned as well that RacoonWW and the semi-analytical BBC calculations agree
very well where they should, i.e. above 185 GeV.

Turning to distributions, the deviations seem to become somewhat larger for large W~ production
angles, although compatible with the statistical accuracy. The invariant mass distributions agree within
roughly 1% with a distortion of the distributions that is mainly due to radiation off the final state and
the W bosons. We expect that the present uncertainty of the CC03 W-pair cross-section can be reduced
somewhat when the sources of the differences between RacoonWW and YFSWW and the leading higher-
order corrections will be better analyzed. To go below the level of a few per-mille of accuracy would
require the complete calculation of one-loop radiative corrections in four-fermion production for all 4f
final states, a program that does not seem feasible in a foreseeable future.

The presence of real photons can also change the quantitative agreement of DPA calculations.
For integrated quantities the differences between alternative approaches are expected to be of the order
of the accuracy of the DPA while for more exclusive observables larger differences can be expected.
A comparison between RacoonWW and YFSWW3 for various distributions in the semi-leptonic channel
e+e~ —> vAyrVfj, and with a specified set of separation and recombination cuts reflects, however, for
observables inclusive in the photon the same global difference as the total cross-section.

The technical precision for e+e~ —> 4f + 7 has reached high standards as shown by the compar-
isons among PHEGAS/HELAC, RacoonWW and WRAP, but at the moment we are unable to present any over-
all statement on the theoretical uncertainty process by process. This is true in particular for the single-W
configuration. Furthermore, no detailed comparison has been performed including parton shower and
hadronization.

In general more work will be needed to establish the uncertainty for 4f + 7. This should be done
process by process, with the target of achieving the required accuracy. At the moment we can fix an
upper bound of 2.5% based on missing non-logarithmic corrections.

In single-W production most of our activity was centered around gauge-invariance issues due
to unstable particle. Although, no coordinate effort has been performed, at the moment, to study the
theoretical uncertainty induced by ISR pt effects, comparison with parton shower, structure functions
and exponentiation the interested reader can find in the Report details on QED corrections as they stand
now. Few programs, noticeably GRACE and SWAP, have produced a preliminary internal estimate of the
uncertainty associated with the treatment of QED radiation; the net effect of QED is between 8% and
10% in the LEP2 energy range, with s-channel structure functions over-estimating the effect by ~ 4%.
Furthermore, structure functions with a modified scale seems to agree with parton shower at the level of
1% when experimental cuts are included or even better for a fully extrapolated setup.
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As far as the scale of the electromagnetic coupling is concerned we find that the results with a
rescaling of GIQED for the ^-channel photon that has been implemented in NEXTCALIBUR, SWAP and
WPHACT show an agreement with WTO predictions that is roughly around 2%.

For single-W, therefore, we register a conservative, overall, upper bound of ±5% for the theoret-
ical uncertainty. Single programs may claim better internal estimates but this does not transform, yet,
into a global one22.

Implementation of the EFL-scheme in single-W (in addition to WTO) will give a more solid basis
to the estimate of 1-2% for the uncertainty associated with the scale of the e.m. coupling.

The next, obvious, step is represented by the evaluation of missing O(a) electroweak effects,
e.g. in Weizsacker-Williams approximation (for the sub-process ej —> Wfe), the analogous of DPA for
CC03.

A better understanding of QED ISR and of all radiative corrections in single-W production is
certainly needed in order to reduce the corresponding uncertainty, hopefully around 1%. This, however,
requires to go beyond the present approximations, not an easy task and with a considerably large exper-
imental error. Since DPA cannot be applied to single-W production one has to follow some alternative
path, like including radiative corrections in (improved) Weizsacker-Williams approximation, or WWA.
It is expected that already the normal WWA (i.e. logarithmic terms only), with a typical Born-accuracy
of 5%, will yield results accurate at the level of 5% x a/ir. For the moment this is not strictly needed
but one should consider that single-W will be one of the major processes at LC.

For the NC02 cross-section we have a 1% variation, obtained by changing the Input Parameter
Set in GENTLE and in ZZTO and by varying from the standard GENTLE approach for ISR to the complete
lowest order corrections. We estimate the real uncertainty to be 2%. However, given the experimental
uncertainty a theoretical uncertainty in this order is acceptable and does not seem to require the imple-
mentation of missing effects. Furthermore, ZZTO which is not yet a DPA calculation agrees rather well
with YFSZZ, roughly below the typical DPA accuracy of 0.5%, and the latter features the realization of
the LPA for the NC02 process. The implementation of a DPA calculation, in more than one code, in
the NC02 Z-pair cross-section will bring the corresponding accuracy at the level of 0.5%, similar to the
CC03 case.
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1 INTRODUCTION

1.1 Objectives of the working group

Fully hadronic multi-jet topologies play an important role at LEP2, in the contexts both of physics mea-
surements and of searches for new phenomena. For example four and more hadronic jet topologies
dominate the statistics both in the measurements of W boson pairs and in the searches for Higgs bosons,
because of the large hadronic decay branching ratios of all heavy bosons involved. Improving our un-
derstanding of the physics of QCD processes and of the modelling provided by our main generators is
relevant at LEP2 for two main reasons:

• In contrast to the other two main decay topologies occurring in boson pair production and studied at
LEP2 (the semi- or fully leptonic ones), four-quark production processes leading to fully hadronic
topologies must be analysed in the presence of large backgrounds from two-quark production,
which can lead to similar multi-jet topologies via hard QCD processes.

• The reconstruction of basic event observables such as for instance boson masses is intrinsically
more difficult in fully hadronic channels because of soft QCD processes, which broaden the jets,
create ambiguities in assigning the jets, and can also result in cross-talk between the produced
bosons (if they are short-lived) which may be large enough to be noticeable in precision measure-
ments such as that of the W mass.

This working group on QCD generators has focussed its activity on the first of the two items above,
dealing mainly with hard QCD processes. The second item (physics and modeling of soft QCD), has
been and still is pursued in the framework of the WWMM-2000 (previously called Crete) workshop [1].

The work described here was originally motivated by the desire to assess the performance of the
various QCD generators used to model QCD backgrounds at LEP2, as well as the expected corresponding
theoretical uncertainties. The point of view taken was that final publications at LEP2 should be based on
the best possible Monte Carlo programs, and that we should be able to specify corrections when needed,
and to quote uncertainties, in a reliable way, particularly when fully satisfactory treatments are not yet
available.

In addition to serving the LEP2 community, the improvements of the programs and of the basic
understanding also benefits a number of other genuine QCD studies.

In the following section the programs available and investigated by the working group are de-
scribed by their authors. In the case of standard programs commonly used in the community, only those
aspects relevant to the topics studied, and the related improvements stimulated by the working group, are
covered. Also several new approaches and options are described.

Then follow five sections where the investigations of the main physics features considered are
reported:

• Inclusive (all flavour) jet rates are not extremely well modelled and can result in significant dis-
crepancies, even at LEP2, when four-jet events are selected. The different Monte Carlo approaches
available, and the tuning strategies adopted by the different collaborations, are compared, and a
procedure to extrapolate the uncertainty to LEP2 energies, based on the quality of the description
achieved at LEP1, is outlined.

• Mass effects in 3- and 4-jet rates were not previously considered in detail by the modellers, but
are relevant to analyses in which 6-tagging is used as a tool, such as the Higgs searches at LEP2.
In addition several features of the modelling result in uncertainties in basic QCD measurements at
LEP1, such as that of the 6-quark mass. A consistent method to quantify the theoretical uncertainty

139



is presented, and the performance of the different Monte Carlo programs available, including re-
cent improvements, described. Additional uncertainties from gluon splitting processes into bb (see
below as well) in the case of the 4-jet rate are also considered.

• Genuine four-jet observables, particularly angular distributions, are not well described by Monte
Carlo programs based on parton shower approaches matched to matrix elements at the level of
three partons. This can result in biases when methods based on topological information are used
to select (or anti-select) the events. An additional basic motivation for improving the description
in this respect lies in the use of four-jet events to measure the strong interaction coupling constant
as- The emphasis of the work was to estimate uncertainties, and to evaluate new Monte Carlo
programs in which matching of the parton shower approach with matrix elements is attempted
beyond three partons.

• The b-quark fragmentation function is relevant to a number of topics involving b quarks, at both
LEP1 and LEP2 energies, as it affects for instance the lifetime of B-hadrons and selection efficien-
cies of fe-tagging algorithms. Although this topic was not a central one in this working group, it
was felt important to report as much as possible the present status and recent results on this topic.

• Processes involving gluon splitting into bb are poorly known, both theoretically and experimen-
tally, and become more important at LEP2 energies. Several new options exist in the different
Monte Carlo programs, which enable one to alter the rate and kinematics of the production. These
are considered in the light both of analytical results and of measurements at LEP1.

The evaluations were based on comparisons of the different Monte Carlo programs, with analyti-
cal results when available, and with data at LEP1. An effort was made to define dedicated observables
enabling meaningful comparisons, and to estimate the theoretical uncertainties quantitatively. In several
cases the calculations, the Monte Carlo simulations and the evaluations of systematic uncertainties were
extrapolated to LEP2 energies as well. In some cases discrepancies were found between the theoretical
expectations, the data, and Monte Carlo results. An attempt to quantify such discrepancies was then
made, and the results served to stimulate improvements by the model builders. Several such improve-
ments were actually achieved in the course of the workshop, and evaluations of the resulting new Monte
Carlo versions was carried out as well.

In the final section, overall conclusions are presented. Although in some instances real progress
was achieved thanks to this working group, clearly in many cases still more work and checks are needed.
Such additional investigations and developments are mentioned, based on the present knowledge. Gen-
eral recommendations on the use of the present programs are formulated in each of the relevant contexts.

1.2 Jet clustering algorithms

The jet clustering algorithms used in this report are those in most common use in e+e~ experiments: the
JADE [2], DURHAM [3-5] and CAMBRIDGE [6] algorithms. They are used to define the jets at parton
level in the theoretical calculations, and for grouping the selected charged and neutral particles into jets
at the experimental level.

The JADE algorithm was the earliest of these and established the method of successive binary
clustering that has been adopted in later algorithms. For all pairs of final-state particles (i, j)> a t e s t

variable y^ is defined as indicated in Table 1. The minimum of all yij is compared with the so-called
jet resolution parameter, yc (often called ycut)- If it is smaller, the two particles are recombined into a
new pseudo-particle with four-momentum Pk — Pi + Pj-1 The algorithm can be applied again to the
new group of pseudo-particles until all pairs satisfy y^ > yc. The number of jets in the event is then the
number of pseudo-particles one has at the end. In perturbative theoretical calculations, this procedure

'Other possible recombination schemes are discussed in Ref. [2].
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leads to infrared-finite quantities because one excludes the regions of phase-space that cause trouble. For
the same reason, sensitivity to non-perturbative physics is limited and hadronization corrections can be
estimated from Monte Carlo models.

Table 1: Definition of the jet resolution variable yij, ordering variable and recombination procedure of the JADE,
DURHAM and CAMBRIDGE jet finders. Evis is the total visible energy of the event, pi = (E^pi) denotes a
4-vector and % is the angle between pi and Pj.

Algorithm Resolution Ordering Recombination
JADE [2] ytj = —5-^r- ^ vtj = y^ Pk=Pi + Pj

DURHAM [3-5] Vij = 'Ei^ ^ Vij = ytj Pk=Pi+ Pj

CAMBRIDGE [6] y . . = a-min^.gHi-co,^) % = 2 - ( l - c o s % ) Pk=Pi+Pj

The JADE algorithm was nevertheless found to have some unpleasant theoretical and experimental
features, which arise from the fact that its resolution criterion is approximately one of invariant mass,
Ml ~ 2EiEj(l — cos Qij) > ycE%is- This means that particles at widely different angles can be
combined into the same jet, leading to theoretical predictions with large higher-order corrections that
cannot be resummed, and to the possibility of "ghost jets" (jets in directions where no particles are
observed) at the experimental level.

The problems of the JADE algorithm are largely alleviated by replacing the test variable by one
that measures the relative transverse momentum of pairs of particles rather than their invariant mass.
This led to the formulation of the DURHAM algorithm, the most widely used for LEP physics, in which
min(Ef, Ej) simply replaces E{Ej in the JADE formula (see Table 1). The resolution criterion then
becomes &f- > ycE%is at small angles, where hn is the transverse momentum of a particle/jet relative
to the direction of any other in the event.

The CAMBRIDGE algorithm has been introduced to cure some remaining defects of the DURHAM
algorithm at low values of the jet resolution yc, with a better understanding of the processes involving
soft gluon radiation, allowing one to explore regions of smaller yc, where furthermore the experimental
error of three-jet ratios is expected to be smaller. It uses the same recombination procedure and test
variable as DURHAM but with the new ingredients of angular ordering and soft freezing.

The selection of the first pair of particles to be compared with the resolution parameter is now
made according to the ordering variable v^ = 2(1 - cos % ) (see Table 1). Then, for the pair of particles
with the smallest %•, one computes yij and if y^ < yc the two particles are recombined. If not, the
soft freezing mechanism comes into the game by considering the softer particle as a resolved jet and by
bringing back the other one into the binary procedure. The net effect of the new definition is that NLO
corrections to the three-jet fraction become smaller [7].

In the DURHAM algorithm one can always define a transition value of yc, yn*~n+l, Jn which an
{n + l)-jet configuration event becomes one with n (or fewer) jets. Furthermore, the number of jets
is monotonically decreasing for increasing yc. However, in CAMBRIDGE, this property is lost due to
the fact that the sequence of clustering depends on the external yc and in some circumstances certain jet
topologies are not present for a specific event. In the case of three jets this affects ~ 1 % of the events in
the range yc > 0.01.

For a more thorough discussion of these and other e+e~ jet algorithms in current use, see [8].
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1.2.1 Jet rates

Having chosen a jet algorithm one may define the n-jet rate, Rn, by the fraction of hadronic final states
that are clustered into precisely n jets at jet resolution yc:

(1)

where an and ahad are the n-jet and the total hadronic cross sections, respectively. Here we assume that
all processes other than the direct QCD one, e+e~ —> Z0/^* —> qq —» hadrons, have been eliminated
by suitable cuts. For some purposes it will be useful to define jet rates for a particular primary quark
flavour:

Rl(yc) = "iW*^ ( 2)
^qq—>had

where q = £, c or b, with £ representing a light (u, d, s) quark.

2 MONTE CARLO GENERATORS

This Section gives brief descriptions of the main QCD event generators for two-fermion processes at
LEP2, with emphasis on the features relevant to multi-jet and 6-jet fragmentation.

2.1 PYTHIA

PYTHIA is a general-purpose generator [9]. The current version, PYTHIA 6.1, combines and extends the
previous generation of programs, PYTHIA 5.7, JETSET 7.4 and SPYTHIA [10]. Here we concentrate
on those aspects of the program that have been modified as a consequence of the current workshop, or
are of specific interest to this working group. Program code, manuals and sample main programs are
obtainable from h t t p : //www. thep . lu . s e / ~ t o r b j orn /Pythia . html

2.7.7 Gluon radiation off heavy quarks

The PYTHIA final-state shower [11] consists of an evolution in the squared mass m2 of a parton. That
is, emissions are ordered in decreasing mass of the radiating parton, and the Sudakov form factor is
defined as the no-emission rate in the relevant mass range. Such a choice is not as sophisticated as the
angular one in HERWIG or the transverse momentum one in ARIADNE, but usually the three tend to
give similar results. (An exception, where small but significant differences were found, is the emission
of photons in the shower [12].) One of the advantages is that a mapping between the parton-shower and
matrix-element variables is rather straightforward to O(as) for massless quarks, and that already the
basic shower populates the full phase space region very closely the same way as the matrix element. It
is therefore possible to introduce a simple correction to the shower to bring the two into agreement.

The other main variable in the shower is z, as used in the splitting kernels. It is defined as the
energy fraction in the CM frame of the event. That is, in a branching a —> b + c, Eb = zEa and
Ec = (1 — z)Ea. In the original choice of z, which is done at the same time as ma is selected, the b and
c masses are not yet known. A cut-off scale QQ « 1 GeV is used to constrain the allowed phase space,
by assigning fictitious b and c masses ~ QQ/2 so that a can only branch if ma > QQ, but kinematics is
constructed as if b and c were massless. At a later stage, when m^ and mc are being selected, possibly
well above QQ, the previously found z may be incompatible with these. The solution is to take into
account mass effects by reducing the magnitude of the three-momenta p6 = — p c in the rest frame of a.
Expressed in four-momenta in an arbitrary frame, this is equivalent to

Pb = (1 - kb)p
(
b

0) + kcPf ,

Pc = (l-kJpW + hp^, (3)
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where p[ ' and pi ' are the original massless momenta and pb and pc the modified massive ones. The
parameters kb and kc are found from the constraints pi = ml and p2 = m2.

Angular ordering is not automatic, but is implemented by vetoing emissions that don't correspond
to decreasing opening angles. The opening angle of a branching a —* b + c is calculated approximately
as

|5 ^ ^ r ^ ( ^ 4 ) i = ^ . (4)
— Z) &a

The procedure thus is the following. In the j*/Z° decay, the two original partons 1 and 2 are
produced, back-to-back in the rest frame of the pair. In a first step, they are evolved downwards from
a maximal mass equal to the CM energy, with the restriction that the two masses together should be
below this CM energy. When the two branchings are found, they define mi and m2 and the z values
of 1 —> 3 + 4 and 2 —> 5 + 6. These latter branchings obviously have smaller opening angles than the
180° one between 1 and 2, so no angular-ordering constraints appear here. The matching procedure to
the matrix element is used to correct the branchings, however, as will be described below. In subsequent
steps, a pair of partons like 3 and 4 are evolved in parallel, from maximum masses given by the smaller
of the mother (1) mass and the respective daughter (3 or 4) energy. Here angular ordering restricts the
region of allowed z values in their branchings, but there are no matrix-element corrections. Once 7713 and
U14 are fixed, the kinematics of the 1 —» 3 + 4 branching needs to be modified according to Eq. (3).

Let us now compare the parton-shower (PS) population of three-jet phase space with the matrix-
element (ME) one. With the conventional numbering q(l)q(2)g(3), and Xj = 2EJ/ECM-> the matrix
element is of the form

1 do-ME «s4 M(xix2,rq)
aQ darida^ ~~ 2w 3 (1 - xi)( l - x2) '

For massless quarks
M(x1,x2,0) =x\ + xl, (6)

while for massive ones

M (xu **, rq = -£«-) =x\ + x\ - Arqx3 - 8rg
2 - (2rq + 4rg

2) (\^ + i ^ £ l ) . (7)
^ \ i — Xi I — X2J

There are two shower histories that could give a three-jet event. One is j*/Z°(0) —• q(i)q(2) —>
), i.e. with an intermediate (i) quark branching q(i) —» ̂ (1)^(3). For massless quarks this

gives

Q2 = m? = (po - pi? = (1 - x2)E
2

CM , (8)

z = P0P1 = Ei xx xi
=

x\ + xz 2 - x2 '

Q2 1 - x2 2 -

The parton-shower probability for such a branching is

as 4 1 + z2 dQ2 _ ag 4 1 - x\
Z3 \-z Z 1 +

2-x2
(11)

There also is a second history, where the roles of q and q are interchanged, i.e. x\ <-> x2. (On the
Feynman diagram level, this is the same set as for the matrix element, except that the shower does not
include any interference between the two diagrams.) Adding the two, one arrives at a form

1 daps _ as 4 S(xi,x2,rq)
2TT 3 (1 - xi)( l - x2) ' U '
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with
1 - - . , ~, . ( 1 3 )

In spite of the apparent complexity of S(xi,X2,0) relative to M(xi,X2,0), it turns out that
S(xi,X2,0) « M(xi,X2,0) everywhere but also that £(2:1,0:2,0) > M(xi,X2,0). It is therefore
straightforward and efficient to use the ratio

r-r-i A/7 i T i -T*rt M l

(14)
~ S(xux2,Q)

as an acceptance factor inside the shower evolution, in order to correct the first emission of the quark and
antiquark to give a sum in agreement with the matrix element.

Clearly, the shower will contain further branchings that modify the simple result, e.g. by the
emission both from the q and the q, but these effects are formally of O(pc§) and thus beyond the accuracy
we strive to match. One should also note that the shower modifies the distribution in three-jet phase
space by the appearance of Sudakov form factors, and by using a running as (pjj rather than a fixed one.
In both these respects, however, the shower should be an improvement over the fixed-order result.

The prescription of correcting the first branchings by a factor M{x\,x2,0)/S(xi,X2,0) was the
original one, used up until JETSET 7.3. In 7.4 an intermediate "improvement" was introduced, in that
masses were used in the matrix-element numerator, i.e. an acceptance factor M(x\, x2, rq)/S(xi,x2,0).
(The older behaviour remained as an option.) The experimental problems found with this procedure has
prompted new studies as part of this workshop. Starting with PYTHIA 6.130, therefore also masses have
been introduced in the shower expression, i.e. an acceptance factor M(xi,x2,rq)/S(xi,X2, rq) is now
used.

In the derivation S(xi,x2, rq), one can start from the ansatz

x2 = i -

The quark mass enters both in the energy splitting between the intermediate quark i and the antiquark 2,
and in the correction procedure of Eq. (3) for the sharing of energy in the branching q{i) —> q(l)g(3).
The constraints p\ — m2 and p\ = 0 give &i = 0 and k$ = m2/m2. One then obtains

Q2 _ m2 = (i-X2 + .

z = - ± - ( X l - r q
2 - - _ - ) . (16)

By a fortuitous cancellation of mass terms, dQ2/Q2 dz is the same as inEq. (10), but the (l + z2)/(l—z)
factor is no longer simple. Therefore one obtains

S(xi,X2,rq) =
X\

X3 1 — X2 + rq

— Tn <-» x2} , (17)

where the second term comes from the graph where the antiquark radiates.

The mass effects go in the "right" direction, S{x\,x2,rq) < S(xi,X2,0), but actually so much
so that S(xi,x2, rq) < M(x1,x2, rq) in major regions of phase space. This is illustrated in Fig. 1. The
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dashed curve here shows how well the PS and ME expressions agree in the massless case. The dash-
dotted one is the well-known "dead cone effect" in the matrix element [13], and the full the corresponding
suppression in the shower. Very crudely, one could say that the massive shower exaggerates the angle of
the dead cone by about a factor of two (in this rather typical example).

1 -

0.75 -

0.25

60 80
0 (degrees)

Fig. 1: The gluon emission rate as a function of emission angle, for a 10 GeV gluon energy at ECM = 91 GeV,
and with nib = 4.8 GeV. All curves are normalized to the massless matrix-element expression. Dashed (up-
per): massless parton shower, i.e. S(xi, rr2,0)/M(xi, X2,0). Dash-dotted (middle): massive matrix element, i.e.
M(xi,X2,rq)/M(xi,X2,0). Full (lower): massive parton shower, i.e. S(xi,X2,rq)/M(xi,X2,0).

Thus the amount of gluon emission off massive quarks is underestimated already in the original
prescription, where masses entered in the kinematics but not in the ME/PS correction factor. If instead
the ratio M(xi,X2,rq)/S(xi,X2,0) is applied, the net result is a distribution even more off from the
correct one, by a factor S(xi, X2, rq)/S(xi,X2,0). Thus it would have been better not to introduce the
mass correction in JETSET 7.4.

Armed with our new knowledge, we can now instead use the correct factor, namely the ratio
M(xi,X2,rg)/S(xi,X2, rq). A technical problem is that this ratio can exceed unity, in the example of
Fig. 1 by up to almost a factor of two. This could be solved e.g. by enhancing the raw rate of emissions
by this factor. However, another trick was applied, based on the fact that the accessible z range is smaller
for a massive quark than a massless one. Therefore, without any loss of phase space, z can be rescaled
to a z' according to

(1 - z1) = (1 - z)k , with k = < 1 (18)

The ME/PS correction factor then has to be compensated by k, and thereby comes below unity almost
everywhere — the remaining weighting errors are too small to be relevant.

In Section 4.4 of this report it is shown that the corrected procedure now does a good job of
describing mass effects in the amount of three-jet events. Problems still remain in the four-jet sector,
however, where the emission off heavy quarks is reduced more in PYTHIA than in the data. These four-
jets come in several categories in the Monte Carlo simulation. If one resolved gluon is emitted from the
quark and another from the antiquark, or if a gluon branches into two resolved partons, the mass effects
should now be included. If the quark emits both resolved gluons, however, the second emission involves
no correction procedure. Instead the dead cone effect is exaggerated, similarly to what was shown in
Fig. 1. That might then explain the discrepancies noted above.
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The intention is to find an alternative algorithm that better can take into account mass effects
at all steps of the shower. For instance, if the evolution is performed in terms of the variable Q2 —
m? — rr? rather than Q2 = m2, then the dead-cone effect is underestimated rather than overestimated.
A suppression factor could therefore be implemented to correct down to the desired level. The technical
details have yet to be worked out.

2.1.2 The total four-jet rate

The above modifications partly address the four-jet rate off heavy quarks relative to light quarks, but not
the shortfall in the overall four-jet rate in PYTHIA relative to the data. Currently the matrix-element
correction procedure is used in the first branching of both sides of the event, i.e. both the quark and
the antiquark ones. Thus not only the three-jet but also the four-jet rate is affected. If the correction
procedure is only used on the side with the harder emission, here defined as the one occuring at the
largest mass, one might hope to increase the four-jet rate relative to the three-jet one. This possibility
was studied, for simplicity only for massless quarks. The result was disappointing, however. To the
extent that the four-jet rate is at all changed, it is below the 1% level. In retrospect, this is maybe not so
surprising, considering how close the matrix-element correction factor is to unity, cf. Fig. 1. A solution
to the four-jet rate problem therefore remains to be found.

2.1.3 Gluon splitting to heavy quarks

A few new options have been included in PYTHIA, that allow studies of the gluon splitting rate under
varying assumptions. These developments are described in Section 7.3.

2.1.4 Fragmentation of low-mass strings

The Lund string fragmentation algorithm [14] has remained essentially unchanged over the years, and
generally does a good job of describing data. Some improvements have recently been made (in PYTHIA
6.135 onwards) in the description of low-mass strings [15], however.

Whereas gluon emission only adds kinks on the string stretched between a quark end and an
antiquark one, a gluon splitting g —» qq splits an existing string into two. In this process, one of the new
strings can obtain a small invariant mass, so that it can only produce one or two primary hadrons. Such a
low-mass system is called a cluster, and is handled separately from ordinary strings. If only one hadron
is produced, "cluster collapse", its flavour is completely specified by the string endpoints.

In fixed-target irp collisions, strings are often stretched between a produced central charm quark
and a beam remnant antiquark or diquark. Thus the cluster collapse mechanism favours the production of
charm hadrons that share a valence flavour content with the incoming beam particles. This was predicted
in PYTHIA, but the measurements have shown that production asymmetries are smaller in data than in
the model. The new data have therefore been used to tune some aspects of the cluster treatment, and some
other improvements were included at the same time. The ones relevant for e+e~ physics are summarized
below.

The quark masses assigned to "on-shell" quarks, e.g. in the event listing, have been changed to
fnu = md = 0.33 GeV, ms = 0.5 GeV, mc = 1.5 GeV and mj, = 4.8 GeV. In previous program
versions, lower "current-algebra" masses were used to comply with requirements e.g. for Higgs physics,
but these latter needs are now covered by the new running-mass function PYMRUN. The change in masses
has consequences in several places, e.g. for the rate of g —> qq branchings. In this Section, the main point
is the change in the string mass spectrum, and thereby in the fate of strings. For a string qiq~2, the cluster
treatment is applied whenever rn(qiq2) < rn(qi) + m{q~2) -f 1 GeV, while the normal string routine is
used above that.

A cluster can produce either one or two primary hadrons. The choice is made dynamically, as
follows. The cluster is assumed to break into two hadrons hi = qiqs and hi = q-$q~2 by the production
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of a new (73(73 pair. The composition of the new flavour and the spin multiplet assignment of the hadrons
is determined by standard string fragmentation parameters. If m(h\) + mQii) < m(qiq~2), an allowed
two-body decay of the cluster has been found. Even in case of failure, a subsequent new try might
succeed, with another (73 or another spin assignment. Therefore a very large number of tries would make
each cluster decay to two hadrons if at all possible, while only one try gives a more gradual transition
between one and two hadrons as the various two-body thresholds are passed. As a compromize between
the extremes, up to two tries are made. If neither succeeds, the cluster collapses to one hadron

In a cluster collapse, it is not possible to conserve energy and momentum within the cluster. Instead
other parts of the events have to receive or donate energy to put the hadron on mass shell. The algorithm
handling this has now been made more physically appealing, by performing the shuffling to/from the
parts of the event that are most closely moving in the same general direction as the collapsing cluster. The
technical details [15] are not described here, but one may note that differences are small relative to the
previous simpler algorithm (still available as an option and as a last resort, should the more sophisticated
one fail to find a sensible solution).

The treatment of a two-body cluster decay has been improved to provide a smoother match to
the string description in the overlapping mass region. At a first step, the cluster decay is isotropic. The
decay is accepted with a weight exp(—p\/2a2), where the p± is defined relative to the (71(72 axis in the
cluster rest frame. This agrees with the standard Gaussian string fragmentation p± spectrum well above
threshold, but reverts to isotropic decay near the threshold. Even with p± fixed, two "mirror" solutions
exist for the longitudinal momenta of the hadrons. The relative probabilities are well-defined in the string
model, and are here used to make the choice. Near threshold both are equally likely, while further above
threshold the (71(73 hadron is preferentially moving in the q\ direction and vice versa.

2.1.5 A shower interface to four-jet events (massless ME)

A few years ago, an algorithm was developed to allow the PYTHIA shower to start from a given four-jet
configuration, qqgg or qqq'q' [16]. This was intended to allow comparisons e.g. of four-jet topologies
between matrix-element calculations and data, with a realistic account of showering and hadronization
effects not covered by the matrix-element calculations. The standard PYTHIA shower does not do this
well, since it does not include any matching procedure to four-jet matrix elements and therefore does not
do e.g. the azimuthal angles in branchings fully correctly.

A problem is that the standard shower routine is really set up only to handle systems of two
showering partons, not three or more. (Actually an option does exist for three, but it is primitive and
hardly used by anybody.) The trick [16] therefore is to try to guess the "prehistory" of shower branchings
that gave the specified four-parton configuration, and thereafter to run a normal shower starting from two
partons. Here two of the subsequent branchings already have their kinematics defined, while the rest
are chosen freely as in a normal shower. Benefits of having a prehistory include (i) the availability
of the standard machinery to take into account recoils when masses are assigned to partons massless
in the matrix elements, (ii) a knowledge of angular-ordering constraints on subsequent emissions and
azimuthal anisotropies in them, and (Hi) information on the colour flow as required for the subsequent
string description.

The choice among possible shower histories is based on a weight obtained from the mass poles
and splitting kernels. As an example, consider a q(l)q(2)g(3)g(A) configuration, which could come e.g.
from an initial q(i)q{2) configuration followed by branchings q(i) —» q(l)g(j) and g(j) —» g(3)g(4).
The relative weight is then

f3 1 mj .£7—34

Of course, one could imagine including further information, e.g. on azimuthal angles or on a scale-
dependent as.
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The original routines were not set up to handle massive quarks, e.g. to correct the z definition for
the rescaling of Eq. (3). This has now been included, and also the interface has been simplified. The
re-implementation originally contained a bug, that was fixed in PYTHIA 6.137.

Users can now CALL PY4JET(PMAX,IRAD,IC0M) to shower and fragment a four-parton config-
uration. If I COM is 0 or 1 the configuration is picked up either from the HEPEVT or the PYJETS com-
monblock. The partons have to be stored in the order qqgg or qqq'q', where q'q' is assumed to be the
secondary quark pair. (Interference terms make the primary/secondary pair distinction nontrivial in a
matrix element, but pragmatic recipes should work well.) Initial-state photons can be interspersed any-
where in the given initial state, and final-state photon radiation in the shower is off or on for IRAD 0 or
1. PMAX sets the maximum mass scale allowed in the shower. In an exclusive description, i.e. where one
wants four-jet only and not five or more jets, the logical choice would be to put PMAX equal to the mass
cutoff applied to the matrix elements. An inclusive picture, where all emissions are allowed below the
lowest mass scale of the reconstructed shower, is obtained for PMAX= 0 (or, more precisely, PMAX<

2.1.6 Interfacing 4 parton LO massive ME: FOURJPHACT.

As already explained in the preceding Sections, complete matrix elements calculations are expected to
give a good description of multijet events when large separations among jets are involved and in particular
when angular variables are considered. On the other hand, pure ME differential cross sections lack PS
and hadronization and cannot reproduce collinear and soft radiation. It is therefore important to have the
possibility to start with pure ME calculations and complement them with these additional features. The
results obtained in this way (ME + PS + hadronization) can be compared with pure parton level ones as
well as with those from dedicated QCD MC's.

If one takes for example topologies with four or more jets, one expects that a reasonable description
for not too small values of the jet resolution ycut may be obtained starting with four jet ME at a much
lower ycut and adding to it PS and hadronization. One must however be aware of the fact that when
starting with four parton ME, all events described by two or three parton ME + PS + hadronization
are not taken into account. In this respect QCD MC's, like HERWIG or PYTHIA, surely give a more
complete description, as they start PS from two parton ME and match 3 parton production with the
respective ME results. The above mentioned approach of starting from 4 parton ME can however be
considered as a complementary approach for some studies and a way to check MC results when for
instance angular variables or mass effects are involved.

FOURJPHACT is a Fortran code which has been written to provide a tool for this kind of studies
and comparisons. It computes exact LO massive ME for all e+e~ —»• qqq'q' and e+e~ —> qqgg final
states and it interfaces them with the PYTHIA routine PY4JET described in the preceding Section. It can
therefore be used to compute total or differential four jet cross sections at parton level or to study fully
hadronic events initiated by 4 partons.

The program, together with instructions and examples, can be found in
h t t p : //www. t o . inf n. i t / ~ b a l l e s t r / q c d /

Here we limit ourselves to a brief description of the main features of the program.

FOURJPHACT computes all ee -» Aq ME's with the method of Ref. [17] while for ee -> 2q2g
it makes use of the routine of Ref [18]. Numerical integration over phase space is performed with
VEGAS [19]. Unweighted event generation and distributions at parton level are implemented as in
the four fermion program WPHACT [20]. Initial State Radiation is included, when requested, via the
structure function approach [21].

When using the program, one starts by computing some cross section. Unweighted events may be
generated during this step, or in a second run in order to obtain a predetermined number of events. These
may be passed to PYTHIA which provides PS and hadronization.
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In the cross section computation one may choose between fixed or running as(M). In the second
case, the scale M for Aq diagrams is chosen to be the invariant mass of the gluon propagator, while for
2q2g the invariant mass of the two gluons is used.

An inventory of cuts at parton level are already defined in FOURJPHACT: to implement them
one has only to specify the numerical values for minima and maxima of energies, transverse momenta,
angles among partons and invariant masses. JADE or DURHAM or CAMBRIDGE i/cut at parton level
can be requested in a similar way. Any other cut can be easily defined in an include file. It must be
noticed in this connection that massive LO ME for 2q2g cannot be computed without any cut or ycut. Aq
final states can in principle be computed without any cut, as quark masses are exactly accounted for. It is
however wiser to use also in this case realistic cuts, in order to avoid regions which are computationally
demanding and of dubious physical interpretation at this level of approximation

Parton level distributions can be easily defined in the include file. Corresponding values for each
bin will be given after cross section computation in output .dat file. This feature might be useful when
one wishes to compare partonic distributions with hadron level ones obtained after the call to PY4 JET.

FOURJPHACT can compute or generate events for one final state at a time (eg. uugg or bbcc), or
for all 20 final states with quarks (not top) and gluons at the same time. In this last case, the corresponding
probability of every channel is determined or read from a file, and the generated events will have the
correct fraction of all final states. This "one shot" option is often used when hadronization is required.

In the call to PY4 JET (PMAX, IRAD, ICOM) the parameters PMAX, IRAD, ICOM are set respectively
to O.dO, 0, 0 in a data statement. Their meaning is explained in the previous Section and they can of course
be changed if needed.

The partons have to be stored in the proper order before the call to PY4 JET: this is unambiguous
for qqgg while for Aq one has somehow to decide which of the two qq pair corresponds to the secondary
emission. Such a distinction between first and second pair is not well defined in the case of ME. As the
highest contribution comes, event by event, from the diagrams which have the lower qq invariant mass
as secondary emission, we choose this configuration for giving the proper order to quarks. This we do
also in the case of two identical flavours (e.g. uuuu).

Examples of results obtained with FOURJPHACT+PYTHIA and comparisons with other methods
can be found in this report in Sections 4.4.2, 5.3.3 and 5.3.4.

2.2 HERWIG

Like PYTHIA, HERWIG [22] is a general-purpose event generator which uses parton showering to
simulate higher-order QCD effects. The main differences are the variables used in the parton showers,
which are chosen to simplify the treatment of soft gluon coherence, and the hadronization model, which
is based on cluster rather than string fragmentation. The current version, described here, is HERWIG
6.1 [23]. The program and documentation are available at
ht tp: / /hepwww.rl .ac .uk/ theory/seymour/herwig/

2.2.1 Parton showers

The HERWIG parton shower evolution is done in terms of the parton energy fraction z and an angular
variable £. In the parton splitting i -> jk, Zj = Ej/Ei and£jk = 2(pj • pk)/(EjEk). Thus £jk ^ 0?k

for massless partons at small angles.

The values of z are chosen according to the relevant DGLAP splitting functions and the distribu-
tion of £'s is determined by the Sudakov form factors. See e.g. [24] for technical details. Coherence of
soft gluon emission is simulated by angular ordering: each £ value must be smaller than the one for the
previous branching of the parent parton.
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The initial conditions for each parton cascade are determined by the configuration and colour
structure of the primary hard process. The initial value of £ for the showering of parton j is £,-*. where k
is the parton that is colour-connected to j . For example, in e+e~ —> qqg the gluon has a colour that is
connected to the antiquark and an anticolour connected to the quark. Therefore the initial angle for the
quark jet is the angle between the quark and the gluon. For the gluon jet, the initial angle is either the
gluon-quark or gluon-antiquark angle, with equal probability.

In general, the hard process may involve several possible colour flows, which are unique and
distinct only in the limit of an infinite number of colours, Nc —> oo. For example in e+e~ —> qqg\g2

either gluon 1 or gluon 2 may be connected to the quark. In the limit iVc —> oo these colour flows
have distinct matrix elements-squared, \M\\2 and I-A^)2- In HERWIG colour flow 1 is chosen with
probability \M\\2/(\M\\2 + |.M2|2) and flow 2 with probability |-M2 |2/(|.Mi|2 + \M2\

2), after using
the full (Nc = 3) matrix element to generate the momentum configuration. In this approximation, each
final state has a unique colour flow which tells us how to limit the angles in each parton shower.

The parton showers are terminated as follows. For partons of mass m* there is a cutoff of the form
Qi = rrii + Qo, and showering from any parton stops when a value of £ below Q2/E2 is selected for the
next branching. The condition £ > Qf/Ef corresponds to the "dead cone" for heavy quarks [13]. Then
the parton is put on mass-shell, or given a small non-zero effective mass in the case of gluons. Working
backwards from these on-shell partons, one can now construct the virtual masses of all the internal lines
of the shower, and the overall jet mass, from the energies and opening angles of the branchings. Finally
one can assign the azimuthal angles of the branchings, including EPR-type correlations, and deduce all
the 4-momenta in the shower.

Next the parton showers are used to replace the (on mass-shell) partons that were generated in the
original hard process. This is done in such a way that the jet 3-momenta have the same directions as
the original partons in the cm. frame of the hard process, but they are boosted to conserve 4-momentum
taking into account their extra masses.

We see that combining any tree-level hard process matrix element with parton showers is quite
straightforward in HERWIG. Double-counting is avoided, or at least suppressed, by angular ordering,
which limits the showers to cones defined by the hard process and its colour structure. The price for this
simplicity is that one must know both the overall (Nc = 3) matrix element-squared and the separate ones
(|.Mi|2 etc) for all the possible colour flows in the limit Nc —» 00.

One must bear in mind that results from combined matrix elements and parton showers are only
likely to make sense if all the energy scales in the hard process being modelled by the matrix element are
bigger, or at least not much smaller, than those in the parton showers. Otherwise, the structure of the final
state will be determined mainly by the showers and the details of the matrix element become irrelevant.
This is ensured in HERWIG by a variable EMSCA, set by the hard process subroutine, which acts as an
upper limit on the relative transverse momentum of any branching in the associated parton showers. For
example, in the e+e~ —» 4-jets matrix element option, discussed below in Section 2.2.4, EMSCA is (the
square root of) the smallest of the invariant quantities s^ — 2pi • pj for the 4 partons generated in the
hard process.

While the above procedure of attaching parton showers to a hard process generated by a tree-level
matrix element may be straightforward, the problem of matching matrix elements and showers beyond
tree level is certainly not. So far, this has only been done up to order as in HERWIG (as in JETSET),
for a limited class of processes including e+e~ —> qq(g)- In HERWIG the problem separates into two
parts. First ("hard" matrix element corrections) there is a region of phase space that e+e~ —> qq + parton
showers does not populate at all to order as. That region can easily be filled by generating a gluon
according to the matrix element. Second, there are the ("soft") matrix element corrections that have to
be applied inside the parton showers. As shown in Ref. [25], the right way to do this is to apply a correc-
tion not only to the first branching in each shower but also to every branching that is the "hardest so far".
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This is especially important in HERWIG where the evolution in f means that several relatively soft (i.e.
low pt) wide-angle branchings can precede a harder one with a smaller angle.

To provide full matrix-element matching for 2-, 3- and 4-jets would mean extending the above
procedure to next-to-next-to-leading order. There will be unpopulated regions of 4-parton phase space to
be filled using the hard 4-jet matrix element, and "semi-hard" regions in which the 3-jet matrix element
should be used in combination with order as "soft" corrections within a shower. However the bulk of
the cross section will be in regions where order a2

s corrections within the showers must be computed and
applied - a daunting prospect.

One may, however, implement a less ambitious procedure for 'combining' 2, 3 and 4-jets so as to
describe multijet distributions to leading order, which is discussed in Section 2.2.5.

2.2.2 Hadronization

Hadronization in HERWIG is done using a cluster model. First of all, any "on mass-shell" gluons at
the ends of the parton showers are split into light quark-antiquark pairs. As mentioned above, a unique
colour flow is generated for each final state, so that each final-state quark is uniquely colour-connected
to an antiquark and vice-versa. These connected pairs can therefore form colour-singlet clusters carrying
the combined flavour and 4-momentum of the pair. In the simplest case these clusters decay directly into
pairs of hadrons according to the density of states for possible pairs of the right flavour. The transverse
momentum ~ 300 MeV generated in hadronization is a reflection of the typical momentum release in
cluster decay, which is determined by the cutoff Qo, the quark masses and the QCD intrinsic scale A.

If a cluster is too light to decay into two hadrons, it is converted into a single hadron of that flavour
by donating some 4-momentum to a neighbouring cluster. If its mass is above a flavour-dependent value
set by the parameter CLMAX (default value 3.35 GeV),

where the power p is given by a parameter CLPOW (default 2.0), it is split collinearly into two lighter
clusters. A further parameter PSPLT (default 1.0) specifies the mass distribution of the resulting lighter
clusters, which is taken to be proportional to MPSPLT.

The cluster mass spectrum falls rapidly at high masses and its peak lies below the threshold for
cluster splitting. One can show that these features are asymptotically independent of the energy scale of
the hard process. However, there is always a finite probability of producing a very massive cluster. In
this case sequential collinear splitting is invoked, leading to string-like hadronization.

2.2.3 b-jet fragmentation

We concentrate here on primary 6-quark showering and hadronization, leaving discussion of gluon —> bb
to Section 7.4

The main point to note in connection with 6-quark showering is the treatment of quark masses
in HERWIG parton showers. In the basic algorithm, the quantity rrij appears only in the shower cutoff
Qi = rrii + Qo, but this affects the distributions of £ and z throughout the shower via the constraint

QjAEiy/fa) <Zj<\- Qk/iEiy/^)

at each branching i —> jk. Since this is always a low-energy cutoff it seems clear that the relevant value
of m,i is the pole or constituent mass. On the other hand a running mass might well be more appropriate
in evaluating the hard process matrix element and the corresponding matrix element corrections.

In the process of 6-quark hadronization, the input value of mj, clearly affects the fraction of b-
flavoured clusters that become a single B meson, the fractions that decay into a B meson and another
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meson, or into a B baryon and an antibaryon, and the fraction that are split into more clusters. Thus the
properties of fe-jets depend on the parameters m^, CLMAX, CLPOW and PSPLT in a rather complicated way.

In practice the parameters CLMAX, CLPOW and PSPLT are tuned to global final-state properties and
one needs extra parameters to describe 6-jets. A parameter B1LIM has been introduced to allow clusters
somewhat above the BTT threshold mass Mth to form a single B meson if

M < MUm = (1 + BlLIMjAftf, .

The probability of such single-meson clustering is assumed to decrease linearly for Mth < M < Mum.
This has the effect of hardening the B spectrum if B1LIM is increased from the default value of zero.

Finally one should note that the properties of 6-jets in HERWIG are also affected by the parameters
CLDIR and CLSMR, which control the decay angular distribution of clusters containing a perturbative
quark (as opposed to the quark-antiquark pairs produced by the non-perturbative gluon splitting at the end
of the parton showers - see above). If CLDIR=0, the decay of such a cluster is taken to be isotropic in its
rest frame, as for other clusters. But if CLDIR=1 (the default value), the decay hadron carrying the flavour
of the perturbative quark is assumed to continue in the same direction as that quark in the cluster rest-
frame. This is suggested by the observation that the leading hadron in a quark jet preferentially carries
the quark flavour. The value of CLSMR determines the amount of smearing [exponential in (1 — cos 6)]
of this angular correlation. The default value of zero corresponds to perfect correlation. Thus increasing
CLSMR tends to soften and broaden the B-hadron distribution in fe-jets. In practice, the predicted spectrum
tends to be too soft and CLSMR=0 is preferred.

In HERWIG version 6.1, the parameters PSPLT, CLDIR and CLSMR have been converted into two-
dimensional arrays, with the first element controlling clusters that do not contain a 6-quark and the second
those that do. Thus tuning of ^-fragmentation can now be performed separately from other flavours, by
setting CLDIR (2)=1 and varying PSPLT(2) and CLSMR(2). By reducing the value of PSPLT (2), a
harder B-hadron spectrum can be achieved.

2.2.4 4-jet matrix element + parton shower option (massless ME)

A new option available in HERWIG version 6.1 is to generate events starting from the 4-parton processes
e+e~ —> qqgg and e+e~ —» qqqq. The relevant process code is IPROC = 600 +IQ for primary quark
flavour IQ or 600 for a sum over all flavours. The matrix elements used are those of Ellis Ross and
Terrano [26] and Catani and Seymour [27], which include the relative orientation of initial and final states
but not quark masses. As explained in Section 2.2.1, the kinematic effects of quark masses are taken into
account in the subsequent parton showers and in matching the showers to the momentum configurations
generated according to the matrix elements. As also explained there, the variable EMSCA = min-f^/sij}
sets a limit on the transverse momenta in the showers and is also used as the scale for as. The latter
feature has the effect of enhancing the regions of small ŝ - relative to matrix element calculations with
as fixed.

To avoid soft and collinear divergences in the matrix elements, an internal parton resolution pa-
rameter Y4JT (default value 0.01) must be set. The interparton distance is calculated using either the
DURHAM or JADE metric. This choice is governed by the logical parameter DURHAM (default . TRUE.).
For reliability of the results, one should use the same metric for parton and final-state jet resolution, with
a value of Y4 JT smaller than the ycut value to be used for jet resolution.

2.2.5 Combined 2,3 and 4-jet matrix element + parton shower option

As a result of discussions in the working group, a preliminary version of a combined 2,3 and 4-jet option
based on HERWIG 6.1 was developed. The strategy for combining matrix elements and parton showers
follows that of [28,29], with some simplifications, as follows.
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The program first generates conventional HERWIG e+e hadronic events starting from matched
qq and qqg matrix elements (process code IPR0C=100). After parton showering, the DURHAM clus-
tering algorithm is applied, and those events with precisely four jets at resolution scale yi = Y4JT
(default value 0.008) are replaced by events generated using the (massless LO) 4-parton matrix element
(IPR0C=600), with DURHAM cutoff y^ > Y4JT. The 4 parton momenta are distributed according to
the matrix element multiplied by a weight factor, which for qqgg is

( 2 0 )

where ^3,4 are the jet resolution values at which the partons are just resolved into 3,4 jets, and Ag is the
Sudakov form factor of the gluon (see e.g. [24]).

As explained in Refs. [28,29], the extra weight factor (20) is necessary to ensure smooth matching
to the parton showers at small values of y\ — more specifically, to cancel leading and next-to-leading
logarithms of y\. Since this factor is always less than unity, reweighting is simply achieved by rejecting
configurations with W(yi, y3,2/4) < 72- where 1Z, is a random number.

After a 4-parton configuration has been generated, parton showers are generated in the usual way
except that (for the 4-parton events only) parton branchings that would lead to sub-jets resolvable at reso-
lution y\ are vetoed. This means they are not allowed, but the evolution scale for subsequent branching is
reduced as if they had occurred. Again, this is necessary to cancel LL and NLL yi -dependence between
ME and PS. In HERWIG it is simply ensured by resetting EMSCA = y/y~\s after the 4-parton hard process.

Combining 2,3 and 4-jet events in HERWIG 6.1 according to the above "replacement" algorithm
is done by the (Fortran) program hw234jet.f. A prerelease version and some further discussion can
be found at h t t p : //home. cern. ch/webber/. To run the program one must link the slightly revised
HERWIG version 6.103, also available there.

2.3 ARIADNE

The ARIADNE program is based on the Colour Dipole model [30] where the QCD cascade is described
in terms of gluon emissions from independent colour-dipoles between colour-connected partons. The
program is described in detail elsewhere [31,32], and the following will mainly discuss issues related
to gluon radiation off heavy quarks. Gluon splitting into heavy quarks in ARIADNE is discussed in
Section 7.5.

One of the main advantages of the dipole model is that, since gluons are emitted by the dipoles
between partons, the interference between diagrams where a gluon is emitted by either of two partons
is automatically taken into account, and there is no need to introduce explicit angular ordering. Another
related advantage is that, since the first gluon emitted in an e+e~ —> qq event, again is emitted coherently
by the q and q, the full leading order matrix element can be used explicitly in this emission, and correction
procedures necessary in conventional parton shower models are not needed.

2.3.1 Gluon radiation off heavy quarks

For heavy quarks, the default current version of the program uses an approximate extra suppression to
suppress gluon radiation close to the direction of the quark to account for the dead-cone effect [13].
This extra suppression can be switched off2 and, as discussed in Section 4.4.1, it seems that this actually
improves the description of the heavy-to-light jet-rate measurement somewhat. Recently, the full mas-
sive leading order matrix element was implemented in ARIADNE3 for the first gluon emission, and it
seems that this also describe jet rates a bit better than the approximate dead-cone suppression, although
excluding mass effects still seems to give the best desctiption. This needs to be studied further.

2By setting the switch MSTA(19)=0 in the /ARDAT1/ common block.
3Not yet released. A prerelease can be obtained on request to l e i f Othep . l u . s e
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2.4 APACIC++

Paradigm of the program:

Employ matrix elements to describe the production of jets,
model the evolution of jets with the parton shower.

2.4.1 Introduction

As stated already in the introduction, due to various reasons, the modelling of multijet events in high-
energy reactions becomes increasingly important with rising energies.

With emphasis on this modelling of multijet events, the program package APACIC++/AMEGIC++
has been developed only recently. The philosophy of the new approach presented here is to use matrix
elements (ME) and parton showers (PS) in the corresponding regimes of their reliability [34,35]: matrix
elements are employed to describe the production of jets, and parton showers to model their evolution.
A general algorithm to match them [36] has been proposed and implemented in APACIC++ [37], the
PS part of the package. The algorithm is based on the paradigm above, namely to restrict the validity
of the ME's for the description of particle emission to the regions of jet-production, i.e. to regions of
comparably large angles and energies - or to large ycut of the corresponding jet-clustering scheme. In
contrast, the PS is restricted to the disjunct region of jet-evolution, i.e. small angles and low energies -
or low t/cut, respectively.

However, in its current state, the package is capable to deal with multijet production in e+e~-
annihilations only, where the jet-configurations available are determined by the ME generator. In ad-
dition to the generic ME part of the package, AMEGIC++ [38], interfaces to DEBRECEN [39] and
EXCALIBUR [40] are provided as well. The hadronization of the partons is left to well-established
schemes. At the moment, an interface only to the hadronization in the Lund-string picture as imple-
mented in PYTHIA [9] is supplied.

The short description of the package follows closely the steps of event generation, namely

1. Initialization of matrix elements and jet rates,

2. Choice of jet structure of the single event,

3. Evolution of the jets with the parton shower, and

4. Hadronization.

2.4.2 Initialization of matrix elements and jet rates

The use of matrix elements for the determination of the large-scale jet structure of the single events
enforces their initialization and the calculation of the corresponding jet rates before the generation of
single events. Since the description of the two other ME-generators can be found elsewhere, only the
ME-part AMEGIC++ of the package will be discussed here. At the present stage, it is capable to deal
with the following processes

e+e- _> 7 ; z -> (< 5) QCD-jets

e+e~ —> (< 4) fermions (21)

at tree-level in the Standard Model. All particles can be taken massless or massive, which allows for the
inclusion of Higgs interactions. Effects due to photonic initial state radiation off the incoming electron
pair can be included in the structure function approach.

AMEGIC++ constructs and integrates the matrix elements fully automatically. It proceeds in the
following steps.
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1. Building of topologies with unspecified internal lines and specified external legs in all combina-
tions. Mapping of predefined Feynman-rules onto the topologies.

2. Construction of helicity amplitudes corresponding to the Feynman-amplitudes. Gauge test and
transformation into a word-string, which is stored in a library.

3. Integration over the phasespace of the outgoing particles. Here, a significant acceleration is gained
by using the compiled and linked word-strings out of the library.

As a result of this procedure, AMEGIC++'s source code of roughly 13 000 lines grows considerably to
up to 200 000 lines when libraries for all possible processes are added.

However, as a well-known fact, the integration over the phasespace is plagued with real divergen-
cies related to the soft and collinear emission of massless particles. To handle them, usually the phases-
pace is cut to avoid the dangerous regions. Then, outgoing particles are identified with jets, which are
well-separated in phasespace with a measure ycut depending on the jet-scheme. The package provides
different jet-clustering schemes. Consequently, the cross-sections for nj > 3 jets depend sensitively on
the choice of the scheme and the corresponding ycut. Concentrating for the moment on pure QCD events
and defining

2 aee-*qq (22)

the package provides three different schemes to determine jet rates. With a the various cross sections
with the appropriate powers of as pulled out, the jet rates in the "direct" scheme read

<f H ^ and Tlf- = 1 -£<*" , (23)

whereas in the two "rescaled" schemes they are defined by

Tjres.l i>dir. t>dir.
K K ~ K + 1

m>rij rij =3

To account for the effect of higher order corrections, the package supplies scale factors Kg for the
corresponding n̂ —jet rate. They enter in the form of as = as (Kssee).

Going beyond pure QCD-events, the final states are divided into two ensembles, namely an elec-
troweak one and the QCD ensemble. The former consists of all events with at least four fermions in the
final state, where the normalization is given by the appropriate sum of the cross sections taken into ac-
count. This division obviously assigns a small amount of QCD events, namely the ones containing four
quarks, to the electroweak ensemble. However, it should be noted, that so far this issue of electroweak
events is still under further investigation.

2.4.3 Choice of jet structure of the single event

The jet structure of the single events is now determined following the steps below,

1. The number of jets and their flavour structure are chosen according to the rates given above,
Eqs. (23) and (24).

2. The kinematical configuration is chosen. An appropriate number of equally distributed four vec-
tors for the outgoing on-shell partons is produced. Their minimal j / c u t ) ymin, is forced to be
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larger than the ycut = yo used for the initialization of the jet rates. These fourvectors are then
reweighted to reproduce the kinematical configurations as determined by the matrix element, po-
tentially including the effect of higher order corrections. Defining |.M|2(max) the largest matrix
element squared which can be obtained, APACIC++ again offers three choices for the correspond-
ing weights, namely

wL-°- = -
|.M|2(max)

(25)
as(yosee) I \M\2(max)

for leading order- and as-corrected weights and a more involved one, which follows closely the
reasoning of resummed jet rates. For example, in this scheme [29], the weight for three-jet events
reads

yyNLL =
 as(y'mmSee) _ \M?{Pi) _ Ag^ i^ee )

as(yosee) \M\2(msx) Ag(yosee) '

where y'mili = mm{yqg, ygq) the minimal ycut related to the gluon of the ^^-configuration of the
three-jet event and the Sudakov form factors for the gluon, Ag to be found in Ref. [4].

Note, that at this stage, the outgoing momenta are still on their mass-shell.

3. The colour configuration is determined. This is achieved by constructing relative probabilities V%
of the different parton histories. Here, APACIC++ provides three schemes, two of them based on
the corresponding amplitudes Mi related to the single diagrams i in the form

Vi = E ^ 7 F - | M | 2 or

Vi = S I A ^ E " * 1 ' ^ ^ * 1 ' (27)

The third scheme relies on a shower oriented picture and was proposed in a similar fashion al-
ready in Ref. [16] and discussed in Section 2.1.5. To illustrate this scheme, consider the diagram
displayed in Fig. 2. Its relative probability reads up to a suitable normalization

Vi = - - P^w(zi_34) • r • Pg^ggiz^tt), (28)

where the t^ = (pi -\- pj)2 and the z are the energy fractions related to the various emissions
encountered. The parton history and equivalently the colour configuration of the parton ensemble
are then chosen according to their relative probabilities.

4. The task left now, is to use the parton history to supply the outgoing on-shell particles with virtual
masses to allow them to experience a jet evolution via multiple emission of secondary partons. This
is achieved by means of the appropriate Sudakov form factors for each of the outgoing legs, where
the starting scale for the form factor is given by the internal ti, like t\ for the virtual mass of leg 3
and t\ for 5 and 6, in the exemplary diagram. To ensure, that no additional jet under the jurisdiction
of the initial yo is produced by means of the parton shower, an appropriate veto is introduced into
the subsequent shower algorithm. To account for local four momentum conservation during the
change from on-shell to off-shell particles the kinematics are slightly rearranged, resulting in
slight changes in the energy fractions and the opening angles of the outgoing partons.
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Fig. 2: Example diagram for the production of a qqgg final state.

2.4.4 Evolution of the jets

The evolution of the jets proceeds in the standard way employing the Sudakov form factors [24]. In
addition to the usual switches allowing for the optional inclusion of prompt photons and azimuthal con-
tributions, APACIC++ provides the possibility to use either the ordering by virtualities (LLA) or the
ordering by angles (MLLA). However, in contrast to the pure MLLA-parton shower as performed in
HERWIG [22], APACIC++ uses a hybrid solution when switching to ordering by angles. Anticipating,
that the MLLA-scheme is valid only in the domain of small angles, the first branching in each jet is done
using the LLA-prescription, i.e. using the proper virtual mass as evolution parameter in the Sudakov
form factor. After that, APACIC++ continues with the scaled angles as evolution parameters. In both
cases, the Sudakov form factor yields the probability for no observable branch between scales t+ and £_
and has the following form

{ t+ z+(t)

- [ ^ f dzas[pl(z,t)} P{z) ) . (29)

t- z_(t)
The boundaries for the z integration are given by

-LLA/^N
Z± {t) =

z, z, v '<

(30)

where to is the minimal virtual mass allowed in the parton shower. Within APACIC++, however, all
partons leaving the jet-evolution have virtual mass £f}n

ifin = min{ioj mf} • (31)

The transversal momentum squared for the decays is

2 LLA /1 ,. MLLA 2/i \2± /T->\
•p±_ > Z{\ — z)t > Z (1 — z) t (32)

reflecting the interpretation of the t in LLA and MLLA as the virtual mass of the decaying particle and
the scaled opening angle of the branching, respectively.

2.4.5 Treatment of mass effects

Within the framework of LLA parton showers, APACIC++ treats non-vanishing quark masses in the
following way:
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1. For the Sudakov form factors of Eq. (29), the minimal virtual mass t^ is flavour dependent, see
Eq. (31). Consequently, the minimal virtual mass for decaying quarks and gluons are changed,
too.

2. The boundaries of the ^-integration are determined by Eq. (30) but with the corresponding re-
placement

( V ^ ^ ) (33)

for branchings of the form a —> be. For example, this results in 4to —> (m& + -y/io) for b —> bg
branchings and 4io —* 4m% for g —> bb branchings, respectively.

3. Accordingly, for g —> qq splittings individual Sudakov form factors are summed. The t — z-pair
are chosen according to the sum, when picking the resulting quark flavour forbidden flavours are
respected. For example, if t < 4m|, and equivalently, if the z value results in quark energies
Eq < mq, b quarks are not picked any more.

2.4.6 Hadronization

At its present stage, APACIC++ performs the hadronization of the outgoing particles with the help of
the Lund-string as provided by PYTHIA. For this purpose, an appropriate interface has been written
and included. A similar interface for the cluster-hadronization of HERWIG is planned. However, at
this place, it should again be noted, that all particles leaving the parton shower of APACIC++ have a
non-vanishing mass as given by Eq. (31). Therefore, before entering the Lund-string all particles have
to be set on their mass-shell resulting in a small rescaling of their four-vectors.

2.4.7 Summary: physics and computer features

Physics features:

1. The program package APACIC++/AMEGIC++ is designed for the modelling of multijet events.
It is capable to produce and evaluate matrix elements for the production of up to five massive
partons in QCD and at least all electroweak processes of the type e+e~ —> four fermions allowed
in the Standard Model. Additional interfaces to various different M.E. generators describing the
production of multijet topologies are available, too.

2. The MEs are matched to the parton shower (PS) via a generically new matching algorithm. This.
algorithm is capable to deal with - in principle - any number of jets produced via the strong, weak
or electromagnetic interaction on equal footing.

3. The hadronization is modelled with the LUND-string approach as provided by JETSET, the cor-
responding interface is provided, an similar interface to the cluster-hadronization of HERWIG is
planned.

Computer features:

1. The programming language is C++, allowing for a transparent and user-friendly programming
style.

2. The package APACIC++/AMEGIC++ has been developed under Linux with the GNU-compilers.
In addition, it has been tested under AIX, Digital Unix and IRIX.

158



3. Size of the package is:
Source code: APACIC++ ~ 7 000 lines

AMEGIC++ ~ 13 000 lines
Own libs: AMEGIC++ up to 200 000 lines

2.5 Tuning and tests of APACIC++ to reproduce event shape data

2.5.1 Introduction

High precision measurements of event shape distributions and inclusive particle spectra, based on LEPl
data taken with the DELPHI detector at LEP, are used to determine APACIC++ parameters. Extensive
studies are performed to compare predictions of APACIC++ with DELPHI data.

Definitions of used observables and a description of their measurement, together with a short
description of the DELPHI detector, can be found in Refs. [41,42]

2.5.2 The tuning procedure

The tuning procedure is based on a simultaneous fit of Monte Carlo parameters to physical observables,
taking correlations between parameters into account. The fit is based on the minimisation of the variable

E (XmeaSa~lMCiP)) (34)
observables bins

The sum extends over all bins of all physical observables included in the fit, cmeas_ being the
total (statistical and systematic) error on the measured value Xmeas., XMC{P) being the Monte Carlo
prediction of bin X for the parameter setting p. To perform the fit a fast prediction of XMC for any
parameter setting pis needed. This is approximated by a Taylor expansion:

n n n—1 n

Pn) = AQ + E BiPi + E C*Pi + E E
i=\ i=l i=l j=i+l

The coefficients Ao,Bi, Ci and Dij are extracted from a systematic parameter variation by applying a
singular value decomposition.

For a detailed description of the tuning procedure, see [41,42].

2.5.3 Tuning ofAPAC!C++

The generator APACIC++ together with AMEGIC++, restricted to at most five massless jets from matrix
element calculation, followed by a LLA parton shower, is chosen to be tuned. The initial jet-finder is the
DURHAM algorithm, and fragmentation is achieved by the Lund string model.

The tuning of a new Monte Carlo generator is an iterative process. Each tuning triggers a learning
process, resulting in improvements in the program, followed by a re-tuning. This process has not yet
finally converged, but the quality of the program has reached a competitive state.

Each iteration starts with the selection of parameters to be tuned and the definition of their varia-
tion ranges. Since the fit result is difficult to predict, the variation ranges have to be chosen generously,
degrading the precision of the fit. A second tuning around the optimal values provides further improve-
ments to the generator.

The fit is performed to a sample of observables, sensitive to the varied parameters. Exchanges in
the composition of the observables give hints to systematic uncertainties of the tuning result.
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2.5.4 APACIC++parameters

Within APACIC++ there are parameters describing the matrix element calculation, the parton shower
evolution and the Lund fragmentation.

• Matrix element

- y™t: Emissions of colour charged partons are restricted to resolution parameters ycut > y^t- ^n

previous tunings of APACIC++ an adequate agreement to the reference data could only be achieved
for large values of yl™t (~ 0.05), resulting in predictions for hard QCD processes dominated by the
parton shower. For that reason y™\ was fixed to some sensible value (y™t = 0.005). Improvements
by re-weighting the kinematic distribution of jets cured this problem. One of the future projects
will be to restore yl™t to the list of tuning parameters.

- KS' ' : Due to the truncation of the perturbative expansion, matrix element calculations show a
significant dependence on the QCD renormalisation scale. APACIC++ accounts for these depen-
dences by a scale parameter KI'4'5 for each n-jet configuration: as — as(n™ • s).

• Parton shower

): The strong coupling constant as(M^) is responsible for the parton shower evolution

- cutoff PS: The parton shower ends at a given energy scale, where fragmentation starts4.

Fragmentation

- Lund A,B: Lund A and B enter the Lund fragmentation function. Due to the strong anticorrelation
between A and B it is sufficient to tune one and keep the other fixed.

- uq\ The width of the Gaussian distribution of transverse momentum for fragmentation quarks is
given by aq.

result.
Table 2 summarises the parameters considered, their variation ranges and an illustrative tuning

Table 2: Tuned APACIC++ parameters.

parameter

Vent
K3

KS«s
as(Mz2)
cutoff PS
Lund A
LundB

<Jq

variation range fit result
0.005 (fixed)

lO-o- 5 - 10-1-3
10-20 _ 10-2.8
10-1-5-10-2-3

0.107-0.113
0.80-1.40
0.75-0.90

lo-i.io
10-2.65

10-1.62

0.108
1.267
0.905

0.85 (fixed)
0.38-0.46 0.422

4The parameter "cutoff PS" in APACIC++ is different from the cutoff parameter ql in PYTHIA: 4 • cutoff =
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2.5.5 Data distributions

Measurements of event shape distributions and inclusive particle spectra are taken from [41,42]; for
definitions of the observables used see there.

APACIC++ parameters from Table 2 are simultaneously fitted to a set of data distributions. For
the fit result depending on the composition of the data set some systematic checks are performed to
estimate the stability of the fit. The strategy followed within the composition is to include at least one
distribution that is sensitive to the parameters being fitted. Within this constraint systematic exchanges
in the composition are performed to study uncertainties in the fit result. Table 3 gives a summary of 15
different compositions used.

Table 3: Composition of different data sets used to fit the APACIC++ parameters of Table 2. </ means that the
observable is included in the fit.

observable

1-thrust

DJ
3t

e

DJa*e

sphericity
aplanarity
planarity

major
minor

eec

Nch

P?(t)
pfrf(t)

p?(s)
prl(s)

y(t)
yO)

CCp

fit to data sample
1

V

V

V

V
v7

V

V
V
V

V

2

V
V
V
V

V
V
V

V
V

V

3

V

V
V
V

V

V

V
V
V

V

V

4

V

V
V

V

V

y/

V

V

5

V

V
V

V

V

V

6

V

V

V
V
V

V
V
V

7

V

V
V

V
V

V
V
V

V

8

V

V

V

V
V
V

V
V
V

V

9

V
V
V

V

V
V
V

V

10

V

V
V
y/

V
V

V
V
V

V

11

V

V
V
V

V
V
V
V

V
V

V

12

V

V
V
V

V
V
V
V
V
V
V

13

V
V
V
V
V
V
V
V
V
V
V
V
V

V

V
V
V
V
V

14

V

V
V
V

V
V
V
V
V
V
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2.5.6 Results

Predictions of APACIC++ event shape distributions, jet rates and inclusive particle spectra are compared
to established Monte Carlo generators (like PYTfflA, HERWIG, ARIADNE) and to DELPHI data. Fig-
ures 3,4,5,6 and 7 give an overview of the behaviour and the relative (dis-)advantages of APACIC++.

2.5.7 Conclusion and outlook

APACIC++ parameters have been tuned to various sets of DELPHI event shape distributions, jet rates
and inclusive particle spectra.

The fits converged, the tuned parameters came out to be basically reasonable: The parameter yl™t

has been fixed in the latest tuning. The parameter for the cutoff of the parton shower is high, giving large
weight to the fragmentation and minor to the parton shower. This has to be investigated.
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APACIC++ is able to predict all examined observables reasonably well. Still none of the examined
Monte Carlo generators is able to predict the tail of the p£"* distribution (see however Section 3.2).

APACIC++Tunl5
Herwig5.8
PYTHIA 6.125

APACIC++Tunl5

Herwig 5.8

PYTHIA 6.125

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
1-Thnist

0.05 0.1 0.15 0.2 0.25 0.3
aplanarity

Fig. 3: Agreement between various Monte Carlo generators and DELPHI event shape distributions. The upper
part of the plot shows the observable, the lower one the ratio of Monte Carlo and data; the shaded band represents
the error of the data.
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Fig. 4: Agreement between various Monte Carlo generators and DELPHI event shape distributions. The upper
part of the plot shows the observable, the lower one the ratio of Monte Carlo and data; the shaded band represents
the error of the data.
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APACIC++Tunl5
Herwig5.8

•— PYTHIA6.125

Fig. 5: Agreement between various Monte Carlo generators and DELPHI inclusive particle spectra. The upper
part of the plot shows the observable, the lower one the ratio of Monte Carlo and data; the shaded band represents
the error of the data.
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Fig. 6: Agreement between various Monte Carlo generators and DELPHI inclusive particle spectra. The upper
part of the plot shows the observable, the lower one the ratio of Monte Carlo and data; the shaded band represents
the error of the data.
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Fig. 7: Agreement between various Monte Carlo generators and DELPHI jet rates. The upper part of the plot
shows the observable, the lower one the ratio of Monte Carlo and data; the shaded band represents the error of the
data.

3 INCLUSIVE (ALL FLAVOUR) JET RATES

3.1 Tuning issues

During the LEP1 phase a qualitative improvement of the description of the hadronic final state by parton
shower fragmentation models has been reached, mainly due to the possibility to precisely tune the models
to a vast amount of high quality data [32]. For this task flexible tuning procedures were used allowing
interpolation between model responses generated with different parameter settings [41,43].

The effects on the model response of the individual parameters of the two major aspects of the
models - the parton shower and the actual hadronisation phase - turn out to be strongly correlated. This
requires one to determine the most important model parameters in global fits to high statistic event shape
and inclusive charged particle spectra and to identified particle data. A recent example for such a fit is
discussed in Ref. [44].

3.2 Model performance and multi-jet rates

It turns out that the string as well as the cluster hadronisation model are able to represent the major
features of particle production, especially the identified particle rates, reasonably well. More detailed
discussions can be found in Refs. [32,45,46].

Distributions depending mainly on the parton shower phase of the models are in general very well
represented. Especially for most of the event shape distributions, data and models agree within a few
percent. There are two important exceptions to this rule.

Firstly the tail of the transverse momentum distribution of particles out of the event plane is un-
derestimated by about 30% by most models [32,41]. A possible explanation for this deficiency is that
the parton shower models account for part of the angular structure of multi-jet events by tracing the po-
larization of the emitted gluons (see e.g. [24]) to further splittings. This approximation cannot account
for interference effects like a full matrix-element calculation. It should be emphasized, however, that
the most recent tuning [44] of the latest version of HERWIG shows a remarkable improvement of the
p°ut-description. This distribution (see Fig. 8) now seems almost perfectly reproduced.
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Fig. 8: ^"'-distribution as measured by ALEPH compared to predictions by ARIADNE, JETSET and HERWIG
[44].

The second exception concerns the inability of HERWIG and PYTHIA/JETSET to simultaneously
describe different multi-jet rates with the precision desired by the experiments. This can already be seen
from the ycut dependence of the multi-jet rates shown in Fig. 9 but is more clearly evident from the direct
data/model comparisons in Figs. 10, 11 and 12. For a well represented three-jet rate, as was perhaps
required in the tunings of the DELPHI Collaboration [41], the (differential) four and more jet-rates are
systematically overestimated (underestimated) by HERWIG or PYTHIA/JETSET, respectively. This is
already observed for the four-jet rate, which is of special importance at LEP2, but is even more so for
the five-jet rate. This general trend remains valid even for the aforementioned latest version/tune of
HERWIG [47]. Depending on the strategy followed by the experiments, this misrepresentation can be
distributed differently among the individual jet-rates. For example, the OPAL tuning mediates between
the rates (see Fig. 12). The general discrepancy between multi-jet-rate data and the corresponding model
predictions has been reported during the workshop by all experiments.

Only ARIADNE so far is able to well represent all jet-rates simultaneously (see Figs. 10, 11 and
12). The likely explanation for this difference between ARIADNE and the other models lies in the
matching between the parton shower and the first order qqg matrix element simulations performed in
PYTHIA and HERWIG in order to well represent the initial hard gluon radiation. This matching is not
needed in the dipole model implemented in ARIADNE as here the splitting probability for all splittings
is given by the lowest order matrix element expression. The "opposite" behavior observed for PYTHIA
and HERWIG may indicate, however, that a better agreement may be reachable by suitably improving
the matching procedure.
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Fig. 10: Ratio data/Monte Carlo for the differential 2- (3->2), 3- (3->2) and 4 jet (3->2) rates (JADE algorithm).
Data measured by DELPHI. The bands represent the statistical errors. Model tunings as in Ref. [41]. JETSET
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Fig. 11: Ratio data/Monte Carlo for the differential 2- (3->2), 3- (3->2) and 4 jet (3-+2) rates (DURHAM
algorithm). Data measured by DELPHI. The bands represent the statistical errors. Model tunings as in Ref. [41].
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3.3 Residual uncertainties

Residual uncertainties due to the imperfect description of multi-jet rates are difficult to review globally
as they will depend critically on the individual analyses as well as on the tuning chosen by the different
experiments.

An incorrect 4-jet rate at high energies may require a reweighting of the Monte Carlo to properly
account for the QCD background in W or Higgs analyses. Due to the correlation of the number of jets of
an event with other properties, e.g. the charged multiplicity or the momentum spectrum, this is likely to
have unwanted side effects. An incorrect value of the strong coupling (which in the tunings is often fixed
by the 3-jet rate) may cause an incorrect energy extrapolation of the models which is hard to control at
high energy because of the limited data statistics.

A possible strategy for a determination of systematic error for a QCD type observable such as the
four jet rate at LEP2 energies may be the following: The quality of the description of the observable
is checked at the Z°. A possible misrepresentation at the Z° and at high energy is corrected using the
same correction factor. A large fraction of the deviation of the correction factor from unity has to be
taken as systematic uncertainty of the correction factor at high energy, since the reason for the bad data
description, and consequently a possible energy dependence, is unknown.

The additional error for the uncertainty of the energy evolution of the model will in general be
small. In the case of the four-jet cross section at high yc, it will be dominated by the uncertainty of
the strong coupling. From the expected QCD evolution of the four-jet rate [48] this uncertainty is at
y/s = 200 GeV:

^ (£) «1.9fa.<M.) (36)

Here b = (33 — 2n/)/127r ~ 0.61. For an optimistically reachable error of as in the models of
Sas(Mz) = 0.003 this yields 0.6%.

Employing alternative models and alternative model tunings will provide an important cross check
of the above error estimate. A model which correctly represents the four-jet cross section at the Z°, but
overestimates the three-jet cross section (oc as) by about 10% (compare Fig. 9 at ycut ~ 0.01 to 0.02)
may in fact lead to a more optimistic error estimate. The error for the correction factor will vanish in this
case at the expense of an increased error of the model extrapolation. This error, however, is still small
(1.9 6as = 1.9 x 0.012 ~ 2%).

For some analyses already today the abovementioned deficiency of the multi-jet description of
the models leads to important contributions to the systematic error. An example is the DELPHI mea-
surement of the W pair production cross section with a fully hadronic final state. A systematic error of
5% (including a possible misrepresentation of the jet angular distributions) is here assigned to the major
background of QCD events. This error was estimated by comparing different (uncorrected) models and
dominates the overall systematics. With increasing statistics this systematic error will be of similar size
to the statistical error. DELPHI therefore starts to employ ARIADNE, which certainly in terms of the jet
rates provides the best description of the data, as an alternative model for the full simulation.

4 STUDY OF MASS EFFECTS IN 3- AND 4-JET RATES

4.1 Introduction

The aim of this Section is to study the theoretical precision in the modeling of the rate of QCD processes
leading to 3 and 4 final state jets, at LEP1 and LEP2, and involving b quarks. This is important both
to help understanding how to treat mass effects in our phenomenological QCD models, and to ensure
precise enough control of backgrounds to new particle searches with b quarks in the final state, such as
for instance the Higgs search. With this aim in mind we compare mass effects on jet rates in the different
MC approaches both to data and to analytic calculations.
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It is natural to consider that because of their higher mass, b quarks must from kinematics radiate
fewer gluons than light quarks. More generally such a suppression enters in what is often refered to as
the dead cone effect. What we want to know is how well the magnitude of this suppression is modeled in
our Monte Carlo approaches, and what is the related theoretical uncertainty. In some sense this question
can also be formulated as that of specifying the appropriate mass which should be used for the b quark.

From basic kinematics arguments, it can be shown that the magnitude of the suppression of gluon
radiation from mass effects should scale as m%/(s.y), where mj, s and y are the b quark mass, the colli-
sion energy squared and jet resolution parameter, respectively. From this scaling law can be anticipated
that the effects on jet rates are reduced at LEP2 energies as compared to LEP1, but that they can still
remain substantial if jets are defined with a very small y parameter.

In practice, from the results obtained, we find that the above scaling law is very approximate, and
can really only be used to give a rough indication of the magnitude of effects. In addition to the purely
kinematic effects, resulting from the more limited phase-space, significant corrections - often referred
to as dynamic mass effects - arise when taking into account properly the 6 quark mass in the matrix
elements for 3 or 4 final state partons. Moreover, when comparing the data to the behaviour of the
analytic calculations or to that of the MC, one must be careful to appropriately take into account in a
consistent way effects resulting in final state jets with b quarks other than the radiation of gluons off b
quarks, such as processes with a gluon splitting into bb.

In what follows, we first describe the method used for the evaluation. This involves describing
briefly the experimental analysis and the procedure enabling meaningful comparisons with analytic cal-
culations and with predictions from Monte Carlo generators. We then describe the analytic calculations
which are available, show how these can be parametrised as a function of mi,, s and y to enable the
above mentioned comparisons, as well as extrapolations. A proposed definition for the theoretical un-
certainty to be quoted is also presented and discussed. Then follows a Section presenting the results of
the comparisons of the different Monte Carlo approaches studied (ARIADNE, PYTHIA, HERWIG and
FOURJPHACT) with the analytic calculations and with the DELPHI data (some of which is still prelim-
inary). The comparisons with data are performed using the high statistics data available from DELPHI
at LEP1. Several of the used Monte Carlo programs provide different options for the treatment of mass
effects. Also, some have recently benefited from improvements. The main features of the different re-
sults and behaviours are described. Finally, remaining issues are discussed. One of these concerns the
contribution to the observables used in the evaluation from processes involving gluon splitting into bb. A
quantitative measure of the precision of the description provided by the different programs for the 3 and
4 jet cases as a function of y, at both LEP1 and LEP2 energies, is given.

4.2 Procedure used for evaluation

4.2.1 Appropriate choice of experimental observable

Any observable with an explicit mass dependence can be computed either using the quark pole mass
(Mq) or the running mass (m?(/x)). Both methods are equally valid, and the results have to be the same
if computed to all orders in perturbation theory. However at any fixed finite order the predictions using
both schemes do not necessarily agree. At a fixed order, calculations have a dependence on the scale at
which the observable is computed. This dependence reveals the size of the higher order terms, as the
sum of all the series must have no dependence on the scale.

ALEPH [80] has performed a study of the b mass effects on several event shape observables
comparing their Leading Order (LO) and NLO terms and hadronization effects. Some observables have
quite large mass dependence as shown in that study. However as the raw measurements have to be
corrected accounting for the hadronization effects, it so happens that some observables have a correction
even larger than the size of the effect to be measured.
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Therefore the ideal observable to study quark mass effects will exhibit a large mass dependence,
low higher-order corrections and small hadronization effects.

4.2.2 b quark mass effects on the 3-jet ratio

In order to study the b mass effects, both ALEPH [80] and DELPHI [81,82] have chosen an observable
which fully complies with the above requirements. The observable is the following:

where R$(yc) and R\{yc) are the 6-quark and light-quark 3-jet rates as defined in Eq. (2).

4.2.3 Data analysis

The jets of the hadronic events can be reconstructed by means of a jet finding algorithm (e.g. DURHAM
or CAMBRIDGE - see Section 1.2). By choosing the appropriate jet resolution parameter y, it is possible
to force the reconstruction of just three jets in every event. Then, a set of quality cuts are applied over
each jet (e.g. minimum charged multiplicity, enough visible energy,...).

4.2.4 Flavour definition

The criterion adopted in Ref. [81] and [83] is such that the flavour of the event is defined as that of
the quark coupled to the Z in the Z —» qq vertex. By convention, the production of b quarks via the
splitting of a bremsstrahlung gluon is ignored in this definition. It was shown that for this particular 3-jet
observable, the corresponding effect is practically negligible. As will be seen in Section 4.4.4, this is no
longer the case in the case of 4-jets.

4.2.5 Flavour tagging technique

The sample of hadronic events is split in two categories, with both events strongly enriched in bb, by
using 6-tagging, and events strongly enriched in light quarks, by using anti — 6-tagging.

The tagging procedure normally uses the impact parameter information of all charged particles in
the event. LEP experiments are equipped with silicon vertex detectors allowing accurate track recon-
struction, bb events can be selected by considering the presence of particles with large impact parameter
significance (impact parameter over its error), while U events can be tagged just by the lack of those
tracks. In addition the presence or absence of a reconstructed secondary vertex can be used in the 6-
tagging criterion.

4.2.6 Measuring and correcting R^e

The measured value of our observable can be computed from the ratio of the reconstructed three-jet rates
for b and light quark tagged flavours (R^s(yc), q = b, £):

This raw value of the observable must be converted into a parton level one which may be compared
with the LO and NLO calculations [83,84]. The correction method accounts for the detector effects,
biases introduced in the flavour tagging, and hadronization effects.
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The contribution of each flavour, Rl
3 , to the observed three-jet cross section is given by:

obs _ J> p i i ~c rtc , £
3q ~ cq ' U3q + cq ' K3q + cq

where cq represents the flavour content for i = b, c, £ in each of the experimentally tagged samples.

The reconstruction level and parton level three-jet rates for each flavour and defined sample (Rl
iq

and R^, respectively) are related by:

where d\q and hy. are correction factors, accounting, respectively, for detector acceptance and tagging
effects (deduced from the modeling of the detectors response to hadronic events), and for hadronization
effects (estimated by comparing the hadron and parton level distributions obtained from MC programs).

By taking the jet rates from c quarks equal to those from light quarks ($£? = #3" ) , the measured
jet rates can be expressed as:

= Ab(yc) • R^(yc) + Bb(yc)

R$s(yc) =

where Aq and Bq are a redefinition of the original set of parameters: c* d\ and h^. This parametrization
allows expressing the corrected observable as:

_ KSb _ -Pfe ~ -P€ • ii-3
~ J?p a r ~ A ffbe-obs An3£ M • &3 ~ Ab

The results are described in Section 4.4. At y/s — Mz the total correction to the raw R$e is typi-
cally about 10%, the bulk of which corresponds to the detector and tagging effects, while hadronization
corrections are of the order of 1%.

Uncertainties in the detector modeling were studied. The main uncertainty results from the limited
statistics of fully simulated events with detector response, resulting in limited knowledge of the factors
cq describing the flavour content of each of the tagged samples. This error was estimated to be roughly
0.3%, but has a strong dependence on the jet resolution parameter yc as it is directly related to the
statistics of the three-jet simulated sample. Uncertainties from the modeling of the hadronization were
also studied, and are described in Section 4.5.

4.2.7 b quark mass effects on the 4-jet ratio

The study of the b quark mass in the 4-jet rate was performed by DELPHI in Ref. [82]. The analysis uses
an observable defined in a similar manner to i??f

where R\{yc) and Rl(yc) are the 6-quark and light-quark 4-jet rates as defined in Eq. (2).

The analysis was similar to the R*f and also reveals a clear dependence of the 4-jet rate on the
quark mass. However Rf has only been computed at LO level (see Section 4.3). The result of the
analysis are shown in Section 4.4.
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4.3 Analytical calculations

The next-to-leading order (NLO) matrix element (ME) calculation for the process e+e~ —> 3 jets, with
complete quark mass effects, has been performed independently by three groups [83-85]. These predic-
tions are in agreement with each other and were successfully used in the measurements of the bottom
quark mass far above threshold [80,82,86,87] and in the precision tests of the universality of the strong
interaction [86,88,89] at the Z-pole. Instead, only leading order (LO) predictions for 4-jet final states
with heavy quarks are available [17,18] at present.

In this Section we discuss in detail the ME calculation for the process e+e~ —> 4 jets with quark
mass corrections. A procedure to estimate the theoretical uncertainty of the LO calculation, i.e. of the
expected higher order corrections, is also described. First, we present and test this procedure in the 3-jet
case, where the recent available NLO corrections can be compared with the LO calculation. Then, these
results are extrapolated to the 4-jet case for which the higher order corrections are estimated.

Since quarks are not free particles it seems natural to treat their mass like a coupling constant. In
other words, we can work with quark masses defined in several renormalization schemes. As was already
pointed out in Section 4.2.1, the physical result cannot depend on which mass definition is used in the
ME calculation, but if at a fixed order in perturbation theory the ME calculation gives different results for
different quark mass definitions, this difference should come from higher order corrections. Therefore,
at a given order, the spread of the results for different mass definitions can be taken as an estimate of the
theoretical uncertainty of the calculation, i.e. as an estimate of higher order corrections.

In the following we consider the ME calculation for the production of bottom quarks through the
processes e+e~ —> 3-jets, 4-jets in two different schemes: the perturbative pole scheme and the running
scheme. In the former, the calculation is performed with the perturbative pole mass Mb ~ 5 GeV. In
the later, we use the MS scheme running mass m&(/i), normalized at the center of mass energy of the
collision, mb(Mz) ~ 3 GeV at LEP1 energies. The two results define a band which can be taken as an
estimate of the higher order corrections.

At the NLO the bottom quark 3-jet cross section receives contributions from one-loop corrected
three parton final states, e+e~ —> Z, 7* —> bbg, and tree level four parton final states, e+e~ —> Z, 7* —>
bbgg, bbbb, bbqq, with q 7̂  b. These contributions can be handled and classified through the different cuts
to the bubble diagrams of Fig. 13 giving rise to three and four parton final states.

Class A Class B Class C Class D Class E

Fig. 13: Feynman diagrams relevant for the processes e+e~ —> 3-jets, 4-jets.

We first evaluate the ratio of three-jet rates defined by Eq. (37), which can be interpreted as the
measure of the suppression of gluon radiation off 6-quarks with respect to gluon radiation off light quarks,
£ = u,d, s. In this ratio, most of the electroweak corrections cancel out.

In Fig. 14, the Rf observable is presented at NLO for the DURHAM and the CAMBRIDGE
algorithms at the Z-peak energies, \ / i = Mz, in the running mass (NL0-mt,(Mz)) and the pole mass
(NLO-Mf,) schemes. For comparison, the LO results - L0-m,b(Mz) and LO-Mj, - are also plotted. At
a fixed order, the band defined by the results in both schemes is taken as our estimate of the theoretical
uncertainty of the calculation at this order. As one would naturally expect, the width of this band is
reduced at the NLO with respect to the LO result, roughly by a factor two in DURHAM or even more
in CAMBRIDGE. Furthermore, we found that the two LO predictions bound the NLO results in both
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algorithms. This suggests that higher order contributions cannot be too large and may be bounded by the
lower order results.

DC

0.98

0.96

0.94

0.92

0.9

CAMBRIDGE L0-mb(mz)

i I i i

LO-Mb

- NLO-mb(mz)

- - - NLO-Mb

0.005 0.01 0.015 0.02 0.025

Fig. 14: The observable Rf as a function of yc at NLO for the DURHAM and CAMBRIDGE jet-algorithms
at the center of mass energy -/s = Mz. The dotted (lower inner) lines give the observable computed at the
NLO in terms of the pole mass Mb = 5 GeV. The dashed (upper inner) lines show the result for a running mass
mb(Mz) = 3 GeV. In both cases the renormalization scale is fixed to (i = Mz, with as(Mz) = 0.118. For
comparison we also plot in solid lines the LO results for Mb = 5 GeV (LO-Mb) and m,b(Mz) = 3 GeV (LO-
mb{Mz)).

Next we consider the process e+e~ -> 4 jets. The ratio of four-jet rates is defined in Eq. (38).
At LO, only four parton final state cuts to the bubble diagrams of Fig. 13 have to be considered. Let's
interpret for the moment, Rf as the suppression of gluon radiation from primary 6-quarks in four-
jet events. By primary quarks we mean that the flavour of an event is defined by the flavour of the
quark directly coupled to the Z or 7* bosons. This implies that events where a bottom-antibottom
pair is produced from gluon radiation off a light quark pair (the so-called gluon splitting into bb) are
considered as light events, even though they actually involve b quarks, and their contribution is added
to the denominator of Eq. (38). In Rf, the contribution from gluon splitting into bb was calculated to
be small, resulting in effects of the order of a few permil. This is not the case for four-jet events, where
larger contributions can justify, as will be explained in Section 4.4.4, the consideration of a different
convention for the jet rate ratio defined above, in which the numerator receives contributions from all
events involving 6-quarks.

At LO and for the definition with the primary quark convention, the Rf ratio can be parameterized
in the following way

K4 — 1H ml
s

mi
• <TA(S)HA

mt
,Vc (39)

were mj can be either the pole mass, Mb, or the running mass at some renormalization scale, m,b(fj,),
typically fi = </s, of the bottom quark, oy^A is a function of the vector (axial-vector) couplings of the
quarks to the Z-boson and the photon, and HytA gives the behaviour as a function of the resolution
parameter yc, and can also contain a small residual dependence on the ratio rn^/s.

In Fig. 15, the Rf ratio is shown at LO in the DURHAM algorithm at the center of mass energies
\/s = Mz and y/s = 189 GeV. For the same center of mass energy, the suppression of gluon radiation
from 6-quarks is a larger effect in four-jet events than in three-jet events. At sfs = Mz, it amounts to
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roughly 10%, which also corresponds to the difference between the two LO predictions, L0-m&(Mz)
and LO-Mi, taken as the theoretical uncertainty of the LO prediction. If the behaviour for three-jet
events really could be extrapolated to the four-jet case, we would expect that this difference be reduced
hopefully by half, if the still uncalculated NLO corrections were included. At y/s = 189 GeV, we get a
plot that is roughly scaled by a factor 4 with respect to the result at the LEP1 energies. But even in this
case, the theoretical uncertainty, i.e. the difference between the two LO predictions, can be as large as
5% for small values of the jet resolution parameter yc.
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Fig. 15: The observable Rf as a function of yc at LO in the DURHAM algorithm for y/s = Mz and y/s —
189 GeV.

4.4 Comparisons for Rf and Rf at LEP1 and LEP2

Following the procedure described above, we compare at both LEP1 and LEP2 energies, the double
jet rate ratios R%e and Rf obtained with the different Monte Carlo approaches studied (ARIADNE,
PYTfflA, HERWIG and FOURJPHACT) with the analytic calculations, and, in the case of LEP1, with
the data. All these comparisons are done at the level of partons (hadronization and non-perturbative
effects are considered in Section 4.5). In Figs. 16, 17 and 18 are indicated both the LO matrix element
results for m*, = 3 and 5 GeV and the NLO results for m& = 3 GeV, in the case of the 3-jet rates at LEP1.
In Figs. 19, 20, 21 and 22 are indicated only the LO results for m^ = 3 and 5 GeV for the 4-jet rates at
LEP1. In Figs. 23, 24 and 25 are indicated the LO results for m\, = 3 and 5 GeV for the 4-jet rates at
LEP2. The band defined by the pair of LO curves is in each case taken, conservatively, to represent the
theoretical uncertainty in the ratios Rf and Rf, as was explained in Section 4.3.

4.4.1 Three-jet rates at y/s = Mz

In Figs. 16, 17 and 18 are shown the comparisons for R!§ at y/s = Mz between the analytic calcula-
tions, the data [81,82] and the Monte Carlo generators PYTfflA, HERWIG, ARIADNE and APACIC++,
respectively.

The PYTfflA comparison in Fig. 16 shows three curves corresponding to:

• The initial treatment, with mass effects only present in the limitation of the phase-space available
in b —> bg branchings in the parton shower, but not in the kinematics of these branchings, and with
massless matrix elements used in the matching procedure applied to the 3 jets generated (JETSET
versions < 7.3, or any present version with the switch MSTJ(47) set to 1 to turn off subsequent
additional mass effects).
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• Mass effects present in the limitation of the phase-space available in b —> bg branchings in the
parton shower, but not in the kinematics of these branchings, and with massive matrix elements
used in the matching procedure applied to the 3 jets generated (PYTHIA versions 5.7-6.125).

• Mass effects present in the limitation of the phase-space available in b —> bg branchings in the
parton shower, in the kinematics of these branchings, and with massive matrix elements used in
the matching procedure applied to the 3 jets generated (PYTHIA versions > 6.130).
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Fig. 16: Rf double ratios at ̂ /s = Mz for PYTHIA 6.125, with mass switch on and off, and for PYTHIA 6.131,
with mass switch on.
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Fig. 17: Rf double ratios at ̂ /s = Mz for HERWIG 5.8, with mass effects on.

175



1.02 -

0.98

0.96

0.94

0.92

0.9

DELPHI I*1-DURHAM algorithm

mb=5GeV

— Ariadne 4.08 (with Dead Cone)
—- Ariadne 4.08 (without Dead Cone)
— Ariadne 4.08 (new mass-treatment)

0.02 0.04 0.06 0.08 0.1 0.12

yc

Fig. 18: R\l double ratios at -y/s — Mz for ARIADNE 4.08, with dead cone switch on and off, and with the new
mass treatment described in Section 2.3.1.

As can be seen the recent changes consisting in introducing mass effects at all stages in the treat-
ment (see Section 2.1.1) result in a very good behaviour. In the prior versions which are presently still
used by a majority of LEP experiments, a behaviour almost as good is obtained by using massless ex-
pressions for the matching procedure of the generated 3 jets (switch MSTJ (47) set to 1).

The HERWIG comparison in Fig. 17 shows a single curves corresponding to the massive options.
A reasonable description is evident, even if the predicted rate is slightly lower than the data and NLO
result.

The ARIADNE comparison in Fig. 18 shows three curves corresponding to using the optional extra
dead cone suppression available (MSTA(19)=1), and to the new treatment of heavy masses described in
Section 2.3.1, in which the full leading order massive matrix element was introduced to describe the
branching of the first gluon emitted in qq events. As can be seen the rate is too low when no optional
extra dead cone suppression is used, and then gets even worse when it is used. The new treatment of
heavy masses is a clear improvement compared to the old treatment with the dead cone suppression
option turned on. But the best behaviour is still achieved when no mass corrections are used.

4.4.2 Four-jet rates at y/s = Mz

The PYTHIA comparison in Fig. 19 shows three curves corresponding to the three cases described above.
As can be seen the recent changes consisting in introducing mass effects at all stages in the treatment
also improve the description, as for the three jet case, but still results in a rate which is too low by about
5-7% with respect to data and to the LO matrix element predictions. The same trend is seen as for the
three jet case that in the prior versions still presently used by a majority of LEP experiments, the best
behaviour is obtained by using massless expressions for the matching procedure of the generated 3 jets
(switch MSTJ (47) set to 1).

The HERWIG comparison is shown in Fig. 20. A description compatible with the data and with
the LO matrix element prediction can be seen.
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Fig. 19: R\e double ratios at y ^ = Mz for PYTfflA 6.125, with mass switch on and off, and for PYTHIA 6.131,
with mass switch on.
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Fig. 20: Rf double ratios aty/s = Mz for HERWIG 5.8, with mass effects on.

The ARIADNE comparison in Fig. 21 shows three curves corresponding to using the optional extra
dead cone suppression available (MSTA(19)=1), and to the new treatment of heavy masses described in
Section 2.3.1. As can be seen, contrary to the three jet case, the overall behaviour is quite reasonable
when no optional extra dead cone suppression is used, but somewhat too low when it is used. The
behaviour with the newly changed treatment of heavy masses does not improve the situation significantly:
the best behaviour is still achieved when no mass corrections are used, as in the case of R%f.

Finally the result of an initial investigation of Rf with the new FOURJPHACT program is shown
in Fig. 22. The LO ME curves calculated within FOURJPHACT are identical to those shown in Figs. 19,
20 and 21. The results after only the subsequent parton shower are also shown, as calculated starting from
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the LO ME with 4.6 GeV, and indicate as expected an exageration of the suppression of gluon radiation
from the b quark mass. Presumably, if a way could be found in this program to start the matching
procedure from the LO ME with 2.8 GeV (rather than 4.6 GeV) while preserving the corresponding jet
angles, one could perhaps contemplate getting the LO ME + parton shower only results to lie in the
middle of the band of uncertainty defined in Section 4.3, where the NLO results are expected. The result
after both parton shower and hadronisation are also shown, although here it is fair to say that the large
effect seen from the hadronisation is not understood and should be studied more.
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Fig. 21: R^e double ratios at </£ = Mz for ARIADNE 4.08, with dead cone switch on and off, and with the new
mass treatment described in Section 2.3.1.

1.10

1.05

1.00

0.95

_ 0.90

0.85

0.80

0.75

0.70

0.65

FOURJPHACT

parton Mb=2.8
parton Mb=4.6
PS (+PYTHIA)

hadron (+PYTHIA)

Durham

0.014 0.016 0.018 0.020 0.022 0.024 0.026 0.028 0.030

Fig. 22: Rf double ratios at ^/s = Mz for FOURJPHACT, with mass effects on. The full (dashed) line shows
the result at parton level only, before any subsequent parton showering (see Section 2.1.6), for a b quark mass of
2.8 (4.6) GeV. These curves are equivalent to the LO ME curves in Fig. 19. The dotted and dashed dotted lines
shows the result after subsequent PS and hadronization, and after only the subsequent PS, respectively.
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4.4.3 Four-jet rates at sfs = 189 GeV

The PYTHIA 4 jet rate comparison was repeated at yfs = 189 GeV. This is shown in Figs. 23 and
24. A trend similar to that at y/s = Mz can be seen. For values of the jet resolution parameter in the
range y = 0.002 — 0.008, even with the most recent treatment consisting in introducing mass effects at all
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Fig. 23: Rf double ratios at 189 GeV for PYTHIA 6.125, with mass switch on and off.
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4

e double ratios at 189 GeV for PYTHIA 6.131, with mass switch on and off.
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stages in the handling of the three jets, a residual deficit of about 1-3% with respect to the LO matrix
element predictions. Also, in the prior versions still presently used by a majority of LEP experiments,
the best behaviour is obtained by using massless expressions for the matching procedure of the generated
three jets (switch MSTJ(47) set to 1). If the massive treatment is used in these prior versions is used, a
deficit as large as about 2-6% results in the range y = 0.002 - 0.008 (see Fig. 23).

The ARIADNE 4.08 4 jet-rate comparison was also repeated at \/s = 189 GeV. This is shown in
Fig. 25. The same trend is seen as for the 4-jet rate at LEP1 energies: a quite reasonable behaviour is
observed when no optional extra dead cone suppression is used, but the rate is somewhat too low when
it is used. The behaviour with the recently changed treatment of heavy masses described Section 2.3.1 is
also shown. As can been the new treatment does not improve the description at LEP2 energies.
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Fig. 25: Rf double ratios at 189 GeV for ARIADNE 4.08, with dead cone switch on and off, and with the new
mass treatment described in Section 2.3.1.

4.4.4 Effects ofgluon splitting on

An additional issue was raised during the meetings of this working group concerning the impact on the
evaluation of Rff arising from uncertainties in processes involving gluon splittings into bb. In the case
of the three-jet rate ratio R$f, the effect was investigated and found to be small. On the contrary, for four
jets, because of the lower rate, and because the two b quarks emerging from gluon splittings are often
resolved, effects are larger.

The standard definition of Rf presented in Section 4.2.7 considers primary quarks, and is advan-
tageous from the theoretical point of view, but not from the experimental one, where such a distinction
is obviously not straightforward. Since the data are extrapolated to the parton level using a Monte Carlo
to compare with the calculations, a wrong assumption on the gluon splitting into bb translates directly
into a bias. In order to estimate this bias, a new definition was proposed, labeled iZ^(NEW) in which
are counted in the numerator any event containing b quarks, irrespective whether they originate from
primary or secondary production, and at the denominator only events with light quarks, excluding those
with a gluon splitting into bb. This new observable is closer to the experimental situation, but is known
to carry larger NLO corrections, and is hence more uncertain theoretically. It was nonetheless evaluated
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both at y/s = Mz and at at y/s = 189 GeV, analytically and using PYTfflA 6.131, with the differ-
ent settings corresponding to different recent treatments of the gluon splitting process into bb developed
in the framework of the working group (see Section 7.3). As an example the normalised difference
(Rf (NEW) - Rf)/Rf is shown for y/s = Mz in Figs. 26 and 27, respectively for the present default
settings (MSTJ(44)=MSTJ(42)=2), and for one of the proposed set of new settings described in Sec-
tion 7.3 (MSTJ(44))=MSTJ(42)=3), corresponding to a g —> 66 rate which is roughly doubled. The
same comparison is shown for y/s = 189 GeV in Figs. 28 and 29.
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Fig. 26: Difference of the Rf double jet ratio at y/s = Mz for PYTHIA 6.131 (shown with stars) in the NEW
and standard definitions, for the default settings with unmodified rate of gluon splitting into 66, corresponding to
MSTJ (44) =MST J (42) =2, and in the LO matrix element calculation.
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Fig. 27: Difference of the Rf double jet ratio at y/s = Mz for PYTHIA 6.131 (shown with stars) in the
NEW and standard definitions, for the settings with increased rate of gluon splitting into 66 corresponding to
MSTJ(44)=MSTJ(42)=3,and in theLO matrix element calculation.
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the NEW and standard definitions, for the settings with increased rate of gluon splitting into 66 corresponding to
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A general feature of these plots is that at small yc PYTHIA is always lower. This arises because in
PYTHIA, contrary to the analytic calculation, the four-jet rates in both the denominator and numerator
of R^ receive contributions also from two and three jets, which reduce the relative impact from the
fraction of events containing a gluon splitting into bb. Considering firstly the results at y/s = Mz, one
can see that indeed doubling the gluon splitting rate into bb in PYTHIA results in a difference between
the two definitions which at large yc becomes similar to that obtained in the analytical calculation. Since
doubling the gluon splitting rate into bb tends to be favoured by both experimental results and theoretical
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work (see Section 7.3), one can in principle take this found consistency as evidence confirming that it
indeed needs to be doubled in PYTHIA. To check this further, the fraction of events containing ag —> bb
splitting in which the two b quarks are clustered into separate jets (case of resolved gluon splittings)
was evaluated and found to be largely dominant. This indicated that large NLO corrections in the new
definition i?^(NEW) are not expected to arise from gluon splittings into bb, and that most of the effect
does occur at LO. From this can be concluded that a procedure consisting in correcting the measured
four-jet events in data to extrapolate to the parton level using a Monte Carlo induces a sensitivity to the
correct rate of gluon splittings into bb, at the level of these discrepancies between the differences. A
second conclusion is that indeed at y/s = Mz doubling the rate of gluon splittings into bb would seem
to be justified from the found consistency of the comparison with the analytical results.

The picture changes however at y/s = 189 GeV. As can be seen from Fig. 29, the PYTHIA curve
with doubled gluon splitting into bb rate now overshoots significantly at large yc To understand the origin
of this behaviour, the same study was performed as at y/s = Mz to evaluate the fraction of events
containing a gluon splitting into bb in which the gluon splitting is resolved, and it was found that at 189
GeV only about half are. Hence in this case the origin of the overshooting could be traced to the fact that
the new definition receives large contributions at NLO from gluon splittings into bb. Such a behaviour is
in fact expected from the scaling with energy of this last contribution, which grows like log(m^/s).

None of these results prevent one from evaluating the performance of Monte Carlo programs using
the standard definition for Rf. However one must be careful as soon as one wants to compare with data.
Moreover, the results at 189 GeV should not be taken as evidence against a larger rate of gluon splittings
into bb in PYTHIA, which may be needed as explained in Section 7.3, but just that for the case of
the observable Rf(NEW) the comparison is not meaningful, because of the large NLO contributions
affecting it. A full calculation at NLO would be helpful to study this further.

4.5 Discussion of hadronization corrections to f

In most of the experimental analyses that involve hadronic final states, the data need to be corrected to
the parton level in order to be compared with the theoretical predictions. In particular, this is true for
the studies considered in this report, for instance the determination of the 6-quark mass, or the studies
of the flavour independence of the strong coupling constant and the multi-jet production rates. This
procedure necessarily implies unfolding the data for detector and acceptance effects as well as for the
hadronization process. This introduces biases and uncertainties which need to be carefully studied and
quantified to extract reliable measured values within the quoted errors. The detector and acceptance
corrections depend on each particular experiment and consequently will not be discussed here. Only
the hadronization correction will be the subject of this section. As shown in Refs. [80,81,87-89] the
uncertainty arising from the lack of precise knowledge of how the hadronization process takes place
limits the experimental precision of the experimental quantities and QCD tests. Any progress leading to
a better understanding of the transition from partons to hadrons or finding new observables with better
behaved properties will immediately result in improving these measurements.

In particular, let us consider the hadronization corrections associated with the R$e observable intro-
duced in Eq. (34) (though on a qualitative basis the same procedure can be easily applied and generalized
to the Rf observable of Eq. (35) or other event shape variables). This observable summarizes most of
the features commented on in previous sections and at the same time has the advantage of being calcu-
lated up to NLO (see Section 4.3) and of having relatively small fragmentation corrections (of roughly
~1%). The fragmentation models considered in this exercise are PYTHIA and HERWIG. The analysis
is also performed using two jet clustering algorithms: DURHAM and CAMBRIDGE, and the potential
results of using one or the other are compared and discussed. The determination of fe-quark mass or the
test of the flavour independence of the strong coupling constant can be derived from this observable and
the implications are obvious: a better understanding ofR*$ with a smaller error leads to a more precise
determination of the b-quark mass or a more stringent test of the flavour independence ofas.
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In general there is no prescription to unambiguously define the fragmentation correction factor to
be applied to the R%f observable but the procedure described below can be regarded as a reasonable ap-
proach. It is based on the DELPHI procedure [81], though others methods could also be envisaged for this
purpose [80]. It seems appropiate then to consider all models which give a good description of the data
and calculate the correction factor corresponding to each model. The average of the correction factors
obtained is taken as the best estimate of the correction factor and the distribution of these values defines
the uncertainty. This also means that the models or generators considered in the analysis should be tuned
in order to properly describe the data. The overall fragmentation uncertainty can then be quantified by
adding in quadrature the two different source of errors: (rmod, the uncertainty due to the dependence of
the hadronization correction factors on the two models considered, PYTHIA and HERWIG, and atun,
uncertainty due to the possible variation of the main fragmentation parameters in PYTHIA. Hence, the
total uncertainty is expressed as:

GhadiVc) = y/ + (40)

Following the DELPHI procedure the atun uncertainty is obtained by varying the most relevant
parameters of the string fragmentation model incorporated in PYTHIA (Qo, oq, ej,, a and b) within an
interval of ±2a from their central tuned values and assuming that the individual parameter errors are
all independent. Figure 30 shows, for the CAMBRIDGE algorithm, the atun uncertainty as a function
of the jet resolution parameter as well as the contribution of each individual parameter error. For large
enough yc values the overall atUn uncertainty is seen to be around 3%0- The different tuned versions of
JETSET or PYTHIA have also been tested and cross-checked to give the same correction factors to the
observable Rf within 1%,7oo-
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Fig. 30: The a tun uncertainty and the contributions of each individual fragmentation parameter considered to the
the total error, obtained with the CAMBRIDGE algorithm.

In this exercise, the two fragmentation schemes considered are PYTHIA and HERWIG, therefore
the average of the two correction factors obtained is considered as the fragmentation correction factor to
Rf and the uncertainty amod is taken to be half of their difference. The generators differ not only in the
fragmentation process (cluster fragmentation in HERWIG and Lund string fragmentation in PYTHIA)
but also in the way the particle decays are implemented. Therefore amod has two contributions, one from
the fragmentation scheme itself, crmod_/ras, and the other one from the decay tables used, crmod_dec, so
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it can be written as:

> + ' -dec(yc). (41)

We present here the results of the <Jmod uncertainty obtained with HERWIG version 5.8 as tuned
by DELPHI and version 6.1 as tuned by ALEPH. For PYTfflA, the DELPHI tuning is used. Presently all
LEP experiments are working on the tuning of new versions, therefore new and better sets are expected
soon. Figure 31 shows crmod

 a nd & mod-frag a t different yc values as calculated using the DURHAM
jet clustering algorithm. For yc > 0.02 the contribution of <7mod-dec to the total model uncertainty be-
comes small. Also a better agreement between the latest generator versions of HERWIG and PYTHIA is
observed over the entire yc region. This result probably is a consequence of the fact that in the latest ver-
sions of both generators the 6-fragmentation functions are now similar. How well these models describe
this distribution in data is, however, discussed elsewhere (Section 6) and new analyses are still emerging
from the various LEP and SLC collaborations on this subject.
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Fig. 31: The crmod and amOd-fTag uncertainties as a function of the jet resolution paramenter, obtained with
DURHAM. The error bars are statistical.

Apart from improving the performance of the generators by including more precise calculations
and better modelling of the various processes taking part, the search and use of observables having better
theoretical or experimental properties is also worthwhile to reduce the total uncertainty. Still in the
context of measuring the 6-quark mass or of testing the flavour independence of as, the use of different
algorithms to reconstruct jets has extensively been studied and compared in Refs. [7,80,82,83,87,89] and
for different event shape variables in Refs. [80,88]. The main conclusion derived from these studies is
that not all observables are equally suited to make the above measurements because they are influenced by
different higher order corrections which in some cases can be large. This can explain some of the spread
the 6-mass values measured by the various experiments. Therefore studying each observable property in
both its theoretical and hadronization aspects is mandatory for making precise measurements.

Following the spirit of this section, Fig. 32 presents the size of the total hadronization correc-
tion uncertainty {crhad{yc)) for Rf using either the DURHAM or CAMBRIDGE algorithms for the jet
reconstruction. The use of the CAMBRIDGE algorithm reduces the theoretical error on the t-quark
mass determination [7,82] though the hadronization error is about the same for yc > 0.02. The use of
DURHAM is however limited to the t/c-region above 0.015 in order to keep the four jet rate below 5%
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and the hadronization correction small and flat with respect to yc. The same arguments applied to CAM-
BRIDGE allows the extension of the yc region down to 0.004, which, although it increases the sensitivity
to the 6-quark mass marginally, does increase the sensitivity to the difference of the LO and the NLO
predictions, enabling a better experimental distinction between the MS and pole mass schemes. The
curves shown in Fig. 32 have been taken from [7,82] where PYTHIA 6.131 and HERWIG 5.8 were used
and, therefore, promising further reductions in those uncertainties can probably still be obtained with the
latest versions of these generators.

<»•'«

Hadronization Uncertainty

DURHAM

CAMBRIDGE

Fig. 32: Evolution of the total hadronization error of Rf with the resolution parameter yc. It is presented in terms
= 2 x \<7had\ with Chad being defined in the text.

4.6 Conclusions and remaining issues

In this section effects from the b quark mass on three and four-jet rates have been analysed, both in real
data, and via analytic calculations and Monte Carlo approaches. A method for evaluating the relevant
observables and for estimating the theoretical uncertainty in the predictions in a consistent way has been
presented, and the predictions from several Monte Carlo programs (ARIADNE, PYTHIA, HERWIG and
FOURJPHACT) has been evaluated, including in some cases (ARIADNE, PYTHIA) recently improved
versions. Moreover results from on-going studies aiming at controlling the additional uncertainties aris-
ing from the modeling of non-perturbative effects in the main Monte Carlo programs used have been
reported.

Here below we first quantify the theoretical uncertainty which is appropriate for each of the observ-
ables studied, and then summarize the performance of each Monte Carlo program. Finally we mention
remaining issues relevant to the four-jet case, and improvements which are still needed.

4.6.1 Theoretical uncertainty affecting R$e and

Following the prescription described in Section 4.3, we quote the theoretical uncertainty in the
and Rb^ ratios as ± half the difference between the LO ME results corresponding to the pole mass
Mb ~ 5 GeV and to the running mass m^fj,), with mi(Mz) ~ 3 GeV. This definition is also supported
by the analysis of the DELPHI data at y/s = Mz, which for both R%f and Rf lie within these two
calculations. As expected the uncertainties are found to be larger for R^ than for R^e, and are reduced
for large values of yc and of y/s.
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At y/s = Mz, for R$e, from the difference between the LO ME results the error may be quoted as
ranging from ± 1 to 2% for values of yc between 0.02 and 0.1 (see Fig. 16). Arguably, this estimate is
conservative since in this case an NLO calculation exists. For R\e, from the difference between the LO
ME results the error may be quoted as ranging from ± 2 to 4% for values of yc between 0.012 and 0.03
(see Fig. 19).

At v ^ = 189 GeV, for Rf, from the difference between the LO ME results the error may be
quoted as ranging from ± 1 to 3% for values of yc between 0.002 and 0.04 (see Fig. 23).

4.6.2 Performance of the different Monte Carlo programs

ARIADNE underestimates R$f at y/s = Mz in all of its versions (see Fig. 18). The recently improved
one does however provide slightly better values than the version with the dead cone suppression switched
on. The best description is nonetheless achieved by switching off all mass treatments altogether. In this
case the result is within the band of uncertainty defined by the LO ME curves, but is about 1.5% lower
than the NLO curve and the data. With the default setting of the present official version of the program
(dead cone suppression turned on) the shift with respect to the NLO ME curve ranges from 2 to 4%.
On the other hand R^ at y/s = Mz is reasonably described in the version with all mass treatments
switched off. For this observable both the new improved version and the old mass treatment of the
dead cone give similarly low results, A similar qualitative behaviour is observed at y/s = 189 GeV (see
Fig. 25). For both of the versions of ARIADNE with either the default treatment of the b mass via the
dead cone suppression or with the new improved treatment, the underestimation reaches about 3% for
yc ~ 0.002 - 0.3.

PYTHIA results for R%f at y/s = Mz (see Fig. 16) show a strong underestimation for the old
version (prior to 6.130) with mass effects turned on as per the default of that version. The bias is about 1
to 4% for yc ranging between 0.01 and 0.12. A better behaviour is obtained by turning off all mass effects.
The best description is however obtained thanks to the recently improved treatment of mass effects in
versions following 6.131. In this case the MC prediction overlaps nicely with the NLO results and with
data. On the other hand for Rh£ at y/s = Mz all versions underestimate the rate (see Fig. 19). The
recently improved one (following version 6.131) does nonetheless provide the best description. The bias
is in this case about 2.5 to 7% for yc ranging between 0.012 and 0.03. With the old default mass treatment
(prior to version 6.130) the bias becomes as large as 10 to 12%. The discrepancies are somewhat less
pronounced at y/s = 189 GeV (see Figs. 23 and 24). In this case also the newest version (following
6.131) is the best, and appears to be about 1 to 3% too low. The old default mass treatment (versions
prior to 6.130) is the worst, with the suppression exaggerated by 1.5 to 4% for yc ranging from 0.002 to
0.03.

HERWIG was studied for the Rf and Rf observables only at y/s = Mz (see Fig. 17 and 20). A
fair agreement is seen in both cases although with some slight underestimation.

The new FOURJPHACT program with massive four-parton matrix elements matched to the parton
shower algorithm of PYTHIA was investigated as well, and an initial preliminary result was shown. More
work is needed here to study whether this approach to matching can provide a solution to the description
of R^ once the full parton shower and hadronisation treatements are implemented.

4.6.3 Remaining issues and improvements needed

As described above it has been found that all programs tend to exaggerate the suppression which arises
from the b quark mass, by varying amounts, either in the three-jet rate, or in the four-jet rate, or in
both. The best global behaviour is seen for HERWIG, although in the version 5.8 of this program which
was studied, hadronization corrections were quite a bit larger than for example in PYTHIA. In the most
recent versions (version 5.9 and 6.1), hadronization corrections have become closer to those in PYTHIA.
So from the particular point of view discussed in this section, HERWIG would seem to be best. More

187



studies are of course needed to confirm that this is also the case at higher energies. Moreover, additional
work towards improving further the remaining discrepancies in ARIADNE and PYTHIA is still on-going
at the time of this writing, and will hopefully also bring these two programs in line in the near future.
Finally the new FOURJPHACT program looks quite promising and needs to be investigated further in
this context.

On the theoretical side work towards carrying out a massive four-parton matrix element calculation
at NLO would enable the estimate of the uncertainty in the Rf observable described in this section to
be checked explicitly and refined. It could then also be used experimentally to probe the running of the
6-quark mass, as has been done with R%f.

An additional issue - which would also benefit from the availability of an NLO 4-parton massive
calculation - concerns the impact on R\e from uncertainties in processes involving gluon splitting into bb.
Monte Carlo studies indicate that enhancing the rate of g —• bb splitting in PYTHIA, an option discussed
in Section 7.3, gives consistency with the LO estimate of the impact at -y/i = Mz but overshoots it by
up to a factor of two at high yc at LEP2 energies. This could be taken as an estimate of higher-order
uncertainties resulting from g —> bb splitting processes at high energy.

5 STUDY OF FOUR-JET OBSERVABLES

5.1 Introduction

The study of 4-jet final states is of great interest for LEPl as well as LEP2 physics analyses, and reliable
predictions of the properties of such final states by the various Monte Carlo programs are mandatory.
From a QCD standpoint of view, 4-jet final states have their origin in the processes Z —* qqgg and
Z —> qqq'q', with the secondary partons coming from double gluon Bremsstrahlung and gluon splitting
into gluon or quark pairs.

At LEPl these processes have been employed for the tests of the structure of the underlying gauge
group ( [53] and references therein), which is SU(3) in the case of QCD. In order to get sensitivity to
the gauge structure of the theory, a specific class of observables has been employed, namely angular
distributions of jets in 4-jet events. The perturbative expansion for the differential distributions of these
observables starts at O{a2

s), and only leading-order (LO) predictions were available until recently. How-
ever, now the next-to-leading order (NLO) corrections have been computed [54]- [62], which allows
refined studies of 4-jet observables, such as improved tests of the gauge structure or measurements of the
strong coupling constant with variables for which the perturbative predictions start at O{a2

s), only.

At LEP2 the interest in 4-jet final states is more related to background studies in analysis of fully
hadronic W decays and searches, such as the 4-jet channel in the search for the Higgs boson. As an
example for variables which enter the selection algorithms of those analyses, the sum of the six interjet
angles and the angle between the second and third most energetic jets can be mentioned in case of the W
cross section measurements [63]. The variable j/34, which will be explained in the next section, enters in
a typical preselection of Higgs searches [64], and a further background rejection is obtained by looking
at functions of interjet angles. Therefore it is clear that a good description of 4-jet observables by the
Monte Carlo programs is necessary in order to obtain reliable estimates of the QCD backgrounds.

In the following first the observables are defined which are used for the studies of this section,
then the predictions of the various models are compared. These comparisons are first made for the
leading order matrix element predictions for four-jet observables, then the effects of next-to-leading order
contributions and mass corrections are investigated, and finally the Monte Carlo models are compared to
each other and to the data for quantities computed from hadrons instead of partons.

5.2 Observables

The observables which will be studied in detail, are described in the following. For those events where
exactly four jets are found by the DURHAM jet clustering algorithm with the E recombination scheme
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and a cut-off value of ycut = 0.008, the energy-ordered jet momenta are used to compute the four-jet
angular variables listed below :

• the Bengtsson-Zerwas angle [65,66] : XBZ = A(Pi x P2)) (P3 x P4)]

• the Korner-Schierholz-Willrodt angle [67] :
= 1/2, {Z[(p! x p4)(p2 x p3)] + Z[(P l x p3), (p2 x p4)]}

• the (modified) Nachtmann-Reiter angle [68,69] : 0 ^ = ^[(Pi - P2)) (P3 - P4)]

• the angle between the two lowest energy jets [70] : 034 = /[P3, P4]

These variables have already been used extensively for the measurements of the QCD colour factors [53]
because the shape of these distributions is sensitive to the group structure.

For all hadronic events, the following event shape variables have been considered :

• D-parameter D [71], which is defined as the product D = 27A1A2A3, with Aj being the three
eigenvalues of the infrared safe momentum tensor

" " )a\ • (42)

The sum on a runs over all the final state particles (partons or hadrons), and pl
a is the ith component

of the three-momentum of the particle a in the centre-of-mass system.

• 2/34 (DURHAM, E recombination scheme), which is the jet resolution parameter when going
from four to three jets, i.e., the event is clustered into jets until only four jets are left, and then
2/34 = min y^-, where the minimum is taken over all distance measures (defined by the DURHAM
metric) between the remaining jets.

Since at the end of this section a comparison with corrected data will be given, a short description
of a typical data analysis is in place. Hadronic events are selected by requiring a minimum number of
charged tracks and a minimum charged energy per event. This reduces backgrounds from T+T~ and
two-photon events to negligible levels.

Then the observables have to be corrected for detector effects such as finite acceptance and res-
olution. This is done by computing the observables from a Monte Carlo before and after the detector
simulation and imposing the same track and event selection cuts as for the data. Then bin-by-bin correc-
tion factors are computed for every bin i of the distribution,

~ » - Khad

where jv/""*^**) denotes the number of entries in the distribution at the hadron (detector) level. The
hadron level distributions are obtained by switching off any photon radiation in the initial and final state
(ISR, FSR), with all particles having mean lifetimes less than 10~9 s required to decay, and all other
particles being treated as stable. So from a measured distribution D™eas a corrected distribution
is obtained according to

jjcorr __ Qdetpmeas

The detector correction factors are typically found within the 5-10% range, increasing at the edges of the
phase space.

These corrected distributions can be compared to the predictions from perturbative QCD, which
have to be corrected for hadronization effects, i.e., long-distance non-perturbative effects. This is achieved
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by computing the relevant observables at parton and at hadron level, which allows to define bin-by-bin
correction factors similarly to the detector corrections,

:ad

(45)
N?ar

The superscript part refers to the parton level. So from a purely perturbative prediction £>fert a corrected
QCD prediction Df is obtained according to

pQCD _ gh,

which is to be compared to the corrected data D<rorr.

The Monte Carlo simulations which most frequently are employed for the computation of these
correction factors, as well as for the simulations of QCD backgrounds to other physics channels, are
the parton shower models as implemented in PYTHIA [9] or HERWIG [22], together with the string
fragmentation for the former and a cluster fragmentation in case of the latter. It should be considered that
the basic idea of the parton shower is to describe well the structure of jets in two-jet like events, since it
is based on a collinear approximation of the matrix elements for gluon radiation off quarks. Because of
the matching of the first parton branchings to the exact LO matrix elements, also three-jet like quantities
are described rather well. However, it can not really be expected that the parton shower approach gives
a good description of four-jet quantities. In fact, rather large discrepancies have been observed in the
past [72].

A different approach can be tested by using the matrix element option in the PYTHIA program,
where at the parton level two-, three- and four-parton final states are generated according to the exact
NLO matrix elements, and then the hadronization step is performed via the string fragmentation scheme.
This model should give a better description of four-jet related quantities. However, it is known not to
describe well the energy evolution of basic quantities such as the charged multiplicity [73,74].

Therefore new approaches are tried, based on the idea of matching matrix element calculations to
parton shower evolutions, as described in the previous sections. In the following these models will be
discussed in detail with respect to their description of 4-jet quantities.

5.3 Comparison of model predictions

5.3.7 Leading-order predictions {parton level)

There is quite a large variety of programs featuring the production of four jets via QCD at the tree-level.
Here, the performance of four of them, namely HERWIG, PYTHIA, DEBRECEN and the package
APACIC++/AMEGIC++ (denoted as APACIC++ in the following), is compared.

Note that according to the corresponding manuals, the four jet expressions within PYTHIA and
HERWIG are for massless partons (apart some mass effects which are built in for PYTHIA) and they
contain only the structures to be found for the exchange of virtual photons [26]. However, the claim is,
that the additional terms related to intermediate Z-bosons have only a minor effect [9]. At least for the
observables studied here this claim has been verified.

The focus is on the observables defined in Section 5.2, specifically the four jet angles 0:34, XBZ,
<t>KSW and 8NR, and 2/34, the yc-value according to the DURHAM-scheme, where four-jet events turn
to three resolvable jets. All results shown and discussed here are on the primary parton level, i.e., results
obtained by the appropriate matrix elements squared, and at a centre-of-mass energy of 91.2 GeV, with
the argument of as kept fixed.
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The Monte Carlo points were produced adopting the following strategy:

1. For PYTHIA a sample of four-jet events was generated with y^4 > y3
cut = 0.008. This is due to

the fact that in PYTHIA only the JADE scheme is available. Over a large region of phase space,
as a rule of thumb, y^ut ~ 4y^ t for the same kinematical configurations.

2. Out of this first sample, only events with y^ > y®ut = 0.004 have been selected. For the other
three generators, HERWIG, DEBRECEN and APACIC++ the events were directly generated in
the DURHAM-scheme with y?ut = 0.004.

3. For the four jet angles, jets were defined according to y®ut = 0.008, thus reducing the sample of
step 2 by roughly 50%. For the j/34-distribution no additional cuts have been applied.

The resulting distributions of cos 0:34, | cos XBZ I > cos 4>KSW and | cos 0/V.R | can be found in Fig. 33.
Here, the upper plots exhibit the total number of events per corresponding bin normalized to the total
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Fig. 33: Comparison of LO-results on the level of matrix elements for the four jet angles with jets clustered
at y®ut = 0.008. The upper plots depict the normalized number of events per bin, the lower ones the ratios of
HERWIG, PYTHIA, DEBRECEN and APACIC++.
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number of events with y^t — 0.008, and in the lower plots the relative deviations from the APACIC++
results are displayed. With the exception of the last bin in cos 0:34, the relative (statistical) errors on each
distribution are of the size of the symbols. Clearly, the results show a satisfying coincidence with no
sizeable relative deviations.

This situation changes when considering the y^-distribution, see Fig. 34. Again, the upper plot
shows the normalized number of events per bin, and the lower plots depicts the relative deviations from
the APACIC++ results. Here, the spread of the statistical errors covers a region from barely visible
in the left bins up to three times the size of the symbols in the right bins. However, the deviations
of the generators from each other are larger than their individual relative errors and reach up to 15%.
Seemingly, HERWIG, DEBRECEN and APACIC++ coincide. The results obtained by PYTHIA are
somewhat - 0(15%) - higher, with the first bin as the only significant exception. Here, PYTHIA is well
below (~ 25%) the other generators. However, it should be noted here, that this is probably due to the
way the PYTHIA sample was produced. Since for the production of the PYTHIA sample in the first step
the intrinsic JADE scheme was employed, deviations can be expected especially in the regions where the
phase space is cut, i.e., for low j/34. Normalising in the region 1/34 > 0.01, for example, would remove
the discrepancy. Turning to the .D-parameter, the different generators agree very well with each other.
The relative errors reach roughly the size of the symbols for D « 0.2 and are of the order of 10% in
the last bin. Note that for the .D-parameter as well as for the four jet angles, any difference seen in the
2/34-distribution is washed out.
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Fig. 34: Comparison of LO-results for the y^-distributions at the level of matrix elements. The upper plot
exhibits the normalized number of events per bin, the lower one again the ratios of the other generators and
APACIC++.

HERWIG and APACIC++ provide additional options to supplement the pure matrix elements
with running as instead of the fixed one with a scale depending on the specific kinematical situation
(HERWIG and APACIC++) or with some appropriate Sudakov weights (APACIC++), which depend on
the flavours and the kinematics of the individual event. These two options are meant to model some
aspects of higher order corrections to the pure LO matrix elements and result basically in a shift of
events from regions with large 2/34 to region with small 1/34, see Fig. 36. Here, the upper plot shows
the number of events per bin in the y34-distribution normalized to the total number of events and in the
lower plot the ratio of the numbers per bin in the uncorrected and the corrected versions of the generators
is depicted. The full and empty triangles correspond to HERWIG without and with the running as

option, the diamonds refer to APACIC++ without and with the Sudakov weights ("NLL"), respectively.
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Obviously, these options "soften" the ^-distribution of the samples. On the other hand, their effect on
the angular distributions is only minor in most of the phase space, see Fig. 37. In the four plots the ratios
of the corrected (corr) versus the uncorrected (uncorr) options for the four jet angles are displayed. It
can be read off, that over the dominant region of phase space available, the inclusion of these corrections
does not alter the angular distributions significantly. Rather, their effect is of the order of roughly 5%
with the only exception of the last bins for small 0:34, where the additional weights induce a drastical
decrease of up to 15%. Note, however, that this region is strongly disfavoured, see the corresponding
plot in Fig. 33, thus, there are comparably large errors on the results.
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Fig. 37: The ratio of the corrected and the uncorrected versions of HERWIG and APACIC++ for the four jet
angles.

5.3.2 Next-to-leading-order corrections

For four-jet observables large differences were observed between LO order perturbative predictions and
corrected experimental data. For instance, the LO perturbative result for the mean value of the D param-
eter is (D)LO = 0.0216, while the experimental value is 0.0618 ± 0.0024 [75], and even after including
the large hadronization corrections, a significant discrepancy remains. Such a discrepancy and the large
renormalization scale dependence of the LO preturbative result [58] shows clearly that if QCD is to
work for four-jet observables, then there have to be large higher-order or non-perturbative corrections.
On the other hand, the normalized angular distributions at LO are independent of the strong coupling,
and therefore were expected to be insensitive to the renormalization scale, indicating small higher order
corrections. For the clarification of the situation the NLO calculations were indispensable. During the
second phase of LEP, four parton level NLO programs using different regularization methods were pub-
lished, MENLO PARC [54], DEBRECEN [58], EERAD2 [61] and MERCUTIO [62]. The one-loop matrix
elements implemented in these codes were also different: EARAD2 uses the one-loop matrix elements
of Ref. [76], while the other three programs implemented the one-loop matrix elements published in
Ref. [77]. The results of the four programs were compared for distributions of many four-jet observables
and very good agreement was found as exemplified here in Table 4, where the NLO four-jet fractions at
three different ycut values for the DURHAM clustering algorithm are compared. In the following, we
shall present results obtained using the DEBRECEN code. This program is the only one of the four that
gives the results in a colour decomposed form [78], which is useful for colour charge measurements.

Table 4: The four-jet fraction as calculated by MENLO PARC, DEBRECEN, EERAD2 and MERCUTIO, for the
DURHAM jet algorithm.

Algorithm

DURHAM

Vent
0.005
0.01
0.03
Vcut

0.005
0.01
0.03

MENLO PARC

(1.04 ± 0.02)-10-1

(4.70 ± 0.06) • 10-2

(6.82 ± 0.08) • 10~3

EERAD2

(1.05 ± 0.01)-10-1

(4.65 ± 0.02) • 10~2

(6.86 ± 0.03) • 10~3

DEBRECEN
(1.05 ± 0.01) -10-1

(4.66 ± 0.02) • 10-2

(6.87 ± 0.04)-10-3

MERCUTIO

(1.06 ± 0.01) -10-1

(4.72 ±0.01)-10-2

(6.96 ± 0.03)-10-3
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The general form of the NLO differential cross section for a four-jet observable O4 (for instance,
D parameter, O4 = D, or Bengtsson-Zerwas angle, O4 — XBZ) is given by the following equation:

[Coi(O4) + Bo4(04)po ln(a£)] , (47)

where OQ denotes the Born cross section for the process e+e —> qq, rj(/j,) = as(/x) CF/(2TT), a;̂  is
the ratio of the renormalization scale to the total centre-of-mass energy, and Bo^O^), CoA{O4) are the
perturbatively calculable coefficient functions in the Born approximation and the radiative correction,
respectively, which are independent of the renormalization scale.

We have performed a high statistics calculation of the B and C functions for the two event shape
variables and for the four angular correlations defined in Section 5.2. Figure 38 shows the LO and
NLO perturbative cross sections for the two event shapes. We observe that the inclusion of the radiative
corrections increases the overall event rate substantially (by 70-130%). For instance, the mean value
of the D parameter at NLO is (D)NLO = 0.0383(2), which is 77% larger than the LO value, but still
far from the measured result. The NLO predictions exhibit significant renormalization scale dependence
indicating the importance of even higher orders, which are not likely to be known in the foreseeable
future. Thus, for event shapes the perturbative description remains unsatisfactory unless one attempts to
use an optimized scale choice [61]. The only possible exception is the four-jet rate for the DURHAM
algorithm, where the relative size of the NLO correction is around 60%, and the resummation of large
logarithms exists [4]. Indeed, after matching the next-to-leading logarithmic and NLO results one finds a
small renormalization scale dependence and a remarkably good description of the corrected experimental
data [79].
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Fig. 38: Comparison of the LO and NLO predictions for the D parameter (left) and the y34 distribution (right).
The shaded regions indicate the renormalization scale dependencies.

The perturbative result is much more convincing in the case of the angular correlations, although
the NLO calculations have brought some surprises, too. In Fig. 39 we plot the LO and NLO perturbative
predictions for the distributions of the Bengtsson-Zerwas and modified Nachtmann-Reiter angles. We
see that the shapes of the distributions change very little when going from LO to NLO. However, when
these predictions are used for measuring the QCD color factors, then, at NLO, one uses a quadratic form
of the color charge ratios instead of the linear form used in a LO analysis [78]. The different functional
form of the fitted function leads to different fitted parameters, even if the shape of the distribution is
only slightly changed. In particular, the coefficient of the TR/CF colour factor ratio receives a very
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large negative contribution leading to a significant shift in the measured value of this ratio if the NLO
prediction is used instead of the LO one [60].

0.5
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

| I

Fig. 39: Comparison of the LO and NLO predictions for the Bengtsson-Zerwas (left) and the Nachtmann-Reiter
distribution (right) for x^ = 1.

5.3.3 Mass corrections

For the investigation of mass effects FOURJPHACT and the package APACIC++/AMEGIC++ were
used with the mass parameters of Table 5. Note that APACIC++ adds the value of a cutoff to the mass
parameters, see Section 2.4.5.

Table 5: Quark mass values used for the generators FOURJPHACT and APACIC++.

FOURJPHACT
APACIC++

u d s c b
0.35 GeV 0.35 GeV 0.5 GeV 1.5 GeV 4.8 GeV
0.01 GeV 0.01 GeV 0.2 GeV 1.7 GeV 4.7 GeV

In general, the inclusion of masses has only a minor effect on the angular distributions. This result
can be read off Fig. 40. In the upper plots the massive distributions of FOURJPHACT and APACIC++
are confronted with the massless result of APACIC++, and in the corresponding lower plots the ratios
massive/massless are depicted. In most of the bins the effect of masses is of the order of 2%. This result
is not too surprising, however, since only the 6-quark mass induces any sizeable effect. In Fig. 41, the
results of different channels as given by APACIC++ are compared, namely bbbb, bbgg, dddd, and ddgg.
Again, in the upper plots the appropriately normalized number of events per bin is displayed for each
channel, and the lower plots depict the corresponding ratios (bbbb)/'(dddd) and (bbgg)/(ddgg). Closer
inspection of this figure reveals that the by far dominant four jet b channel, namely bbgg, is affected
on the level well below 10% in most of the phase space by mass effects. On the other hand, large
effects, best seen in the comparison of bbbb versus dddd, are suppressed by the small relative rates of the
corresponding channels.
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Fig. 40: Comparison of massive and massless results for the four jet angles on the level of LO-matrix elements.

In the y34-distribution, mass effects are completely negligible, see Fig. 42. In the upper plot, the
2/34 distribution as given by APACIC++ with and without the inclusion of masses are depicted. The lower
plot shows the ratios of the massive and the massless distributions. As expected, the inclusion of masses
results in a slight shift from relatively soft (small y34) to comparably hard (large 2/34) events, since masses
shield the collinear regions of particle emission. However, this effect is only of minor size, and in most
bins the ratios massive/massless are quite close to 1. Large deviations can be seen in bins with limited
statistics only.

5.3.4 Comparison of shower models

In this section we want to compare the predictions of various parton shower models. When working with
the new MC options which allow for generating parton showers starting from a four-parton configuration,
care has to be taken for particular aspects of these models. In order to avoid singularities in the four-
parton generation according to the LO matrix elements, some intrinsic cut-off has to be applied for these
programs, for example a DURHAM resolution criterion in case of HERWIG. Therefore the resolution
criterion with which jets are selected at the analysis level has to be larger than this intrinsic one. In case
of HERWIG, the intrinsic cut-off chosen is y ^ r = 0.004, whereas jets are selected with ycut = 0.008.
The analysis level can be the final state after the parton shower or after the hadronization step.
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Fig. 41: The four jet angles for some selected channels with and without masses.
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Attention has also to be paid to the edges of certain phase space regions, such as the end points
in the angular distributions. These regions could be sensitive to the details in the implementations of the
models, such as the handling of the masses and virtualities of the partons from which the parton showers
start.

The hadronization parameters for the various models are taken from the tuned parameter sets as
used by ALEPH. No study with respect to variations in these parameters has been performed.

A study of the changes of the shapes for the angular distributions when going from parton to
hadron level is outlined below in Section 5.4 for the case of HERWIG. Here we concentrate on the
comparison of the model predictions at hadron level, i.e., after parton showering and hadronization. Also
shown is a comparison to data by ALEPH. These data are preliminary, with statistical errors only, since
the main purpose is to give a qualitative benchmark for the MC predictions. The data have been corrected
for detector acceptance and resolution effects by means of bin-to-bin correction factors, as described in
Section 5.2. The Monte Carlo program employed for this purpose is based on a standard parton shower
approach, starting from a qq pair.

In case of the angular distributions, the normalization is with respect to the total number of four-jet
events found, in order to concentrate on the shape. The event shape distributions are normalized to the
total number of hadronic events generated.

From Fig. 43 the following observations are made: The new option in PYTHIA 6.1, which in-
terfaces a four-parton event to a parton shower, gives generally a very good description of the angular
distributions, whereas the standard parton shower option shows deviations. The two other four-jet MC
programs differ from the PYTHIA four-jet option by about 5-10%, with larger discrepancies seen only
at the high end of the cos 034 distribution, which is sensitive to mass effects and details of the implemen-
tation of the interface, since there two soft jets at close angles are probed. Quark mass effects, which are
implemented in FOURJPHACT, do not have a sizeable impact on the shape of the distributions for the
measured sample, which is a normal flavour mixture. However, when studying event samples enriched
in heavy quarks, the mass effects should definitely be taken care of.

In Fig. 44 similar comparisons are shown for the event shape distributions 2/34 and D parameter.
Here a rather different picture arises. The four-jet MCs definitely fail to describe these distributions,
whereas the standard parton shower approach gives good predictions apart from the very tails. This
can be understood from the fact that the low end of the event shape distributions is rather sensitive to
contributions from two- and three-jet events, which vanish at leading order in perturbative QCD, but can
become sizeable after the parton shower simulation and after hadronization. These contributions are not
implemented in the four-jet MC programs. Furthermore, the predictions for the low regions of the event
shapes depend strongly on the intrinsic four-jet resolution parameter.

Therefore from these observations we conclude that the new four-jet MC options are well suited for
the description of the shape of angular distributions in four-jet events, with remaining uncertainties of the
order of 5%, if critical phase space regions are avoided. However, they cannot be used for observables
which are sensitive to contributions from two- and three-jet events, which is the case for event shape
distributions. Also the relative jet rates cannot be predicted correctly by these programs.

5.4 Hadronization corrections

A preliminary study of hadronization effects on the four-jet angular distributions was made using the
HERWIG four-jet matrix element + parton shower option, described in Section 2.2.4.

Figures 45 and 46 show the distributions obtained at s = M j for light primary quarks (IPROC =
601) and primary fe-quarks (IPROC = 605), respectively. The DURHAM jet metric was used with matrix-
element cutoff Y4JT = 0.004 and ycut = 0.008 for the actual resolution of jets. The dotted histograms
show the matrix element distributions, with the argument of Q S running as explained in Section 2.2.4,
while the dashed and solid ones are the reconstructed jet distributions at the parton level (after showering)
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and hadron level (after decays), respectively. In each case the distributions are normalized to the number
of 4-jet events found (with ycut = 0.008) at the relevant level.
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quarks, compared with matrix element.

One sees that hadronization effects on the shapes of the 4-jet angular distributions are generally
not large. The hadron/parton level ratios are, within the limited statistics of the present study, broadly
similar to those obtained using the HERWIG 2+3 jet ME+PS option (IPR0C = 101,105). There are,
however, indications that hadronization effects may be overestimated by the 2+3 jet ME+PS option at
the 5-10% level in certain places, e.g. the central regions of O^R and XBZ- Thus the use of correction
factors obtained from the 2+3 jet ME+PS option needs to be treated with caution if precision better than
10% is required.

Close study of Figs. 45 and 46 reveals the rather surprising fact that the hadron-level results are
often closer than the parton-level ones to the (massless) matrix-element distributions. This is particularly
true for primary 6-quarks, suggesting that in HERWIG the kinematic effects of the 6-quark mass during
parton showering are largely cancelled by the effects of hadronization and B-hadron decays.

Thus first results from the HERWIG 4-jet ME+PS option suggest that hadronization effects are
similar to those obtained using the old 2+3 jet option at the 10% level, and that effects of parton showering
and hadronization tend to cancel in the 4-jet angular distributions. This should be investigated further as
a function of cm. energy and jet resolution. Further studies of 4-jet hadronization using the PYTHIA
generator as well as the new combined 2,3 and 4 jet ME+PS HERWIG option (see Section 2.2.5) are also
needed.

5.5 Conclusions

A study of the description of 4-jet final states by various Monte Carlo models has been presented. Partic-
ular emphasis has been put on the comparison of new Monte Carlo generators, which produce 4-parton
final states according to the leading order QCD matrix elements, and then add a parton shower and
hadronization. In general good agreement between the different generators has been found. These new
models give a better description of 4-jet angular distributions than the standard parton shower models,
where the parton shower starts from a quark-antiquark initial state, only. However, jet rates as well as
event shape distributions sensitive to 4-jet production, such as 1/34, cannot be described by these models,
since here also the contributions from 2- and 3-jet events are important. These observations should be
taken into account when using the 4-jet MCs for background studies.
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Quark mass effects are small for the distributions under consideration, for samples with normal
flavour mixture. NLO contributions have minor impact on the shape of 4-jet angular distributions, but
they change considerably the 4-jet rate and event shape distributions such as the D parameter. Possible
large non-perturbative power corrections to observables such as the mean value of the D parameter have
not been studied here.

A preliminary study of hadronization effects on 4-jet angular distributions, using the 4-jet ME+PS
option of the HERWIG generator only, showed with limited statistics that such effects are broadly similar
to those seen with the 2+3 jet ME+PS option, although differences at the 5-10% level are apparent in
certain configurations.

6 B QUARK FRAGMENTATION FUNCTION

Heavy quark fragmentation functions are a powerful tool in testing the predictivity of perturbative QCD
(pQCD), since effects of non-perturbative origin are much more limited in size than in the light-flavour
case. At the origin of this behaviour lies the fact that the mass m of the heavy quark is much larger than
the QCD scale A.

Indeed, on one side the large mass acts as an infrared cutoff for the mass singularities which would
appear in the perturbative calculation, ensuring a finite result. The energy distribution of the b quark prior
to hadronization can therefore be calculated perturbatively. On the other side, hadronization effects have
to be phenomenologically modelled, but happen to be small: a heavy quark only loses a momentum
fraction of order A/m when binding with a light one to form a heavy-light meson [90].

6.1 Experimental results

Results for the normalized energy distribution of B hadrons, i.e.

(48)

in e+e collisions are given by the LEP collaborations and by the SLD experiment at SLC, at Q = Mz.
The scaling variable XE is given by the ratio of the observed B particle energy to the beam energy Ebeam.

A typical observable measured by experiments is the mean scaled energy fraction (XE)- Table 6
shows some of the most recent determinations of this quantity. In this table the second column identifies
the kind of B particle observed in the final state, be it the "leading" (also called "primary") (L) or the
"weakly decaying" one (wd). Of course, the average energy of the latter is lower than that of the former,
since it has undergone further decaying processes. It should also be noted that the precise details of what
the observed final state actually is will at least slightly vary from experiment to experiment. The numbers
quoted in the table under the same label "wd" are therefore not exactly comparable, though probably
homogeneous enough within the experimental uncertainties so that one can average them. Needless to
say, it would be useful if all analyses at some point finally agreed on a single definition for this final state.

Table 6: Mean scaled energy of B hadrons from various e+e~ experiments at Q = Mz

(xE)
0.7394±0.0054(stat)±0.0057(syst)
0.7198±0.0045(stat)±0.0053(syst)

0.714±0.005(stat)±0.007(syst)±0.002(mod)
0.702±0.008

0.695±0.006(stat)±0.003(syst)±0.007(mod)
0.716±0.0006(stat)±0.007(syst)

B
L

wd
wd
wd
wd
L

Expt
ALEPH2000 [91]
ALEPH2000 [91]

SLD 1999 [92]
LEPHFWGavg. 1996 [93]

OPAL 1995 [94]
DELPHI 1995 [95]

203



The most recent analyses also report fairly accurate data for the full fragmentation function Eq. (48),
with XE ranging from near zero to one. As expected, these distributions peak very close to one, around
xE ~ 0.8-0.9.

6.2 Theoretical predictions

The challenge for the theoretical calculations is of course to reproduce not only the mean scaled energy
but also, as far as possible, the full fragmentation distribution. A certain degree of phenomenological
modelling will be necessary, as perturbative calculations cannot of course describe the hadronization of
the b quark into B mesons and/or baryons. The full fragmentation function is therefore usually described
in terms of a convolution between a calculable perturbative component and a phenomenological one:

D{Q,x;m, A;ei,...,€„) = Dpert(Q,x;m,A)®Dnp(x;el,...,en). (49)

In this equation the perturbative component depends on the centre-of-mass energy Q, the QCD coupling
and the heavy quark pole mass m, while the non-perturbative one is assumed to depend only on some
given set of phenomenological parameters (e i , . . . , en), to be determined by fitting the experimental data.

The perturbative component can be either calculated by analytical means or extracted from Monte
Carlo simulations of the emission of radiation by the fragmenting heavy quark. In the latter case the
theoretical accuracy will of course be lower.

As far as fixed order analytical calculations are concerned, today's state of the art is the work of
Ref. [96]. It is accurate up to order a2 and also fully includes finite mass terms of the form (m/Q)p with
P > 1-

Fixed order results do however display two classes of large logarithmic terms: collinear logs, of
the form log(Q2/m2), and Sudakov logs, log(l — x). These terms become large when the centre-of-mass
energy is much larger than the heavy quark mass, a fact certainly true at LEP and SLD, and at the x ~ 1
endpoint respectively. All-order resummations for such terms, very important for producing a reliable
result, have and are being considered [97], and are now available at next-to-leading log (NLL) accuracy
for both classes of logarithms. Ref. [96] also provides a merging between the fixed order calculation and
the collinear-resummed one.

Once pQCD has produced a reliable prediction for the b quark fragmentation, one has to "dress"
it with some phenomenological modelling in order to describe the observed B hadrons distribution, as
discussed before. It is important to realize that, since only the convolution of the two factors in Eq. (49)
has physical meaning, the parameters fitted in the non-perturbative part will strictly depend on the kind
of description adopted for the perturbative term. Different descriptions and/or different parameters in
Dpert(Q, x; m, A) will lead to different values for the fitted ( e i , . . . , en) set. Once fitted, such a set will
therefore not be usable in conjunction with perturbative descriptions other than the one it has been fitted
with.

As an example, Table 7 shows the average scaled energy value of the b quark after fragmentation,
(xE)peru as predicted by the perturbative term only, for different values of A and m. The calculation
used in this example resums to NLL accuracy both collinear and Sudakov logs, but neglects the non-
logarithmic finite mass terms. One can clearly see that, on one hand, the purely perturbative predictions
are too large to directly describe the experimental results, unless probably unrealistic value for A5 and
mf, are used. On the other hand, each different (m;,, A5) choice will of course imply a different fitted
value for the non-perturbative parameters if the same measured (XE) is to be correctly described.

While the calculation of the perturbative component does of course follow the rules dictated by
pQCD, much more freedom is instead available when choosing the form of the non-perturbative contribu-
tion Dnp(x). A lot of different parametrizations have been employed and can be found in the literature:
some of them possibly more physically motivated, some chosen only because of practical advantages
like an easy Mellin transform or enough parameters to ensure that the shape of the data can be properly
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described. A list, probably incomplete, of these functional forms can be found in Ref. [98], though it
should be noted that some of them appear now to be disfavoured by comparisons with experimental data.

Table 7: Perturbative predictions for (xE)Pert at Q = 91 GeV, for different values of m^ and A5.

{XEJpert
mb = 4 GeV

mb = 4.5 GeV
mb = 5 GeV

A5 = 100 MeV
0.790
0.802
0.813

A5 = 200 MeV
0.753
0.767
0.780

As = 300 MeV
0.723
0.740
0.755

As an example of such a comparison, let us consider one of the best-sellers of these non-perturbative
forms, namely the Peterson et al. fragmentation function. Such a function is meant to be one of the
physically motivated ones, and has the attractive feature of depending on only one phenomenological
parameter e, which can moreover be roughly related to more fundamental quantities via the relation
e ~ A2 /m2 . This function reads

—2

(50)

where N(e) is the normalization factor.

The plot in Fig. 47 shows the result of attempting a point-by-point fit of the Peterson form, convo-
luted with the same perturbative calculation used in Table 7, to the latest data from SLD. It can be clearly
appreciated how the Peterson model, coupled to this perturbative description, does not seem to offer a
valid description of the data. The same conclusion was reached by the SLD Collaboration by coupling
this model to the JETSET Monte Carlo description of the perturbative component.

B data from SLD

Fig. 47: The data from SLD [92] and two theoretical fits. The pQCD prediction is in all cases collinear (or AP,
for Altarelli-Parisi) and Sudakov resummed.

It should however be noted that Eq. (50) was derived under the assumption of describing the
hadronization of a heavy quark into a heavy-light meson by picking up a light quark from the vacuum.
No attempt was made to include the description of the subsequent decays transforming the leading B
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particle into the weakly decaying ones, which are the ones observed here. Such decays will modify the
shape of the fragmentation function, and might at least partially explain the observed discrepancy.

Figure 47 also shows a fit performed with a different non-perturbative function, namely

Dnp(x;a,/3) = (51)

This particular form has no immediate physical origin, but it is often used because it has a very simple
Mellin transform and is flexible enough to describe the data well. One can indeed see from the plot that
it allows for a very good fit of the experimental data.

6.3 Monte Carlo predictions

An important issue that remains to be addressed is the performance of the main Monte Carlo event
generators in comparison with the latest data on 6-quark fragmentation. Figure 48 shows the results of
combining JETSET (version 7.4) parton showers with various models [98] for 6-quark fragmentation into
a weakly-decaying B-hadron, compared to the recent SLD data [92]. JETSET plus Lund fragmentation
gives a good description of the data whereas, as was the case in the analytical calculations discussed
above, the Peterson model does not.
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Fig. 48: B-fragmentation data from SLD [92] compared with various models.

The prediction from HERWIG (version 5.7) is seen to be too soft in comparison to the SLD data.
As already remarked in Section 2.2.3, a harder B-hadron spectrum can be obtained in HERWIG 6.1 by
varying the 6-quark fragmentation parameters separately. However, detailed tuning of version 6.1 to
these data has not yet been attempted.

206



6.4 Concluding remarks

Accurate theoretical preditions exist for the perturbative part of the heavy quark fragmentation function.
Collinear and Sudakov logarithms can be resummed to next-to-leading accuracy, and the finite mass
terms are known up to order a | . All the various contributions can be merged into a single result.

On top of this perturbative result a non-perturbative contribution will always have to be included,
and precise experimental data can help identifying the proper shape for such a function.

Predictions for heavy quark fragmentation from the latest versions of Monte Carlo generators have
yet to be compared and tuned to the most recent data.

7 GLUON SPLITTING INTO BOTTOM QUARKS

7.1 Experimental data

The current experimental results on the quantity

9bb =
hadrons)

are summarized in Table 8. The first three results are based on extracting a secondary bb signal from a
4-jet sample, whereas the latest DELPHI value is obtained from a measurement of the Ab rate F(Z° —>
bbbb), which should be less model-dependent and give better phase-space coverage.

Table 8: Experimental data on gluon splitting to bb.

Experiment
DELPHI
ALEPH
SLD
DELPHI

Ref.
[100]
[101]
[102]
[103]

9bb (%)
0.21 ±0.11 ±0.09

0.277 ±0.042 ±0.057
0.307 ±0.071 ±0.066

0.33 ±0.10 ±0.08

7.2 Analytical predictions

References [104-106] give leading-order [©(a2)] predictions as well as the results of resummation of
leading [a™ log2™"1 (s /mb)l a n d next-to-leading [a™ Iog2n~2 (s/m%)] logarithms (NLL) to all orders
in as, matched with leading order. The results, for as = 0.118, s = M | and mj = 5.0 GeV, are
summarized in Table 9.

Table 9: Calculations of gluon splitting to bb.

Calculation
Leading order
LO + NLL[105]
LO + NLL[106]

abb (%)
0.110
0.207
0.175

We see that resummation of logarithms gives a substantial enhancement. Bearing in mind that
log(M|/m2) ~ 6 and as log2(M|/m2) ~ 4, this is not surprising. Still missing are higher-order terms
of the form a™ Iog2n~m(s/m2) with n, m > 2, which could well become comparable with the leading
term at high orders. The difference between the predictions of [105] and [106] is due to their different
treatment of NNLL (m = 3) terms.
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In conclusion, the theoretical prediction for g^ must still be regarded as quite uncertain, and not
in serious disagreement with the data.

Reference [106] also contains predictions of secondary heavy quark production as a function of an
event shape variable (the heavy jet mass). There are no data available yet on this, so the authors compare
with Monte Carlo results. Their predictions are similar to those of the main event generators discussed
below.

Monte Carlo predictions of g^b are in principle even more unreliable than the theoretical results
presented above, since they do not fully include next-to-leading logarithms or matching to fixed order.
Nevertheless they do include some real effects absent from the analytical calculations, such as the effects
of phase-space limitations. Different options for the treatment of subleading terms, such as the choice
of argument for as, can easily be explored by providing suitable switches in the programs. Also of
course they provide a complete model of the final state, which allows the effects of experimental cuts to
be simulated. Relevant developments in the main Monte Carlo programs are described in the following
three subsections.

7.3 Monte Carlo developments: PYTHIA

7.3.1 Strong coupling argument and kinematics

The default behaviour in PYTHIA is to let as have pT as argument. Actually, since the exact kinematics
has not yet been reconstructed when a s is needed, the squared transverse momentum is represented by
the approximate expression z(l — z)m2, where z is the longitudinal splitting variable and m the mass
of the branching parton. Since as blows up when its argument approaches AQCD, this translates into a
requirement on pT or on z and m, restricting allowed emissions to px > Qo/2, where QQ is the shower
cutoff scale. Also when full kinematics is reconstructed, this is reflected in a suppression of branchings
with small px- Therefore, if the angular distribution of the g decay is plotted in its rest frame, the quarks
do not come out with the 1 + cos2 0 angular distribution one might expect, but rather something peaked
at 90 deg and dying out at 0 deg and 180 deg.

For g —* qq branchings, the soft-gluon results that lead to the choice of pT as scale are no longer
compelling, however. One could instead use some other scale that does not depend on z but only on m.
A reasonable, but not unique, choice is to use m2 /4, where the factor 4 ensures continuity with pT for
z = 1/2. This possibility has been added as new option MSTJ(44)=3. In order for this new option to
be fully helpful, a few details in the treatment of the kinematics have also been changed for the g —> qq
branchings. These changes are not completely unimportant, but small on the scale of the other effects
discussed here.

Actually, the change of as argument in itself leads to a reduced g —» qq splitting rate, while the
removal of the PT > Qo/2 requirement increases it. The net result is an essentially unchanged rate,
actually decreased by about 10% for charm and maybe 20% for bottom, based on not overwhelming
statistics. The kinematics of the events is changed, so experimental consequences would have to be
better quantified. However, the changes are not as big as might have been expected - see the following.

7.3.2 Coherence

In the above subsection, it appears as if the 1 + cos2 6 distribution would be recovered in the new option
MSTJ(44)=3. However, this neglects the coherence condition, which is imposed as a requirement in
the shower that successive opening angles in branchings become smaller. Such a condition actually dis-
favours branchings with z close to 0 or 1, since the opening angle becomes large in this limit. It should
be noted that the opening angle discussed here is not the true one, but the one based on approximate
kinematics, including neglect of masses. One may question whether the coherence arguments are really
watertight for these branchings, especially if one considers g —> qq close to threshold, where the actual
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kinematics is quite different from the one assumed in the massless limit used in the normal coherence
derivation.

As a means to exploring consequences, two new coherence level options MSTJ (42) =3 and 4 have
thus been introduced. In the first, the p^ of a g —* qq branching is reduced by the correct mass-dependent
term, 1 - Am^/m^, while the massless approximation is kept for the longitudinal momentum. This is
fully within the uncertainty of the game, and no less reasonable than the default MSTJ (42) =2. In the
second, no angular ordering at all is imposed on g —» qq branchings. This is certainly an extreme
scenario, and should be used with caution. However, it is still interesting to see what it leads to.

It turns out that the decay angle distribution of the gluon is much more distorted by the coherence
than by the as and kinematics considerations described earlier. Both modifications are required if one
would like to have a 1 + cos2 9 shape, however. Also other distributions, like gluon mass and energy, are
affected by the choice of options.

The most dramatic effect appears in the total gluon branching rate, however. Already the introduc-
tion of the mass-dependent factor in the angular ordering requirement can boost the g —> bb rate by about
a factor of two. The effects are even bigger without any angular ordering constraints at all. It is difficult
to know what to make of these big effects. The options described here would not have been explored had
it not been for the LEP data that seem to indicate a very high secondary charm and bottom production
rate. Experimental information on the angular distribution of secondary cc pairs might help understand
what is going on better, but probably that is not possible experimentally.

7.3.3 Summary

In order to study uncertainties in the g —> bb rate, some new PYTHIA options have been introduced,
MSTJ (44) =3 and MSTJ (42) =3 and 4, none of them as default (yet). Taken together, they can raise the
g —» bb rate by a significant factor, as summarized in Table 10. A study of the effects of these options on
the 3-jet rate ratio Rf is described in Section 4.4.4.

Table 10: PYTHIA options for gluon splitting to qq. Rates at 91.2 GeV for the normal flavour mixture.

MSTJ(44)
(a,)

2
2
2
3
3
3

MSTJ(42)
(coherence)

2
3
4
2
3
4

9uu+dd+ss (%)

14.3
20.9
38.5
12.9
19.9
42.9

9cc (%)

1.26
1.93
3.07
1.16
1.77
3.48

9bb (%)

0.16
0.26
0.32
0.15
0.28
0.46

The MSTJ (42) =4 option is clearly extreme, and to be used with caution, whereas the others are
within the (considerable) range of uncertainty.

The corrections and new options are available starting with PYTHIA 6.130, obtainable from
www. thep . lu . s e / ~ t o r b j o rn /Pyth ia . html.

7.4 Monte Carlo developments: HERWIG

7.4.1 Angular distribution in g —> qq

In HERWIG, the angular-ordering constraint, which is derived for soft gluon emission, is applied to all
parton shower vertices, including g —> qq. In versions before 6.1, this resulted in a severe suppression
(an absence in fact) of configurations in which the gluon energy is very unevenly shared between the
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quarks. For light quarks this is irrelevant, because in this region one is dominated by gluon emissions,
which are correctly treated. However for heavy quarks, this energy sharing (or equivalently the quarks'
angular distribution in their rest frame) is a directly measurable quantity, and was badly described.

Related to this was an inconsistency in the calculation of the Sudakov form factor for g —> qq.
This was calculated using the entire allowed kinematic range (with massless kinematics) for the energy
fraction x, 0 < x < 1, while the x distribution generated was actually confined to the angular-ordered
region, x, l — x > mj\[W\ (see Section 2.2.1).

In HERWIG version 6.1, these defects are corrected as follows. We generate the E2£ and x values
for the shower as before. We then apply an a posteriori adjustment to the kinematics of the g —> qq
vertex during the kinematic reconstruction. At this stage, the masses of the q and q showers are known.
We can therefore guarantee to stay within the kinematically allowed region. In fact, the adjustment we
perform is purely of the angular distribution of the q and q showers in the g rest frame, preserving all
the masses and the gluon four-momentum. Therefore we do not disturb the kinematics of the rest of the
shower at all.

Although this cures the inconsistency above, it actually introduces a new one: the upper limit for
subsequent emission is calculated from the generated E2£, and x values, rather than from the finally-used
kinematics. This correlation is of NNL importance, so we can formally neglect it. It would be manifested
in an incorrect correlation between the masses and directions of the produced q and q jets. This is, in
principle, physically measurable, but it seems less important than getting the angular distribution itself
right. In fact the solution we propose maps the old angular distribution smoothly onto the new, so the
sign of the correlation will still be preserved, even if the magnitude is wrong.

Even with this modification, the HERWIG kinematic reconstruction can only cope with particles
that are emitted into the forward hemisphere in the showering frame. Thus one cannot populate the whole
of kinematically-allowed phase space. Nevertheless, we find that this is usually a rather weak condition,
and that most of phase space is actually populated.

Using this procedure, we find that the predicted angular distribution for secondary b quarks at LEP
energies is well-behaved, i.e. it looks reasonably similar to the leading-order result (1 + cos2 9*), and has
relatively small hadronization corrections.

7.4.2 Predictions for g^

Reference [105] contains comparisons between analytical predictions for gbb and those of HERWIG.
One result of the analytical calculation is that, to NLL accuracy, one can use the massless formula for
the splitting g —> bb, provided one also sets a cutoff on the virtual gluon mass of mg > e5/6m& — 2.3mb
instead of the kinematic cutoff mg > 2m;,. Somewhat fortuitously, this is similar to the HERWIG
method, which uses the massless formula with a cutoff mg > 2(m& + Qo) with Qo — 0-5 GeV. The
comparisons in show that the resummed and HERWIG predictions are quite similar at LEP1 and LEP2
energies.

HERWIG results for Z° decay are summarized in Table 11, for the version used in the original
comparisons (5.7) and the latest version, 6.1 [23]. The main difference between the two versions in this
context is a change in the default fc-quark mass from m*, — 5.2 GeV to 4.95 GeV, which is justified by
the approximate relation TUB — mh + mi where mi is the light quark mass. We see that the HERWIG
results are somewhat higher than the resummed predictions in Table 9 and in better agreement with the
data in Table 8.

Table 11: HERWIG predictions for gluon splitting to bb.

Version
5.7
6.1

9bb (%)
0.23
0.25
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7.5 Monte Carlo developments: ARIADNE

The splitting of gluons into a qq pair does not fit into the dipole picture in an obvious way, since this
splitting is related directly to a single gluon rather than to any dipole between two partons. Also, all
gluons in emitted in the cascade are massless, and to be able to split into massive quarks, energy has to
be required from somewhere. The way the process is included in ARIADNE is described in Ref. [107]
The splitting probability of a gluon is simply divided in two equal parts, each of which is associated to
each of the two connecting dipoles. The splitting process can then again be treated as a two-to-three
process, where a spectator parton is used to conserve energy and momentum. It can be shown that this
is equivalent to standard parton shower approaches in the limit of strongly ordered emssions. But the
differences when extrapolating away from that limit can become large, and ARIADNE typically gives
twice as many secondary bb pairs as compared to eg. JETSET.

But this treatment of secondary heavy quarks may lead to rather strange situations (as noted in
Ref. [33]). Since transverse momentum of the qq splitting can become small even for heavy quarks, it is
possible to split a gluon so that the mass m ^ is larger than the transverse momentum scale - p\g - at
which the gluon was emitted - although the ordering of the emissions, p\ „ < p\ , is still respected. To
avoid such situations there is an option in ARIADNE5 which introduces an extra limit, m ^ < p\ , on
gluon splitting.

As discussed already in Section 7.3, it is not quite clear if or how the ordering of emissions should
be enforced in the case of gluon splitting into massive quarks and, for that reason, ARIADNE also
includes an option where these splittings are allowed to be non-ordered, ie. pxqq is allowed to be larger
than the transverse momentum of the preceeding emission.6 The corresponding rates of gluon splittings
are given in Table 12.

Table 12: ARIADNE options for gluon splitting into qq. Rates at 91.2 GeV for the normal flavour mixture.

MSTA(28)

0
1

-1

9uu+dd+ss
25.9
17.7
28.8

9cc

2.18
1.09
1.88

9bB
0.34
0.13
0.16

8 OVERALL CONCLUSIONS AND RECOMMENDATIONS

Here we summarise the main results from each Section above and the recommendations that follow
from them. The term 'jet rates' always refers to the DURHAM algorithm unless it is explicitly stated
otherwise.

8.1 Monte Carlo developments

The relevant features of the main event generators, PYTFQA, HERWIG and ARIADNE, were reviewed
with emphasis on relevant new developments. In many cases, important modifications and new options
were introduced as a result of discussions in the working group.

In PYTHIA, improved treatment of quark masses in the parton shower permits a better description
of the overall 3-jet rate, but there remains a problem of underestimation of the 4-jet rate. Modification of
the way in which matrix element corrections are applied has little effect on this.

5MSTA (28)^0 in the /ARDAT1/ common block.
6MSTA (28) <0 in the /ARDAT1/ common block. The current version (4.10) contains a bug for this option. A bug fix can be

obtained on request to leif@thep.lu.se.
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In HERWIG, parameters for the cluster hadronization of fc-quarks have been separated from those
for ligher quarks, so that improved tuning to 6-quark fragmentation data will be possible.

In both PYTHIA and HERWIG there are now options to interface parton showers to the massless
4-parton matrix elements. In addition, FOURJPHACT interfaces the massive 4-parton matrix elements
to PYTHIA parton showers. These options provide an improved description of 4-jet final states, but
are not suitable for describing features that receive important 2- and 3-jet contributions. A very recent
development in HERWIG is an option to combine 2,3 and (massless) 4-parton matrix elements together
with parton showers in a way that aims to avoid the worst aspects of double counting. Comparison and
tuning of this option to LEP1 data is in progress.

In ARIADNE, options exist for switching on and off the dead-cone effect in QCD radiation from
heavy quarks. A massive leading-order matrix element correction has also been introduced, as exists in
PYTHIA and HERWIG. Overall, ARIADNE gives a better description of jet rates than either PYTHIA
or HERWIG. However, the description of mass effects in jet rates in ARIADNE is not so satisfactory,
and in fact turning off the treatment of quark masses altogether appears to provide a better description.

A major new development is the introduction of the new event generator APACIC++, which for the
first time interfaces n-parton matrix elements and parton showers for n = 2 , . . . , 5. A number of options
are available for choosing the relative jet rates, and for initialising and evolving the parton showers. As
in PYTHIA and ARIADNE, the JETSET string hadronisation model is used. A first attempt at tuning
to LEP1 data gives encouraging results, with fits to most event shape and single-particle distributions
of a quality similar to the established generators. Differential jet rates show some features which may
be associated with merging the different parton multiplicities. The tuned shower cutoff is high, so that
the parton showers have little phase space for evolution and final-state structure is mostly determined by
matrix elements and hadronization.

8.2 Jet rates (inclusive)

Both PYTHIA and HERWIG have problems with fitting the 3- and 4-jet rates simultaneously as functions
of the jet resolution yc. For a given tuning, one can describe e.g. the 3-jet rate well, but then the rates
for higher jet multiplicities are overestimated by HERWIG and underestimated by PYTHIA. None of the
modifications tried was able to eliminate this problem. For analyses at LEP2 energies using PYTHIA
or HERWIG, we recommend tuning to the relevant jet rate at LEP1 in order to minimize the associated
systematic error, which then results only from the change in that jet rate from LEP1 to LEP2. If this is
done, then a systematic error of 2% in the 4-jet rate at LEP2 could be achieved. On the other hand, if
only a general tuning at LEP1 is performed, the systematic error could be as large as 5%.

ARIADNE gives the best overall description of jet rates and should therefore be considered as
the generator of choice for estimating multi-jet backgrounds, e.g. in hadronic WW decay studies. Using
ARIADNE could lead to a further reduction of systematic errors.

8.3 Jet rates (mass effects)

Full NLO massive matrix element calculations of the 3-jet rate are now available. They were used to
study the effect of the b-quark mass on the ratio of b-quark to light-quark rates, R^e{yc). This is an
observable in which many systematic uncertainties tend to cancel. The difference between the running-
mass and pole-mass schemes was used as an estimate of higher-order contributions. This difference was
indeed reduced relative to the LO calculation, with the predicted NLO band lying within the LO one.

In the case of the 4-jet rate ratio, R^(yc), only LO massive predictions are available. Therefore,
to be cautious, theoretical uncertainties on both R^ and Rff were estimated at ± half the difference
between the LO pole-mass and running-mass predictions. The DELPHI LEP1 data do fall within this
band over the range measured (0.01 <yc< 0.06). For detailed numerical estimates of the uncertainties,
see Section 4.6.
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The performance of the Monte Carlo event generators was judged against the theoretical predic-
tions with the estimated uncertainties. Generally speaking, the generators tend to overestimate mass
effects, i.e. they underestimate Rf and R\e. Overall, HERWIG gave the best agreement at y/s = Mz,
although the new mass treatment in PYTHIA describes Rf better. ARIADNE underestimates more
severely, with dead-cone effects and the new massive matrix element correction tending to worsen agree-
ment.

A full NLO massive matrix element calculations of the 4-jet rate would undoubtedly be helpful in
reducing the systematic uncertainty on 6-quark mass effects in jet rates, and in testing and improving the
performance of event generators.

A study of hadronization effects showed that use of the CAMBRIDGE jet algorithm can consid-
erably reduce hadronization corrections to R^e, which should be helpful in determinations of the 6-quark
mass. Comparison of the latest versions of PYTHIA and HERWIG showed that they give closer es-
timates of hadronization corrections following improvements in HERWIG, and that decay effects are
small for sufficiently large values of yc.

8.4 Four-jet observables

The Monte Carlo generators with specific 4-jet options (PYTHIA, HERWIG and APACIC++) were com-
pared with each other and with matrix element calculations, for the standard set of 4-jet angular distri-
butions as well as the differential 4-jet rate and the D-parameter distribution. No significant differences
were found at the matrix element level, except for the differential jet rate in PYTHIA, which was thought
to be due to an intrinsic JADE (mass) cut on the 4-parton configurations generated by that program.
Good agreement between the programs was found after parton showering and hadronization. Quark
mass effects were found to be small (2% level) for the LEP flavour mixture.

NLO corrections to the 4-jet angular distributions are small but can have a significant effect on the
extracted colour factors, owing to their different functional dependence on these quantities. On the other
hand NLO effects are very large (70-130%) in the 4-jet rate and D-parameter distributions. This indicates
that resummation of large higher-order corrections is required. The 4-jet options of the event generators
are not able to describe these distributions owing to the lack of 2- and 3-jet contributions. The default
2+3 jet + parton shower options in PYTHIA and HERWIG are more successful here. The new combined
multijet + shower options in HERWIG and APACIC++, developed during the workshop, may provide
a better simultaneous description of these distributions and of the 4-jet angular distributions, provided
successful tuning to the LEP1 data can be achieved.

8.5 B fragmentation

The data, theory and models for 6-quark fragmentation into B-hadrons were reviewed. New theoretical
calculations with resummation of large higher-order terms suggest that non-perturbative effects are small
but significantly different from the conventional Peterson parametrization.

No new work could be undertaken on the important topic of comparing the performance of Monte
Carlo generators with the data and with theoretical calculations in this area. Comparisons with new
data presented recently by the SLD collaboration suggest that the PYTHIA/JETSET description with the
original Lund parametrization of fragmentation is satisfactory at y/s = Mz.

8.6 g —> bb splitting

The experimental results on the rate of gluon splitting into 6-quark pairs (around 3%0 at y/s = Mz)
are somewhat higher than the best theoretical estimates (around 2%0). However the theoretical uncer-
tainties due to unknown sub-leading logarithmic corrections easily cover the discrepancy. This point is
emphasised by the sensitivity of Monte Carlo generator predictions to the treatment of subleading and
kinematic effects. In PYTHIA a number of new options have been introduced to vary the treatment of
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such effects, and particular choices can readily bring the g —> bb rate up to the observed value. We
provisionally recommend the setting MSTJ (42) =MSTJ (44) =3. In HERWIG and ARIADNE, the default
settings in the latest versions already give adequate agreement with the data. However, an estimated
uncertainty as large as 30% remains appropriate.
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1 INTRODUCTION

At LEP2 energies, the cross sections for 77 collision processes are typically two to three orders of mag-
nitude higher than the e+e~ annihilation cross section (Fig. 1). This gives, on the one hand, excellent
possibilities to study the physics of 77 collisions and, on the other hand, problems due to large (often
irreducible) backgrounds due to the 77 processes, especially in certain types of new particle searches. In
both cases, because of the limited acceptance of the LEP detectors, accurate Monte Carlo (MC) simula-
tions of various 77 processes are necessary.
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Fig. 1: Cross-sections for typical 77 collision and e+e~ annihilation processes at LEP.

The general features of the final states produced in 77 collisions, as well as the descriptions of
several different MC generators, and comparisons of their results have been given in the Report of the
1995 study of Physics at LEP2 [1]. The present report should be considered as an update of this doc-
ument. As well as describing improvements to several programs: HERWIG, PHOJET, PYTHIA and
TWOGAM previously described in Ref. [1], it is now possible to show comparisons of the predictions of
these programs with data from the LEP experiments. In the case of deep-inelastic scattering from almost
real photons, corrected data of three of the LEP experiments have been combined and compared to the
predictions of PHOJET and several versions of the HERWIG generator [61]. This study showed that, in
general, the differences observed between the corrected data of the different experiments was less than
those observed between the combined data and certain predictions of the MC generators.

In this report, some subjects of general interest for the physics of two photon collisions, extending
the discussion of Ref. [1], are first presented: the two photon flux calculation (Section 2), radiative
corrections (Section 3) and heavy flavour production (Section 4). The problematics of low mass single W
production is shortly discussed in Section 5. A brief update on the current status of HERWIG (extensively
discussed in Ref. [1]), is followed by a more detailed descriptions of the physics modelling of the most
recent versions of PYTHIA, PHOJET and TWOGAM (Sections 6,7, 8 and 9). In Section 10, comparisons
between the results of the different event generators, as well as between LEP data and the predictions of
the generators are presented. Section 11 addresses the problem of background due to 77 processes in
searches for new particles. Some general conclusions are given in Section 12.
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2 TWO-PHOTON LUMINOSITY

Following the notation of Budnev et al. [2] the electron-positron cross section for two-photon collisions
can be written as (unpolarized beam leptons)

em

(pi - rn\m\

fpt++2pfpt+aST

p++pf2p++pfaTS

(1)

Fig. 2: Notation for two-photon interaction at LEP.

Here CTJJ denote the cross section of (virtual) photon-photon scattering with the polarizations
i,j = 5, T. The photon polarization is defined in terms of the photon helicity +, — (transverse.T) and
0 (longitudinal,S) in the two-photon center-of-mass system (CMS). The interference terms T;J result in a
non-trivial ^-dependence of the ee cross section where (p is the angle between the two lepton scattering
planes in the 77 CMS. From QED current conservation follows that cross sections with longitudinally
polarized photons vanish like

UTS I
,2^2 (2)

The density matrix pij describing the photon emission off the beam leptons is dominated by con-
tributions from almost real photons. In the limit (q\ + t^)2 = W2 ^ \<li\ it can be written in factorized
form and the ee cross section (1) reads (qf = -Qf)

do.- 1

i,j=

with

2(1 - y)

(4)

(5)
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Note that the interference terms m are neglected in (3). Hence there is no correlation between the two
lepton scattering angles ipi and y>i despite those coming from the energy dependence of the two-photon
cross sections o^-. The energy fraction, y, carried by the photon relative to the beam lepton energy is not
well-defined for virtual photons. Possible invariant expressions are, for example,

Vi = Qi (pi + Pa) / y/sZ, Vi = iliiPj) / (P1P2) • (6)

The difference between these expressions is of the same order as the terms neglected in Eq. (3).

The classical Weizsacker-Williams approximation [4,5] corresponds to Eq. (4) without the non-
leading term proportional to m\. In the equivalent photon approximation [2] usually only transversely
polarized photons are considered (4). Both approximations are based on the assumption that the virtuality
dependence of the two-photon cross section can be neglected. For recent discussions see, for example,
[3,86].

To compare the approximation (3) with the exact leading-order cross section (1), the cross sections
Uij have to be specified. For sake of simplicity we consider in the following only the total two-photon
cross section and approximate its Q2-dependence on the basis of Generalized Vector Dominance Model
arguments (GVDM, see for example [6-8] and references therein). Using the parametrization of [9] the
cross sections read

Vij(W,QlQ2
2) = a17(W,0,0) Fi(Ql) F^Q2), (7)

with

The influence of high-mass vector mesons and continuum contributions is taken into account by the last
term of the sum in (8). The parameters in Eqs. (8,9) are rp — 0.65, rw = 0.08, r<f, = 0.05, reff =
0.22, and mo = 1.4 GeV. The parameter £ ~ 1/4... 1 characterizing the ratio of the longitudinally to
transversely polarized photon cross sections has to be determined from data. The results discussed below
refer to £ = 1/4.

In Table 1 the cross sections aee for yfs^. = 200 GeV, obtained with the approximation (3),
are compared to the exact leading order expression (1) for anti-tag, tag/anti-tag, and double-tag event
selections. The minimum energy of a tagged lepton is assumed to be 35 GeV and all leptons meeting this
energy requirement with polar angles above 30 mrad are assumed to be detectable. In all cases the cross
section parametrization (7) was used and the invariant two-photon mass was restricted to W > 3 GeV.

The results in Table 1 show that the flux approximation (3) reproduces well the integrated leading-
order cross-section for anti-tag and tag/anti-tag events. It also gives an adequate description of the y and
Q2 distributions (not shown).

However the factorized approximation predicts a double-tag cross section which is too small. This
is also obvious from Fig. 3 (a) which shows the differential cross section for double-tagged events for
W > 3 GeV. As expected, the differences between the factorized flux (3) and the leading-order expres-
sion (1) are substantial for small values of W. There is also a striking difference in the correlation of the
azimuthal scattering angles of the leptons as shown in Fig. 3 (b). In case of the factorized approxima-
tion, lepton scattering angles corresponding to opposite directions are preferred. This is caused by the
W > 3 GeV cut and the fact that most of the photons have small y values (see Eqs. (4,5)). In the leading-
order calculation this W-induced anti-correlation is modified due to the positive correlation predicted by
the non-factorized two-photon luminosity.
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Table 1: ee cross-sections and average y and Q2 values for anti-tag, tag/anti-tag and double-tag event selections
and ani{W, 0,0) = 1 nb. The cross-sections and photon virtualities are given in units of nb and GeV2, respectively.

anti-tag, Eq. (3)
anti-tag, Eq. (1)
tag/anti-tag, Eq. (3)
tag/anti-tag, Eq. (1)
double-tag Eq. (3)
double-tag Eq. (1)

(Q'i) {Qi) <»i> <</2>
4.69 10"* 7.3 10- a 7.310-2 0.15 0.15
4.6910-2 7.3XQ-2 7 . 3 1 0 -2 0.15 0.15
1.0310-4 7.310- a 2.8101 0.16 0.20
1.0410-4 8.0 10-2 2.8101 0.16 0.20
2.9610-7 3.18101 3.18101 0.19 0.19
3.8910~7 3.17101 3.17101 0.17 0.17

10' factorized
leading-order

0.25

0.05

factorized
leading-order

(b)

-2

W (GeV)
100

-1 0 1
A(p = <p1 - (p2

Fig. 3: Comparison of differential cross-sections predicted by the leading order calculation (1) and the factorized
approximation (3) for the double-tag event selection. Shown are (a) the differential cross section OTT and (b) the
correlation of the lepton scattering planes.

The differences in the predictions based on Eqs. (1,3) can be traced back in part to different choices
of how to define the cross section of virtual photons. In general, a cross section is defined as the transition
rate (squared matrix element) per incoming particle flux Fyi — 2E\lE2\v\ — V2\ where Hi denotes the
velocity of particle i. Since it is not possible to specify the velocity of a virtual photon, a convention for
the flux factor of virtual particles has to be used. The leading-order calculation used here [2] assumes
Fx2 = 4[(gi<?2)2 - I1Q2] a n c* t n e factorized approximation corresponds to F& = yiV2S- Both give the
same cross section normalization in the limit of real photons but differ for virtual photons. Of course, in
a consistent calculation, the cross section aee does not depend on the flux convention because the beam
leptons are real particles and any change in the definition of the two-photon cross section is compensated
by the correspondingly calculated two-photon luminosity.

In summary, the factorized approximation (3) gives a remarkably good description of the two-
photon luminosity for small photon virtualities. However, in the case of double-tag event selection the
condition W2 > Q\, Q\ is no longer satisfied and the approximation breaks down.

3 RADIATIVE CORRECTIONS TO THE LUMINOSITY FUNCTIONS

The formalism of (1), expressing the total cross-section of two-photon collisions as the product of lumi-
nosity functions and the cross-section of two virtual photons, summed over helicity states of the photons,
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is the starting point for most 77 generators (even if, often, various approximations are used rather than
the exact leading-order (LO) formulae).

As suggested in Ref. [11], it is possible to take into account radiative corrections while preserving
the formalism, simply by replacing the LO (non-radiative) photon density matrices p by the 'radiative'
ones; schematically, the diagram Fig. 4a) for emission of the virtual photon is replaced by diagrams
Fig. 4b) with an additional bremsstrahlung photon k. The infrared divergence {\k\ —» 0) is cancelled
by virtual corrections (lepton self-energy and vertex corrections, see Fig. 4c). The exchange of virtual
photons between electron-positron lines, as well as other non-factorizing corrections, are neglected. In
practice, the contribution of bremsstrahlung diagrams is divided into two parts, hard radiation and soft
radiation, by the cut on the minimal energy of the emitted real photon. Photons below this cut (the 'soft'
ones) are not physically generated and their contribution appears only as a correction to the overall cross-
section. This technique was already used for the calculation and implementation of radiative corrections

+e~ e+e~n+pT in Ref. [13]. Here we repeat the calculations in a more general way,to the process e+e
in order to obtain formulae applicable to all types of interactions of virtual photons.

Fig. 4: a) LO emission of a virtual photon, b) bremsstrahlung diagrams, c) virtual corrections (lepton self-energy,
vertex correction and photon self-energy).

Once the radiative corrections are included, the virtual photon densities p in (1) become

0,6 = + , - , 0 (10)

where the soft (non-radiative) part - after integration over electron self-energy, vertex and photon self-
energy corrections - has the form (for details see [13])

ps°b
ft = (1 + 2ReFl + 6S- 2ReU)p°ab + 2ReF2. (11)

The hard radiation part of the virtual photon density is calculated from diagrams (lb) and projected
in the helicity basis according to Ref. [2]. The calculations yield the following formulae:

Phard = F{Co + mi(C2 + C3) +
; - Xq.k2) + C2(R

2 - Xp.q2) + C3(S
2 - Xp .q2)]/X/q2},

Phard - * \~( C3S
2)/X/q2), (12)

where
Co = q2[ml(p.k? + p'.k2) - 2p.kp .kp.p] + 2p.kmp .k (p.k2 + p'.A;2),
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Ci = 2 m2 p.k p .k, C2 = 2m* p.k q.k + p.k p .k ql', C3 = - 2 m , p .k q.k + p.k p .k q2,

~ 4 Q ,R = p.q q.Q - p.Q q2, S = p .q q.Q - p .Q q2, T - k.q q.Q - k.Q q2 .F =
n2p.k2p .k2q2

The coefficients in front of the spin transition amplitudes r in (1) are lengthy expressions which
can be found in Ref. [14]. These coefficients suffer from numerical instabilities due to the poorly defined
angle between scattering planes in case of very low scattering angles, a problem which becomes even
more pronounced in the presence of radiative corrections. A numerically safe solution can be achieved
by careful reformulation of the problematic formulae.

In this way, radiative corrections were implemented in the TWOGAM generator, which is by
default working with the full set of luminosity functions (1). A comparison with the RADCOR generator
( [13]) for e+e~ —*• e+e~fi+[i~ (7) was done to test the reliability of the implementation (the two
generators differ in the choice of the sampling function and integration variables). A very good agreement
was found both in the cross section (see Table 2) and in differential distributions (Fig. 5).
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Fig. 5: Energy spectrum and polar angle distri-
bution of the bremsstrahlung photon.

Fig. 6: Maximal virtuality in single-tagged
events.

Table 2: Comparison of the computed cross-section (as tagged are considered events with leptons scattered above
1.8°, without limit on their energy).

e+e —» e+e fi+[i (7)
(Ecms = 200 GeV,W^ >3 GeV)

no-tag
tagged

double tagged

TWOGAM 2.03, no RC

3.107 ± 0.002 nb
133.1 ± 0.1 pb
1.94 ± 0.01 pb

TWOGAM 2.03 RC

3.149 ± 0.003 nb
148.8 ± 0.2 pb
2.30 ± 0.03 pb

RADCOR

3.150 ± 0.001 nb
148.8 ± 0.3 pb
2.37 ± 0.06 pb

The effect of radiative corrections on single tagged events (and the agreement between RADCOR
and TWOGAM) is seen in Figs. 6, 7 and 8. The emission of a bremsstrahlung photon increases the rate
of tagged electrons but decreases their energy. The maximal effect appears in the region of low x and
depends strongly on the energy of tagged leptons. There is an overall increase of the visible cross-section
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of ~ 5 — 10% for single tagged, up to 20% for double tagged events, but differential distributions may
locally show larger relative differences.
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Fig. 7: Energy of tagged leptons normalized to
the beam energy.
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Fig. 8: X distribution for tagged events with a
relative tagged energy above 0.4.

Extending the radiative corrections from the point-like (direct) processes to the resolved and soft
ones, we obtain with TWOGAM for hadronic final states the change of the visible cross-section summa-
rized in Table 3.

Table 3: Effect of the radiative correction on the visible cross-section.

e+e —» e+e X(hadr.){^)
(Ecms = 200 GeV,W77 >3 GeV)

TWOGAM 2.03, no RC
TWOGAM 2.03 RC

no-tag
(ET-Vis > 3GeV)

9.83 ± 0.01 nb
9.89 ± 0.01 nb

tagged
(Etag/Eb > 0.4)
161.2 ± 0.1 pb
168.8 ± l . p b

double
tagged

2.16 ± 0.03 pb
2.43 ± 0.05 pb

The routines generating the kinematics of the two virtual photons (with or without radiative cor-
rections), together with routines calculating the corresponding luminosity functions form a portable,
stand-alone piece of code to be combined with 7*7* —* X generation. The drawback of the current
implementation is the drop in the efficiency of generation with radiative corrections (factor ~ 0.2 with
respect to LO generation).

4 NLO HEAVY FLAVOUR PRODUCTION IN 77 COLLISIONS

The production of charm and bottom quarks in two-photon collisions at e+e~ colliders provides new
possibilities to study the dynamics of heavy quark production. An on-shell photon is special in that it
can be either in a point-like or hadronic state. Resolved channels require the use of photonic parton
densities. The mass of the heavy quark, JTIQ ;» AQCD. sets the hard scale for the perturbative QCD
calculation at small transverse momentum. It is thus possible to define an all-order infrared-safe cross
section for open heavy flavour production. The heavy quark mass also ensures that the separation into
direct and resolved production channels is unambiguous at next-to-leading order (NLO). Beyond NLO,
the different channels mix and the distinction between the direct and resolved contributions becomes
non-physical and scheme-dependent (see [15] for a discussion of this matter).
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By selecting two-photon collision events with either one (single-tag) or no (no-tag) scattered lep-
tons, one imposes effectively deep-inelastic scattering, or hadron-hadron collision kinematics, respec-
tively. We review briefly the status of the NLO calculations for both event classes.

4.1 Single-tag

For these events, occurring via the subprocess

+ X, (13)

(14)

the production cross section may be expressed in terms of deep-inelastic structure functions

o/ , 2na2d2+na f

x V

jnz/y.charm/
1 L V

where the dF^ (k = 2, L) denote the (differential) deeply inelastic photon structure functions, a is the
fine structure constant and /* is the equivalent photon momentum density. The Vi, i = 1,.., n stand for
kinematic variables related to the heavy quarks, e.g. the heavy quark transverse momentum etc. The
other variables are defined by

Q2

Q=Pe~Pe X =
2k •<? ' y

k • q
k - p e

(15)

with Pe(Pe) m e incoming (tagged) lepton momentum. There are NLO calculations for the completely
inclusive [16], the single-particle inclusive [17], and for the fully differential [18] structure functions.
Recently a first measurement of the single-tag charm cross section and structure function F2 was made
by the OPAL collaboration [19], and satisfactory agreement, within the still sizable statistical uncertainty,
with theory was found.

The NLO corrections are all quite modest. Perhaps the most noteworthy aspect of the above
observables is that a separation occurs in x of the point-like (large x) and hadronic (small x) components
of i*1 '̂0 a r m(x, Q2), as shown in Fig. 9. Note that the single-tag requirement greatly suppresses the rate
of this channel compared to the no-tag case.

Fig. 9: Point-like (solid line) and hadronic (dotted) components of F2
7'charm(a:, Q2) at Q2 = 10 GeV2. Upper

solid and lower hadronic curves are NLO results [16,17].
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4.2 No-tag

Total cross sections and various distributions for inclusive charm and bottom quark production in two-
photon collisions at e+e~ colliders have been calculated at NLO [20] 1. At low energies, in the PE-
TRA/PEP/TRISTAN range, the direct production mechanism dominates by far. At LEP2 energies, the
resolved-7 contribution becomes sizeable, up to about 50% of the total cross section, depending on the
photonic parton densities. The cross sections for charmed particle production are large, yielding roughly
200000 events for an integrated luminosity of f £ = 200 pb"1 at LEP2; b quark production is sup-
pressed by more than two orders of magnitude, due to the smaller bottom electric charge and phase space
reduction by the b mass. The inclusion of QCD corrections is important, increasing the cross section by
about 30%.

The NLO predictions for the total charm cross section agree well with experimental data [19,26,
27] from PETRA energies up to LEP2 energies, provided higher-order corrections and resolved-photon
contributions are included, as shown in Fig. 10. The theoretical predictions appear to be under control, the
uncertainty due to variation of the heavy quark mass and the renormalization and factorization scale being
approximately ±40%. The experimental and theoretical errors, however, do not allow to discriminate
between different recent sets of photonic parton distributions. Current data on two-photon production of
bottom quarks exceed the NLO prediction, but the experimental errors are still large.
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Fig. 10: Left: comparison of NLO QCD predictions [20] and experimental results [19,26,27] for the total charm
and bottom cross section as a function of the e+e~ collider energy using GRS photonic parton densities [28].
Right: comparison between the NLO QCD prediction [15] and the L3/OPAL data [19,27] for the D* transverse
momentum distribution. The Peterson et al. fragmentation function [29] with e = 0.035 has been used. The
probability for a charm quark to fragment into a D* meson is set to f(c —> £>*) = 0.270 and GRS photonic
parton densities [28] are used. The L3 data [27] have been reanalyzed using an anti-tag condition for the scattered
electrons [30]. To allow a common display of the L3 and OPAL data sets, we have scaled the L3 data to account for
the different pseudorapidity range and electron anti-tag condition; numerically, the effect is < 10% and negligible
on the scale of the figure.

More detailed comparisons between NLO QCD predictions and experimental data can be per-
formed by using fully differential NLO Monte Carlo programs [15,31], which have recently been con-
structed. In these codes, all final-state kinematical quantities are available on an event-by-event basis,

'The effects of summing large logarithms log(pr/rriQ) at pr » m Q have been studied in Refs. [21,22] at NLO.
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and it is thus possible to calculate more exclusive observables at NLO and to include heavy-quark-to-
heavy-meson fragmentation functions.

The L3 and OPAL collaborations have presented [19,27] new data for D* production in two-
photon collisions, at (mostly) y/se+e- = 189 GeV. Besides the total cross section a®*, both experiments
have measured the differential rate with respect to the D* transverse momentum, and pseudorapidity.
Generally speaking, our NLO predictions for the D* transverse momentum distribution compare well
with the L3 and OPAL measurements in shape, but have a small discrepancy in absolute normalization,
in particular for the L3 data, when central values for the theoretical input parameters are adopted, see
Fig. 10. A definite statement, however, will only be possible after the statistical errors affecting the
measurements have decreased. For both experiments, the pseudorapidity distribution is observed to be
essentially flat in the central region, in accordance with the theoretical expectations [15,20,31]. For
details see [15,32].

5 LOW-MASS SINGLE-W PRODUCTION

Hadronic single-W processes (e ve q q' final states) at low hadronic mass represent a bridge between two-
photon and four-fermion processes. The reason is that, at low scattering angles, the multi-peripheral
configuration, due to the quark mediated collision of a quasi-real photon with a W, also contributes to
the cross section, unless a strong invariant mass cut Mqq on the quark pair is applied. Therefore, the full
answer should implement the complete resolved-photon region, with distribution functions describing the
hadronic structure of the photon and with a correct matching to avoid double counting the direct-photon
contributions.

With QCD corrections included the single-W cross section depends on a factorization scale MF-
To investigate the uncertainty associated with the use of the photon structure functions calculated at the
zeroth order in as - i.e. in the Born approximation - one can use the parton model result, namely the Born
approximation, and replace quark masses with the factorization scale. With a medium cut M^ > 0.01 s
the results show a mild dependence on Mp of the total rate (WTO [23]).

This mild dependence of the total cross section on the factorization scale can be understood from
the fact that the non-resonant, Mp-dependent, terms are strongly suppressed and the M/p-dependence
has little influence on the total rate, justifying the approximation of working at zeroth order in as.

For smaller cuts, photon Structure Functions must be implemented.

However, an estimate of the contribution coming from the resolved photon component can be
inferred by comparison with single-W production at HERA, where the latter is evaluated to be 10-15%
of the total W rate (CompHEP [24]). Notice that, in the case of e+e~ collisions those topologies of e — p
scattering that give rise to potentially high resolved cross section j*q —* hadrons are absent and, again,
only sub-leading multi-peripheral topologies can contribute to the resolved process.

Therefore, at LEP2 energies, for reasonable cuts ( M ^ > 20 GeV) there should be a relatively low
theoretical uncertainty for the total single-W cross section coming from the resolved photon component.
For distributions, the uncertainty could be higher. Below that cut a 1% uncertainty should be assigned.

It has to be noticed that HERWIG [25] includes both direct and resolved components for the
process e-y —•> veqq'. Therefore, the above results can be cross checked and more detailed analyses
worked out, in case of need.

6 HERWIG

The treatment of gamma-gamma collisions in HERWIG was upgraded significantly as part of the pre-
vious LEP2 workshop. It is described in detail in the proceedings [1,41]. Since then there have only been
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a couple of improvements that significantly affect two-photon physics, which we describe here. The
latest version (6.1 [42]) can be obtained from the HERWIG web page:
http://hepwww.rl.ac.uk/theory/seymour/herwig/

As described in Ref. [1], HERWIG generates direct, single-resolved and double-resolved interac-
tions as completely separate processes, that must be combined by hand. The direct process (IPROC=600+IQ)
had completely different control variables than the other two, making this combination more difficult.
This has been rectified in version 6.1 by adding a new process, IPROC=16000+IQ (IQ is as in the old
process). The range of allowed transverse momenta is controlled by PTMIN & PTMAX as in other
two-jet production processes.

The parameters of the model used for soft interactions are now available to the user for modi-
fication. The model is based on the minimum-bias event generator of the UA5 Collaboration, which
starts from a parametrization of the pp inelastic charged multiplicity distribution as a negative bino-
mial. More details can be found in the documentation, available from the web page above. In addi-
tion, it is now possible to generate an underlying event in double-resolved processes using the multipar-
ton minijet model, via an interface to the JIMMY generator [43]. More details can be obtained from
http://www.hep.ucl.ac.uk/JetWeb/JIMMY/

7 PHOJET

Event simulation in PHOJET is based on the ideas of the Dual Parton Model (DPM, for example, [33])
combined with the QCD-improved parton model to give an almost complete description of hadron-
hadron, photon-hadron and photon-photon interactions at high energies. The DPM is a phenomeno-
Iogical realization of the large Nc, Nf expansion of QCD [34,35] and assumptions of duality [36-38]
together with Gribov's reggeon field theory [39,40]. In its formulation with a soft and a hard compo-
nent (two-component DPM), the model represents an attempt to give an consistent description of particle
production in hadron-hadron, photon-hadron, and photon-photon interactions at high energies. In par-
ticular, PHOJET is one of the few event generator with a sophisticated and detailed model for \ow-pj_
interactions.

Various aspects of PHOJET are published in Refs. [44-46] and a complete account of all physics
assumptions is given in Ref. [47]. In addition, the application of the model to 7* A scattering within
the framework of the DTUNUC event generator can be found in Refs. [48,49]. In the following a brief
description of the model aspects relevant to two-photon physics is given.

7.1 Classification of 77 interactions

In PHOJET the following basic interaction types are considered: (i) non-diffractive interaction, (ii) quasi-
elastic scattering, (iii) single-diffraction dissociation, (iv) double diffraction dissociation, and (v) central
diffraction (double pomeron exchange). These categories are motivated by the topologies (rapidity dis-
tributions) of the final state particles. In addition, soft and hard interactions are distinguished. It should
be emphasized that this subdivision is purely artificial and reflects our limited understanding of soft
processes. To minimize the dependence on the transverse momentum cutoff used to separate soft and
hard processes, the model is constructed in a way ensuring a smooth transition between soft and hard
interactions (see below).

In case of photon-induced diffractive interactions ((iii)- (v)), at least one of the photons is assumed
to fluctuate into a vector meson (p°, UJ, or cf>) and particle production is simulated as pomeron-photon or
pomeron-pomeron interaction. A fluctuation into a high-mass vector meson state does count as diffrac-
tion dissociation whereas the production of the vector mesons p°, u>, and <f> is considered as quasi-elastic
scattering. This leads automatically to a steeper rise of the diffraction dissociation cross section in 77
collisions than known from pp collisions [50]. The distortion of the p° mass distribution due to the
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interference with diffractive two-pion production is implemented using the Ross-Stodolsky parametriza-
tion [52].

Motivated by the commonly used classification of hard two-photon interactions, non-diffractive
interactions are also divided into (a) double resolved interaction between two hadronic states formed by
the photons (soft or/and hard interactions), (b) single resolved interaction (always hard), and (c) direct
interaction (always hard). Double-counting is avoided by distinguishing between the different event
categories using a transverse momentum cut-off, p^" 1 " 0 ^ and considering only parton showers with
strong px ordering.

7.1.1 Double resolved interactions

In order to have a model with a continuous transition between hard and soft processes, the p± -distribution
of soft partons is matched to the transverse momentum distribution predicted by the QCD-improved
parton model. This is illustrated in Fig. 11. The total area under both curves is identical and corresponds
to the double resolved Born graph cross section which is fixed by fits to total cross section data and
factorization arguments. The p± -distribution of the soft partons is sampled from

dN
dp'±

= Aexp{-(3p\} . (16)

Depending on the particular choice of the transverse momentum cut-off the (energy-dependent) param-
eters A and j3 are calculated. This is illustrated in Fig. 11 by showing the p± -distributions of partons
for two different cut-off values pf^~oS and p^2~o{[. Of course, a small transverse momentum cut-off is
desirable to use perturbation theory for a phase space part as large as possible. However, the comparison
to cross section data and transverse momentum distributions show that the cut-off in PHOJET should
not be smaller than 2 GeV/c. Currently a p± -cut-off of 2.5 GeV/c is used at LEP energies, with a weak
energy dependence resulting in p^ut-° f f « 3 GeV/c at y/s = 1800 GeV.

In case of a perturbative interaction, the color flow is calculated from the QCD matrix elements
[51] whereas soft interactions are treated on the basis of the large Nc, Nf expansion of QCD. The latter
links pomeron and reggeon exchanges to a two-string and one-string topologies, respectively.

It should be mentioned that the model predicts a strong correlation between hard and soft interac-
tions. Events with at least one hard interaction are characterized by more soft interactions than events
without hard parton-parton collisions. This aspect of the model is crucial to understand jet pedestals and
also multiplicity fluctuations.

cut-off cut-off
Pt,l Pt,2

Fig. 11: Sketch of the transverse momentum distribution of partons in double resolved interactions. Two possible
choices for the transverse momentum cutoff are shown to illustrate the impact of this cutoff on the p± -distribution
of soft partons, see text.
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7.1.2 Single resolved interactions

The full leading-order matrix elements for the eg —> eqq (boson-gluon fusion) and eq —> eqg (QCD-
Compton scattering) are available (in versions 1.10 or higher) which means that longitudinally as well
as transversely polarized photons are considered. In this case, any kinematically allowed virtuality of
the photon coupling directly to a perturbative quark is correctly treated. In program versions prior to
1.10 the leading-order ^g —> qq and -yq —> qg matrix elements for real photons are used. This is a
good approximation as long as the photon virtuality Q2 is smaller than the transverse momentum cutoff,
ĉutoff ^ usecj tQ c a i c u i a t e m e single resolved contribution. The string configuration (final state topology)

follows directly from the color-flow interpretation of the QCD matrix elements.

7.1.3 Direct interactions

The leading-order matrix element for the process ee —*• eeqq via two-photon collision is exactly coded
taking the quark as well as the beam lepton masses and interference terms into account [2,53]. With
the precision of the leading-order calculation all photon virtualities are correctly treated, however, the
final state partons are required to have a transverse momentum greater than p™t~off. In program versions
prior to 1.10 the leading-order 77 —> qq matrix element for real photons is used.

7.2 Multiple interactions, parton showers and primordial k±

Each of the double resolved 77 collisions may be built up of several soft and/or hard partonic interactions.
In the current approximation, single resolved and direct events are always treated as single-interaction
collisions.

All hard photon interactions are combined with leading-log parton showers. Final state radiation
(FSR) is simulated by using the JETSET routine LUSHOW [62]. Initial state parton radiation (ISR, dou-
ble and single resolved interactions only) is calculated on the basis of a backward evolution algorithm
similar to the one described in Refs. [54,55]. The anomalous splitting term (due to the inhomogeneous
DGLAP evolution equations) is taken into account, i.e. the evolution may stop at a rather high virtuality
scale. Time-like showering of particles emitted in ISR is again treated by the Lund algorithm LUSHOW.
ISR is only calculated for the hardest interaction (in case there are several hard interactions). The evolu-
tion variable for the parton shower simulation is p]_ and angular ordering is imposed.

Partons, engaged in a hard interaction, are assumed to have a primordial k± which is sampled
from an exponential distribution. To satisfy energy-momentum conservation, this transverse momentum
is balanced by the k± of spectator partons.

7.3 Photon flux

In PHOJET versions prior to 1.10 the two-photon luminosity is calculated on the basis of the flux of
transversely polarized photons, incorporating corrections due to longitudinally polarized photons into
the effective two-photon cross section ([9], see discussion of photon flux in previous section)

*%*{W, Ql Ql) = oft (W, Ql Ql) + elO%{Wt Ql Q\)
+ e2a$l(W, Ql Ql) + e^a^W, QJ, Q\) . (17)

The polarization parameters e; depend on the electron beam energy and the kinematics of the two-photon
system

1 + (1 - yi)
2

Using the mean values of e, in Eq. (17) instead of (18) one obtains a very economical and simple ap-
proximation of the ee two-photon cross section.

233



The effective cross section is parametrized by [9]

o™>eff(P2, Pi s) = a^(0,0, s) Ftot{P2) Ftot(P
2) (19)

with
2 E \+PJ^i * l. (20)+ P 2 /m 2

/ )
2 l + P 2 /m 2

f f '

The parameters in Eq. (20) are given in [9].

In PHOJET 1.10 and higher, the photon luminosity can be calculated on the basis of the exact
leading order expression [2]. The two-photon cross sections for the various photon polarizations are
parametrized similar to the effective cross section (17).

7.4 Virtual photon scattering

The transition from real to virtual photon scattering manifests itself in the model by a change of the
relative weights of all partial cross sections. Consequently, in deep-inelastic scattering (DIS), there might
be contributions due to single resolved as well as double resolved events or diffraction dissociation and
quasi-elastic scattering.

The cross section for quasi-elastic vector meson production is scaled by the squared form factor
of the total cross section

iVel(P 2 ) = (^tot(P2))2 - (21)

In case of diffraction dissociation the scaling factor for the dissociating side changes to

M 2
 F (P2) cm

where M is the mass of the diffractively decaying system. This means that low-mass diffraction is
suppressed for highly virtual photons whereas high-mass diffraction is simulated with almost the same
rate as for real photons.

When available, virtuality-dependent parton densities of the photon are used. Currently the GRS
[56] and the SaS [57] parametrizations are implemented. For other PDFs, the suppression of the parton
content of the photon due to its virtuality P2 is approximated by the parametrizations [58-60]

/™(x, Q\ P2) = /7ift(x, Q ^ ^ Q y ^ (23)

2)-

This effective treatment of the photon virtuality is a good approximation for small values of P2. However,
it cannot be justified for P2 ~ p\ and should be used with caution. Currently it is assumed that the
resolved photon contribution vanishes forp^ > P2.

Because of the ad-hoc rescaling of the total and partial cross sections with Q2, PHOJET does not
reproduce the structure function F<i(x,Q2) as calculated from the photon PDF used to simulate hard
scattering. However, it is known from pQCD that PDFs and F2(x, Q2) are directly related to each other
in the limit of DIS. This problem has been solved in version 1.12 by explicitly matching the two-photon
cross section to the PDF-based structure function prediction if the kinematic constraints of DIS are
satisfied. An interpolation between the model-predicted and the PDF-predicted cross sections is used in

234



the transition region of photoproduction to DIS. In practice, the less well-known virtuality dependence
of the soft contribution is rescaled to ensure

F2(x,QJ) =
2

(25)

with x = Q\/(Q\ + W2 + Q\). This leads to an improved description of the low-energy DIS data as
shown, for example, in Fig. 12.

ALEPH, L3 & OPAL: corrected low CT data

(GeV)

Fig. 12: Comparison of PHOJET predictions to fully acceptance corrected, combined data from ALEPH, L3, and
OPAL [61]. Versions 1.12 and 1.05c are with and without Fi matching, respectively.

8 PYTHIA

8.1 Introduction

PYTHIA is a general-purpose event generator of high-energy particle physics reactions. A full description
of models and processes implemented are found in Ref. [62] with relevant update notes on the PYTHIA

webpage. Some aspects specific to 77 physics are summarized in Ref. [1] and will briefly be reviewed
here to illustrate the modifications and improvements done to also treat virtual photons. The model used
so far, incorporating Leading Order (LO) hard scattering processes, as well as elastic, diffractive, low-p^
and multiple parton-parton scattering for specific event classes, considers only real incoming photons
with a separate treatment of the Deep Inelastic Scattering (DIS) region, ej —•> eX [63]. Here, the two
extreme scenarios will be merged in order to obtain a description that smoothly interpolates between the
two regions.

A model for jet production with virtual photons has been described in detail elsewhere [64]. Pho-
ton flux factors are convoluted with matrix elements involving either direct or resolved photons and, for
the latter, with parton distributions of the photon. The direct and single-resolved matrix elements de-
pend on the virtuality of the photon and the virtual resolved photons are dampened with dipole factors
in the parton distributions. The range of uncertainty in the modelling of the resolved component was
explored, eg. parton distribution sets of the photon, scale choice in the parton distributions, longitudinal
contributions etc.

In this report we will limit ourself to the discussion of mixing different event classes to obtain total
cross sections with virtual photons, 7*p and 7*7*. The extension to virtual photons will eventually also

235



be made for elastic scattering and diffractive events. This will be described in a future publication [65]
together with a more detailed description of the model presented here.

8.2 Event classes

Traditionally, different descriptions are used for virtual and real photons. Virtual photons in the DIS
region are normally described as devoid of any structure, while for the real ones, the possibility of
hadronic-like fluctuations play an important role. In the region of intermediate Q2, it should be possible
to find a description starting from either extreme. Then the language may not always be unique, i.e.
a given Feynman diagram may be classified in different ways. In the following, we will develop one
specific approach, where the main idea is to classify events by the hardest scale involved.

We begin by a reminder of the models for photoproduction and DIS, before embarking on the gen-
eralization also to intermediate virtualities in 7*p processes. The 77, 7*7 and 7*7* processes thereafter
follow by an application of the same rules.

8.2.1 Photoproduction

To first approximation, the photon is a point-like particle. However, quantum mechanically, it may
fluctuate into a (charged) fermion-antifermion pair. The fluctuations 7 «-» qq can interact strongly and
therefore turn out to be responsible for the major part of the 7p and 77 total cross sections. The total
rate of qq fluctuations is not perturbatively calculable, since low-virtuality fluctuations enter a domain
of non-perturbative QCD physics. It is therefore customary to split the spectrum of fluctuations into a
low-virtuality and a high-virtuality part. The former part can be approximated by a sum over low-mass
vector-meson states, customarily (but not necessarily) restricted to the lowest-lying vector multiplet.
Phenomenologically, this Vector Meson Dominance (VMD) ansatz turns out to be very successful in
describing a host of data. The high-virtuality part, on the other hand, should be in a perturbatively
calculable domain. Based on the above separation, three main classes of interacting photons can be
distinguished: direct, VMD and anomalous photons, corresponding to the following event classes in 7p
events [63]:

1. The VMD processes, where the photon turns into a vector meson before the interaction, and there-
fore all processes allowed in hadronic physics may occur. This includes elastic and diffractive
scattering as well as low-p^ and high-pj. non-diffractive events.

2. The direct processes, where a bare photon interacts with a parton from the proton.

3. The anomalous processes, where the photon perturbatively branches into a qq pair, and one of
these (or a daughter parton thereof) interacts with a parton from the proton.

The total photoproduction cross section can then be written as a^t = CTVMD -+- cr^frect + Anomalous •

Total hadronic cross sections show a characteristic fall-off at low energies and a slow rise at higher
energies. This behaviour can be parametrized by the form

nAB( \ _ vAB e , yAB -r} fyf\

for A + B —» X. The powers e and 77 are universal, with fit values [66] e sa 0.0808,77 s=a 0.4525, while
the coefficients XAB and YAB are process-dependent. Equation (26) can be interpreted within Regge
theory, but for the purpose of our study we can merely consider it as a convenient parametrization.

The VMD part of the 7p cross section is an obvious candidate for a hadronic description. The
diagonal VMD model suggests:

(27)^
Jv
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with the fv determined from data [6]. The Vp cross sections can be parametrized assuming an additive
quark model [63] and adding the vector meson contributions, we arrive at the above numbers (with s in
GeV2).

There is no compelling reason that such an ansatz should hold also for the total 7p cross sec-
tion, but empirically a parametrization according to Eq. (26) does a good job [66]. For instance, such a
parametrization predicted the high-energy behaviour of the cross section, close to what was then mea-
sured by HI and ZEUS. Thus VMD corresponds to approximately 80% of the total 7p cross section at
high energies, with the remaining 20% then shared among the direct and anomalous event classes.

Introducing a cut-off parameter k0 to separate the low- and high-virtuality parts of the qq fluctua-
tions, the anomalous contribution can be written as

oP2 f " "a n-qqpfVfr, i — Qem \ ^ 9 P
2 f°° -L v(q^ rr

v(i<i)P(q\ n»^
Z ea / 7.9. U \S1KL) — n_ / z eq / ,9 ,0 a KS) \*-°)- a n o W - 2 Z ^ q y f c 2 tf " V^±) ~ ^ Z ^ ~ * J ^ k2 k2

where the prefactor and integral over dfcj_/A; ]_ corresponds to the probability for the photon to split into a
qq state of transverse momenta ±k±. The cross section for this qq pair to scatter against the proton, cr"™3,
needs to be modelled. Based only on geometrical scaling arguments, one could expect a decrease roughly
like l/fcj_ which motivates the second equality. The *V(qq) is a free parameter introduced for dimensional
reasons. It could be associated with the typical fcj_ inside the vector meson V formed from a qq pair:
p° PS u) for u and d, 4> for s, J/ifi for c. As a reasonable ansatz, one could guess &V(qq) « my ji PS mp/2.
Fits to the total cross section at not too high energies, with a large VMD and a small direct contributions
subtracted, give corresponding numbers, kV(qq) ^ 0.41 GeV for a fco ~ 0.5 GeV.

To leading order, the direct events come in two kinds: QCD Compton 7q —> qg (QCDC) and
boson-gluon fusion 7g —* qq (BGF). The cross sections are divergent in the limit k± —> 0 for the
outgoing parton pair if the partons are massless. Therefore a lower cut-off is required, but no other
specific model assumptions.

The subdivision of the photon into three different components leads to the existence of three times
three event classes in 77 events. By symmetry, the 'off-diagonal' combinations appear pairwise, so for
real photons the number of distinct classes is only six. These are,

1. VMDx VMD: both photons turn into hadrons, and the processes are therefore the same as allowed
in hadron-hadron collisions.

2. VMD x direct: a bare photon interacts with the partons of the VMD photon.

3. VMD x anomalous: the anomalous photon perturbatively branches, i.e. with a point-like coupling,
into a qq pair, and one of these (or a daughter parton thereof) interacts with a parton from the
VMD photon.

4. DirectX direct: the two photons directly give a quark pair, 77 —» qq. Also lepton pair production
is allowed, 77 —» £+£~, but will not be considered by us.

5. DirectX anomalous: the anomalous photon perturbatively branches into a qq pair, and one of these
(or a daughter parton thereof) directly interacts with the other photon.

6. Anomalousxanomalous: both photons perturbatively branch into qq pairs, and subsequently one
parton from each photon undergoes a hard interaction.

The description above is one possible, and in leading order. Other separations are possible, and
higher orders can also mix the different classes, though effective separations are feasible.
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Most of the above classes above are pretty much the same as allowed in 7p events, since the inter-
actions of a VMD or anomalous photon and those of a proton are about the same. Only the direct x direct
class offer a new hard subprocess.

The main parton-level processes that occur in the above classes are:

• The 'direct' processes 77 —> qq only occur in class 4.

• The '1-resolved' processes 7q —• qg and 7g —> qq occur in classes 2 and 5.

The '2-resolved' processes qq' —> qq' (where q' may also represent an antiquark), qq
qq —» gg, qg —> qg, gg —» qq and gg —> gg occur in classes 1, 3 and 6.

q'q'.

The VMD, direct and anomalous classes have so far been considered separately. The complete
physics picture presumably would provide smooth transitions between the various possibilities. To un-
derstand the relation between the processes, consider the simple graph of Fig. 13a. There two transverse
momentum scales, k± and p\_, are introduced (we first consider the case Q2 = 0). Here k± is related
to the 7 —» qq vertex while p±_ is the hardest QCD 2 —»• 2 subprocess of the ladder between the photon
and the proton. (Further softer partons in the ladders are omitted for clarity.) The allowed phase space
can then conveniently be represented by a two-dimensional plane, Fig. 13b. The region k± < fco cor-
responds to a small transverse momentum at the 7 —> qq vertex, and thus to VMD processes [63,69].
For k± > ho, the events are split along the diagonal k± = p±. If k± > p±, the hard 2 —> 2 process
of Fig. 13a is 7g —» qq, and the lower part of the graph is part of the leading log QCD evolution of the
gluon distribution inside the proton. These events are direct ones. If p± > k±, on the other hand, the
hard process is qq' —» qq', and the 7 —> qq vertex builds up the quark distribution inside a photon. These
events are thus anomalous ones.

PL k± = p±

VMD
hard

Pinrhr

VMD
soft

anomalous

direct

(a) (b)

* L =

non-DGLAP

LODIS

photoprod

QCDC+BGF

Q

(d)

-k±

Fig. 13: (a) Schematic graph for a hard 7*p process, illustrating the concept of three different scales, (b)
The allowed phase space for this process when Q2 = 0, with one subdivision into event classes, (c) An alternative
classification of the phase space in (b), which better takes into account unitarization effects, (d) Event classification
in the large-Q2 limit.

What complicates the picture is that an event may contain several interactions, once one considers
an incoming particle as a composite object with several partons that may interact, more or less inde-
pendently of each other, with partons from the other incoming particle. Such a multiple parton-parton
interaction scenario is familiar already from pp physics [67]. Here the jet cross section, above some
P±min scale of the order of 2 GeV, increases faster with energy than the total cross section. Above an
energy of a few hundred GeV the calculated jet cross section is larger than the observed total one. Mul-
tiple interactions offer a solution to this apparent paradox, by squeezing a larger number of jet pairs into
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the average event, a process called unitarization or eikonalization. The perturbative jet cross section can
then be preserved, at least down to pj_min, but in the reinterpreted inclusive sense. At the same time, the
unitarization plays a crucial role in taming the growth of the total cross section.

The composite nature of hadrons also fills another function: it regularizes the singularity of pertur-
bative cross sections, such as qg —> qg, in the limit p± —> 0. Perturbative calculations assume free colour
charges in the initial and final states of the process, while the confinement in hadrons introduces some
typical colour neutralization distance. It is the inverse of this scale that appears as some effective cutoff
scale pj_min — 2 GeV, most likely with a slow energy dependence [68]. One possible parametrization is

P±min(s) = (1.9 GeV) ( p ^ y , (29)

with the same e as in Eq. (26), since the rise of the total cross section with energy via Regge theory is
related to the small-x behaviour of parton distributions and thus to the density of partons.

Now, if an event contains interactions at several different p± scales, the standard practice is to
classify this event by its hardest interaction. With this prescription, the cross section for an event of
scale p± is the naive jet cross section at this p± scale times the probability that the event contained no
interaction at a scale above pj_. The latter defines a form factor, related to probability conservation. At
large p± values the probability of having an even larger p± is small, i.e. the form factor is close to
unity, and the perturbative cross section is directly preserved in the event rate. At lower pj_ values, the
likelihood of a larger p± is increased, i.e. the form factor becomes smaller than unity, and the rate of
events classified by this p±_ scale falls below the perturbative answer.

We expect this picture to hold also for the VMD part of the photon, since this is clearly in the
domain of hadronic physics. Thus, in the VMD domain fcj_ < fco, the region of large p± in Fig. 13b is
populated according to perturbation theory, though with nonperturbative input to the parton distributions.
The region of smaller p± is suppressed, since the form factor here drops significantly below unity.

As one moves away from the "pure" VMD states, such as the p°, much of the same picture could
well hold. Interactions at a larger k± value could be described in terms of some p' state. The uncertainty
relation gives us that a state of virtuality ~ k± has a maximal size ~ 1/fcj. and thus spans an area
oc l/fcj_. Such a state could undergo one or several interactions of the anomalous-type or remain as a
"low-px" direct event. It is then reasonable to assume that the unitarized cross section is proportional
to the area of the state interacting with the proton, i.e. a (kind of) geometrical scaling. The colour
neutralization distance inside a more virtual photon state is also reduced, so that the interactions in
general tend to be weakened by interference effects not included in the simple perturbative cross sections.
This could then be the origin for a geometrical scaling like the one in Eq. (28).

Calculating the perturbative anomalous cross section in the region p± > max(A;j.,p_Lmin(s)), the
geometric scaling answer is exceeded for some region kj_ < ki, with k\ as 2 - 4 GeV (higher for higher
energies). Only for fcj_ > k\ is the jet cross section dropping below the geometric scaling one. At these
larger fcj_ values, the direct rate dominates over the anomalous. As a convenient but rather arbitrary
choice, for subsequent studies we put fcj = pj_min(s), with the latter given by Eq. (29).

The final scenario is illustrated in Fig. 13c. The bulk of the cross section, in the region k± < k\,
is now described by the photon interacting as dense, hadronic states, VMD for k± < &0 and Generalized
VMD (GVMD) for ko < k± < ki. The total VMD cross section is given by the pomeron-type ansatz,
while the jet cross section can be obtained from the parton distributions of the respective vector meson
state. Correspondingly, the GVMD states have a total cross section based on Pomeron considerations
and a jet cross section now based on the anomalous part of the parton distributions of the photon. In
principle, an eikonalization should be performed for each GVMD state separately, but in practice that
would be overkill. Instead the whole region is represented by one single state per quark flavour, with a
jet production given by the full anomalous part of the photon distributions.
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Thus, post facto, the approximate validity of a Regge theory ansatz for <rJJ£ is making sense.
Above k\ only the direct cross section need be considered, since here the anomalous one is negligibly
small, at least in terms of total cross sections. (As noted above, we have actually chosen to lump it with
the other GVMD contributions, so as not to lose the jet rate itself.)

8.2.2 Deeply inelastic scattering

At not too large Q2, the Deeply Inelastic Scattering of a high-energy charged lepton off a proton target,
involves a single photon exchange between a beam lepton and a target quark. The double-differential
ep —> eX cross-section for DIS can be expressed in terms of the total cross-section for virtual transverse
(T) and longitudinal (L) photons [10]: d V / d y / d Q 2 = ff/e(y, Q2)aT(y, Q2) + /7

L
/e(y, Q2)aL(y, Q2) ,

T1 T

where /' ', are the transverse and longitudinal fluxes [64].
The total virtual photon-proton cross section can be related to the proton structure function F2

by [2]

Q2) = ^ ^ £ e2 {xq{x> Q2) + ^ Q2)} {3Q)

where the last equality is valid for the parton model to lowest order. Such an interpretation is not valid in
the limit Q2 —> 0, where gauge invariance requires F2(x, Q2) —> 0 so that a^ remains finite. We will
replace the DIS description by a photoproduction one in this limit. Hence, at small photon virtualities,
the DIS process 7*q —> q should be constructed vanishingly small as compared to the contribution from
the interaction of the hadronic component of the photon. To obtain a well-behaved DIS cross section in
this limit, a Q4/(Q2 + m2)2 factor is introduced. Here mp is some non-perturbative hadronic parameter,
for simplicity identified with the p mass. Then, in the parton model, Eq. (30) modifies to a DIS cross
section

(31)

For numerical studies, the available parton distribution parametrizations for the proton have some lower
limit of applicability in both x and Q2. For values below these minimal ones, the parton distributions are
frozen at the lower limits.

In DIS, the photon virtuality Q2 introduces a further scale to the process in Fig. 13a. The tradi-
tional DIS region is the strongly ordered one, Q2 » k\ ~3> p \ , where DGLAP-style evolution [70] is
responsible for the event structure. As above, this ideology wants strong ordering, while real life nor-
mally is based on ordinary ordering Q2 > k\ > p \ . Then the parton-model description of F2(x, Q2)
in Eq. (30) is a very good first approximation. The problems come when the ordering is no longer well-
defined, i.e. either when the process contains several large scales or when Q2 —» 0. In these regions, an
F2(x, Q2) may still be defined by Eq. (30), but its physics interpretation is not obvious.

Let us first consider a large Q2, where a possible classification is illustrated in Fig. 13d. The
regions Q2 > p \ > k\ and p \ > Q2 > k\ correspond to non-ordered emissions, that then go
beyond DGLAP validity and instead have to be described by the BFKL [71] or CCFM [72] equations,
see e.g. [73]. Normally one expects such cross sections to be small at large Q2. The (sparsely populated)
region p\> k\> Q2 can be viewed as the interactions of a resolved (anomalous) photon.

The region kj_ > Q2 » 0 and k\ > p \ contains the O(as) corrections to the lowest-order (LO)
DIS process 7*q —* q, namely QCD Compton 7*q —> qg and boson-gluon fusion 7*g —> qq. These
are nothing but the direct processes 7q —> qg and 7g —* qq extended to virtual photons. The borderline
k\ > Q2 is here arbitrary — also processes with k\ < Q2 could be described in this language. In the
parton model, this whole class of events are implicitly included in F2, and are related to the logarithmic
scaling violations of the parton distributions. The main advantage of a separation at k± = Q thus comes
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from the matching to photoproduction. Also the exclusive modelling of events, with the attaching of
parton showers of scale Q2 to DIS events, is then fairly natural.

The DIS cross section thus is subdivided into <j7ot
P ~ cr̂ jg = OLCHDIS + °QCDC + ^ B

aDis *s giv e n by Eq. (31), while the last two terms are well-defined by an integration of the respective
matrix element [64]. When extended to small Q2, these two terms will increase in importance, and one
may eventually encounter an O'LO'DIS

 < 0> ̂  calculated by a subtraction of the QCDC and BGF terms
from the total DIS cross section. However, here we expect the correct answer not to be a negative number
but an exponentially suppressed one, by a Sudakov form factor. This modifies the cross section:

/ ,/y'p J _ ^ 7 * P \
7*P _ 7*P 7*P 7*P 7*P I QCDC ~ "BGF

^ °DIS " ^ Q C D C ~ CTBGF ¥ °DIS e x P I y ^

Since we here are in a region where CLODIS "^ °DIS' *"e- w n e r e the DIS cross section is no longer the
dominant one, this change of the total DIS cross section is not essential. Even more, for Q2 —> 0 we
know that the direct processes should survive whereas the lowest-order DIS one has to vanish. Since
Eq. (31) ensures that a^jg —> 0 in this limit, it also follows that O'LO'DIS ^ o e s so-

8.3 From real to virtual photons

It is now time to try to combine the different aspects of the photon, to provide an answer that smoothly
interpolates between the photoproduction and DIS descriptions, in a physically sensible way.

A virtual photon has a reduced probability to fluctuate into a vector meson state, and this state has
a reduced interaction probability. This can be modelled with the traditional dipole factors [74] introduced
to Eq. (27). Similarly, the GVMD states are affected, where a relation 2k\_ ~ m is assumed.

The above generalization to virtual photons does not address the issue of longitudinal photons.
Their interactions vanish in the limit Q2 —> 0, but can well give a non-negligible contribution at finite
Q2 [75]. A common approach is to attribute the longitudinal cross section with an extra factor of ry =
avQ2/my relative to the transverse one [76], where ay is some unknown parameter to be determined
from data. Such an ansatz only appears reasonable for moderately small Q2, however, so following the
lines of our previous study of jet production by virtual photons [64], we will try the two alternatives

( 3 3 >

While ri vanishes for high Q2, r2 approaches the constant value a. The above VMD expressions are
again extended to GVMD by the identification my sa 2fcj_. The GVMD cross section can then be
written as

£ 04)

The extrapolation to Q2 > 0 is trivial for the direct processes, which coincide with the DIS
QCDC and BGF processes. The matrix elements contain all the required Q2 dependence, with a smooth
behaviour in the Q2 —> 0 limit. They are to be applied to the region k± > max(A;i, Q) (and kj_ > p±, as
usual).

Remains the LO DIS process. It is here that one could encounter an overlap and thereby double-
counting with the VMD and GVMD processes. Comparing Fig. 13d with Fig. 13c, one may note that the
region p± > k± involves no problems, since we have made no attempt at a non-DGLAP DIS description
but cover this region entirely by the VMD/GVMD descriptions. Also, if Q > k\, then the region
h < fc_L < Q (and k± > p±) is covered by the DIS process only. So it is in the corner k± < h that the
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overlap can occur. If Q2 is very small, the exponential factor in Eq. (32) makes the DIS contribution too
small to worry about. Correspondingly, if Q2 is very big, the VMD/GVMD contributions are too small
to worry about. Furthermore, a large Q2 implies a Sudakov factor suppression of a small k± in the DIS
description. If W2 is large, the multiple-interaction discussions above are relevant for the VMD/GVMD
states: the likelihood of an interaction at large p± will preempt the population of the low-pj. region.

In summary, it is only in the region of intermediate Q2 and rather small W2 that we have reason to
worry about a significant double-counting. Typically, this is the region where x ~ Q2/(Q2 + W2) is not
close to zero, and where F2 is dominated by the valence-quark contribution. The latter behaves roughly
oc (1 — x)n, with an n of the order of 3 or 4. Therefore we will introduce a corresponding damping factor
to the VMD/GVMD terms. The real damping might be somewhat different but, since small W values
are not our prime interest, we rest content with this approximate form.

In total, we have now arrived at our ansatz for all Q2

( 7*P\ / TX/2 \n

-^P)+(7^+{Q^TW) ^ P - (35)

To keep the terminology reasonably compact, also for the 7*7* case below, we use res as shorthand for
the resolved VMD plus GVMD contributions and dir as shorthand for the QCDC and BGF processes.
The DIS and GVMD terms are given by eqs. (31) and (34), respectively, and the QCDC and BGF terms
by direct integration of the respective matrix elements for the region kj_ > max(fci,<3). (The VMD
contribution is obtained from Eq. (27) with the appropriate dipole and polarization factors applied.)

The extension to 7*7* follows from the 7*p formalism above, but now with (up to) five scales to
keep track of: px, p±i, PXJI, Q\ and Qi- First consider the three by three classes present already for
real photons, which remain nine distinct ones for Q2 ^ Q\. Each VMD or GVMD state is associated
with its dipole damping factor and its correction factor for the longitudinal contribution. The QCDC
and BGF matrix elements involving one direct photon on a VMD or a GVMD state explicitly contain the
dependence on the direct photon virtuality, separately given for the transverse and the longitudinal contri-
butions. Also the directxdirect matrix elements are known for the four possible transverse/longitudinal
combinations.

To this should be added the new DIS processes that appear for non-vanishing Q2, when one photon
is direct and the other resolved, i.e. VMD or GVMD. For simplicity, first assume that one of the two
photons is real, Q\ = 0. For large Q2, this DIS contribution o-£,ISxres(<5i) c a n ^ e giy e n a parton-model
interpretation similarly to Eq. (30) and (31). Note that this is only the resolved part of alot'• The direct
contribution from 7*7 —> qq comes in addition, but can be neglected in the leading-order definition of
F^. We will therefore use parton distribution parametrizations for the resolved photon, like SaS ID [57],
to define the crDlSxres(<5i)- Then Eq. (35) generalizes to

atot = °DISxresexP I y ^ I + adirxres + °resxdir + CTdirxdir + 1 n2 , ^ 2 ) °resxres
^ W l "I" vv J

The large-x behaviour of a resolved photon does not agree with that of the proton, but for simplicity we
will stay with n = 3.

Finally, the generalization to both photons virtual gives an extra term o^esxDis times its corre-
sponding exponential factor as in Eq. (32) and Eq. (36). When Q2 ;§> Q\ the expression for cr^0t

7

(W2, Q2, Ql) can be related to the structure function of a virtual photon, F] (x, Q2 = Q2,P2 = Q2),
where x = Q\/{Q\ + Q\ + W2).

8.4 Summary and outlook

A brief description of a model for real and virtual photons has been presented. We have developed one
specific approach, where the main idea is to classify events by the hardest scale involved. This is not
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an economical route, since it leads to many event classes. For studies e.g. of the total cross section
in the intermediate-Q2 region, it is cumbersome and not necessarily better than existing approaches
[77]. However, by the breakdown into distinct event classes, the road is open to provide a (more or
less) complete picture of all event properties. It is this latter aspect that has then guided the model
development. A more detailed description can be found in a future publication [65]. Some results was
presented on the Working group meeting in April 2000 [78].

9 TWOGAM

The program is dedicated to the simulation of 77 interactions at e+e~ colliders. Its philosophy somewhat
differs from other 'minimum bias' generators on the market. It is simpler in the sense that the complicated
world of 77 interactions is reduced to a strict minimum - a superposition of three basic types of processes,
without possibility of multiple interactions:

• point-like photon-photon interaction (QPM),

• hard resolved processes when at least one of photons fluctuates into a hadronic state, described by
perturbative QCD,

• soft processes modelled according to the Generalised Vector Meson Dominance model (GVDM).

There is no initial parton shower development build in, nor underlying events, and the soft part is too
simplified to match the reality at LEP2 energies. On the other hand, this program has several advantages
not common in other codes: the program uses an exact (LO) formula for calculation of the photon flux
with the possibility to impose kinematical cuts, which allows exact and efficient generation under tagging
conditions. Recently, radiative corrections to the photon flux were implemented preserving this feature.
Throughout the code, appropriate massive kinematics is implemented. LO matrix elements are used to
describe single- and double-resolved photon interactions (when linked to the PDF library), providing a
good description of the high-pt region.

It depends therefore upon the problem studied if the advantages outweigh the simplifications.
The structure of the program is modular, with clear separation of the photon flux part, the different
77 interaction cross section calculations, the construction of final states, etc. It provides a convenient
framework for the implementation of polarized parton densities of resolved photons.

The principal features and references are summarised below.

9.1 Luminosity functions

The complete set of luminosity functions in the helicity basis of the two virtual photons is implemented
according to formulae 5.12-5.13 of Ref. [2], The full description of the two photon interaction requires
the matrix elements of the 77 —» X transition to be expressed in the helicity basis, as well. At the
moment, the complete set is available for point-like photon interactions only; photon flux for resolved
photons is approximated by its transversely polarized component. The formalism is extended to include
radiative corrections to the lepton line, based on the calculations of Refs. [11] and [13].

9.2 Point-like processes

The matrix elements for the process 7*7* —» / / expressed in the helicity basis of the two photons are
taken from Appendix F of reference [53]. In the case of a hadronic final state, the parton showering and
hadronization is done by JETSET [62].
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9.3 Resolved processes

The calculation of the cross-section for the interaction of resolved photons, as well as sampling of these
processes, is done according to formula

^ y f l ) dx, dx2 di ,

where i, j run over partonic content of photons, x^ ) indicate the fraction(s) of photon momenta carried
by a given parton ( / 7 / 7 = 6(1 — x) in case of point-like interaction) and k is index running over all
possible 2—>2 QCD processes (8 double resolved, 2 single resolved). Matrix elements d&k(s, i, u) can
be found in Refs. [47,79] in their massless form; optionally, massive matrix elements are implemented,
as well [80]. Virtuality dependent matrix elements [81] are available for single resolved processes. A
low p t (i) cut-off of the order of 2 GeV/c (an adjustable parameter) is applied in order to limit the use of
LO formulae to the region of sufficiently 'hard' interactions (most of formulae diverge for t, u —> 0).

9.4 Soft processes

Interactions of weakly virtual photons with a small momentum transfer cannot be described perturba-
tively; instead, photons are assumed to fluctuate into mesons and their effective interaction is parametrized
according to the Generalised Vector Meson Dominance model [82] (GVDM)

where a, b = T, L indicate the polarization of photons, f(Q2) are factors giving the probability of
fluctuations into vector mesons [Eqs. (8),(9)].

The cross-section a(VV —> X) is parametrised with respect to the invariant mass of the two-
photon system as

™D A + ^,A& 240n6, B » 300nb ,

the constant term standing for pomeron exchange, and the second term for reggeon exchange. Other
parametrizations are available [83,84].

The model doesn't predict the angular distribution of final particles. Fit to the experimental data,
as well as arguments based on quark-parton model, suggest the following dependence

which is used to generate the transverse momentum of final quarks. The final state is approximated by a
single quark-antiquark pair, hadronized with the Lund string model. This is a very rough approximation,
neglecting the quark-antiquark content of the meson, as well as variety of possible processes (elastic
scattering, diffractive scattering), and might contribute to the disagreement with data at higher energies.

10 COMPARISON OF GENERATORS & DATA/MONTE CARLO COMPARISONS

10.1 Introduction

The e+e~ —» e+e~hadrons events are the dominant source of hadrons at high energy e+e~ colliders
(Fig. 1). They can be easily selected by imposing limits on the energy deposited in the calorimeters and
on the number of particles in the detector:

• The energy deposited in the calorimeters (Fig. 14 left) is required to be between Em in and Emax.
The Emin cut rejects beam-gas and beam-wall events and takes into account the trigger thresholds.
The Emax cut excludes annihilation events.
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• Tagged and untagged events are separated by a cut on the energy deposited in the forward elec-
tromagnetic calorimeters (Fig. 14 right). Scattered electrons are recognised as electromagnetic
showers above the cut. Below the cut the measured clusters are considered pions or gammas and
they enter in the calculation of the visible mass Wv\s.

• A lower limit on the number of tracks or on the number of clusters in the calorimeters exclude
events (I = e, /x, r) .e+e e+e l

• 1998+99 data
— PHOJET
•-PVTHIA
^background

0 0.5 1 1.5
Calorimeters Energy / (2 E bem)

Fig. 14: Comparison of L3 experimental distributions to PHOJET1.05c and PYTHIA5.718 expectations: (left)
Energy in the electromagnetic and hadronic calorimeters normalized to the centre-of-mass energy; (right) Energy
in the luminosity monitor calorimeter, the cut at ~ 30 GeV separates the untagged from the tagged sample. The
backgrounds due to e+e~ annihilation and e+e~
Q2 < 1 GeV2 cut at the generator level, tagged electrons are not generated by PYTHIA.

e+e TT are indicated as a shaded area. Note that due to a

A good representation of the data by the MC simulation is vital since cross-section measurements
as a function of the two-photon invariant mass W77 require an extrapolation from the measured hadronic
mass Wvis to W77 (Fig. 15).

At present no Monte Carlo model can pretend to reproduce the data in all kinematical conditions,
a few comparison are presented here, more can be found in the individual publications of the four LEP
experiments.

10.2 Untagged events

10.2.1 The rapidity distributions

The distribution of the particles as a function of the rapidity y = gfajJTj^* or of the pseudorapidity
r\ = — ln(tan(0/2) and the energy flow 1/N dE/drj are sensitive to the different two-photon processes
(Fig. 16 left). Here e, pz, B are the energy, the longitudinal momentum and the polar angle of the parti-
cle, charged or neutral. The diffractive channels and low pt scattering are dominant in the forward and
backward regions and produce low multiplicity events. These characteristics are an obstacle for their
study in the LEP detectors, due to the limited acceptance near the beam and to the triggers which favour
high multiplicity and high energy events. Differences between the generators are evident (Fig. 17).
The detectors have a good tracking and calorimetric coverage in the central region (—2 < r? < 2 )
while the forward and backward regions are only partially covered by calorimeters. Apart from an over-
all normalization discrepancy of 10%, a good agreement between data and both PYTHIA and PHOJET
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Fig. 15: The correlation between the generated hadronic mass W77 and the visible mass Wv\s with and without
the hadronic energy sampled in the forward region (FR) of the OPAL detector. In (a) the correlation is shown for
HERWIG5.8d and (b) for a pointlike model F2GEN; in each case for two cuts on the minimum polar angle of
the acceptance region. The symbols represent the average Wvis in each bin, and the vertical error bar its standard
deviation. The dashed line corresponds to a perfect correlation Wv-iS = W77.

1
Pythia 6.143

point-like
• I single res.
EH double res.
• el.scott.
• i diffract.
I I low p, sc.

- 5 - 4 - 3 - 2 - 1 2 3 4 5
pseudorapidity 77
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10 15 20 25 30 35 40 45 50
number of particles NM

Fig. 16: Unbiased, untagged two-photon processes for events with Q2 < 1 GeV2 and Wvis > 3 GeV, as described
by PYTHIA. {left) The energy flow as a function of the pseudorapidity 77. {right) The total multiplicity distribution.
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Fig. 17: The energy flow as a function of the pseudorapidity 77 for untagged events with Q2 < 1 GeV2 and
W77 > 3 GeV. Comparison of Monte Carlos at the generator level, (left) All events, (right) Selection with
suppressed soft/non-perturbative component (requiring at least one particle with pt > 1.5 GeV).

is observed by L3 2 in no-tag conditions (Fig. 18, [94]). The DELPHI detector has a better coverage
in the forward and backward regions, where some discrepancy with PYTHIA (20—30%) is observed
(Fig. 19). In the case of TWOGAM, the forward energy flow is overestimated in so called minimum
biased selection 3, while the central region shows a lack of activity. This feature becomes even more
pronounced (Fig. 19 right) when an additional cut requiring at least one charged track with transverse
momentum above 1.5 GeV is applied (this cut strongly suppresses soft, non-perturbative contributions),
and points out a problem in the description of the perturbative QCD region. A difference with predictions
in the forward region is demonstrated by OPAL (Fig. 20, [95]). Their study shows that both PYTHIA
and PHOJET underestimate the production of particles in the diffractive forward region.

10000
189 GeV data

- PHOJET x 1.1
• PYTHIA x 1.1
3background 10-

£7.5

5H

2.5-

189 GeV data
-PHOJET
- PYTHIA

-4 -2 0
y

Fig. 18: Comparison of untagged L3 data to PHOJET and PYTHIA expectations: (left) The rapidity y distribution
of the measured particles (charged and neutral) (right) Energy flow of the measured particles as a function of y.

2PHOJET versionl.OSc, PYTHIA version 5.718 and JETSET version 7.408 are used by L3. Photon flux for PYTHIA is
generated according to the Eq. (6.16b) in Ref. [2].

'Requiring 4 charged tracks and transverse charged energy above 3 GeV.
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TWOGAM 2.02

Energy flow

Fig. 19: The energy flow as a function of the pseudorapidity 77. DELPHI untagged data are compared to
TWOGAM and PYTHIA expectations for: {left) All untagged events, (right) Selection with suppressed soft/non-
perturbative component (requiring at least one particle with pt > 1.5 GeV).

OPAL
10:

• data at Vsee=183 GeV :
•^*-,(a) - PHOJET 1

10:

I 1 0

S*

1 1
data aWsee=183 GeV --

(b) PYTHIA
**\^ diffractive^

Fig. 20: Maximum rapidity gap Ar?max distribution. The gap A77 is the difference of the pseudorapidity r? of
any two particles, neutral or charged. Both PYTHIA and PHOJET underestimate the particle production in the
diffractive region (high values of Ar;max). Only statistical errors are shown.

10.2.2 Particle multiplicity and Wv\s mass spectrum

The particle multiplicity is in general not well described by the Monte Carlo models, an example is
shown in Fig. 21. As shown in Fig. 16 right, the low multiplicity events are dominated by the diffractive
(VDM) contribution which is difficult to describe correctly. Since the analysis must have a cut on the
particle multiplicity, this uncertainty of the models is an important source of systematic error.

The Wvis mass spectra are compared to the Monte Carlo models in Fig. 22.

It should be noticed that all experiments have tuned the JETSET fragmentation used by the Monte
Carlo programs to the high energy and high multiplicity events of the Z peak. The discrepancies we
observe in the low energy and low multiplicity two-photon events could therefore be due to an imperfect
description of the detector response, this question will be addressed in the discussion of single-tag events.
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Fig. 21: Untagged, minimum bias events, (left) Number of particles (charged and neutral), as measured by L3,
compared to PYTHIA and PHOJET expectations. Both generators fail to reproduce the data at low multiplicity
values. PYTHIA predicts too few high multiplicity events, (right) Number of tracks as measured by DELPHI,
compared to PYTHIA and TWOGAM expectations.
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Fig. 22: Wvis mass distribution for untagged, minimum bias events, (left) As measured by L3, compared to
PYTHIA and PHOJET expectations, right As measured by DELPHI, compared to PYTHIA and TWOGAM
expectations.

10.3 Single-tag events

Single-tag events were studied by all four collaborations in order to extract the photon structure func-
tion t ( [85,96]). The LEP Working Group for Two-Photon Physics has undertaken a combined effort
to understand if the differences observed between data and Monte Carlo are common to all detectors.
Preliminary results of this work have been reported in Ref. [61]. The data of the experiments have been
analysed in two regions of Q2, 1.2-6.3 GeV2 and 6 - 3 0 GeV2, using identical cuts and also identical
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Monte Carlo events passed through the respective detector simulation programs of the individual exper-
iments. The data are corrected to the hadron level in a phase space region which is purely determined by
cuts at the hadron level. Then the data are compared to predictions from the HERWIG and the PHOJET
Monte Carlo models. Several distributions are studied, namely, the reconstructed hadronic mass Wres,
defined within a restricted range in polar angles (20 < 6 < 160°), the transverse energy out of the plane
defined by the beam direction and the direction of the observed electron, the number of tracks, the trans-
verse momenta of tracks with respect to the beam axis, and the hadronic energy flow as a function of the
pseudorapidity. As an example of such a combined distribution the Wres distribution is shown in Fig. 23.

HERWIG corrected low Qz data PHOJET corrected low Q2 data

-+- combined data

HERWIG+k,
HERWIG default
HERWIG+kt(dyn)

15 20 25
Wr fGeV]

combined data

PHOJET

20 25
W [GeV]

Fig. 23: The combined Wres distribution from ALEPH, L3 and OPAL for the low-Q2 region, corrected with the
HERWIG+fct model ((left)) and the PHOJET model (right), on a linear scale (top) and on a log scale (bottom). The
data are compared to three different model assumptions of the HERWIG+fct model and to the PHOJET model.

The data, corrected for detector effects are combined following the procedure recommended by
the Particle Data Group in Section 4.2.2 of Ref. [91]. The combined value for a given bin is calculated
as the weighted average using the statistical errors to calculate both the weights and the error of the
combined value. The systematic uncertainty is estimated from the spread of the individual results.

In general, it is found that for large regions in most of the distributions studied, the results of the
different experiments are closer to each other than the sizeable differences which are observed between
the data and the models. Since the data distributions are corrected to the hadron level, they can be
directly compared to the predictions of Monte Carlo models. Therefore the combined LEP data serve as
an important input to improve on the Monte Carlo models.

10.3.1 The HERWIG generator

The investigation already led to an improved version of the HERWIG5.9 program. A first attempt to
improve on the HERWIG5.9 model was made in Refs. [87,88] by altering the distribution of the trans-
verse momentum, kt, of the quarks inside the photon from the program default. The default Gaussian
behaviour was replaced by a power-law function of the form dk^/(k^ + k%) with fco = 0.66 GeV, moti-
vated by the observation made in photoproduction studies at HERA that a better description of the data
is achieved if the intrinsic transverse momentum distribution is changed to the power-law behaviour, as
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explained in Ref. [89]. The upper limit of /ct
2 in HERWIG5.9+fct was fixed at /ct

2
max = 25 GeV2, which

is almost the upper limit of Q2 for the OPAL analysis from Ref. [85]. This led to some improvements
in the description of the OPAL data by the HERWIG5.9+fct Monte Carlo, as reported, for example, in
Ref. [87].

A further improvement on the description of two-photon events has been obtained by further al-
tering the modelling of the intrinsic transverse momentum of the quarks within the photon. While the
fixed limit of k^mgx = 25 GeV2 was adequate for the region 6 < Q2 < 30 GeV2, for lower values
of Q2, it introduces too much transverse momentum. This has been overcome by dynamically adjust-
ing the upper limit of kt by the event kinematic on an event by event basis. In this scheme, called
HERWIG5.9+fct(dyn), the maximum transverse momentum kfmax is set to the hardest virtuality scale
in the event, which is of order Q2. This change leads to an improved description of the data also for the
region 1.2 < Q2 < 6.3 GeV2 as compared to the HERWIG+kt option, as can be seen from Fig. 23.

10.3.2 Unfolding the WVls distribution

The LEP experiments have tried to minimize the dependence on the Monte Carlo models by studying
different unfolding procedures. A first attempt [98] is based on a purely kinematic consideration al-
ready explained in Ref. [1]. The longitudinal momentum of the photon-photon system is unknown, but
the transverse momentum is well constrained by measuring the transverse momentum of the scattered
electron. In addition, when the +z axis is chosen in the hemisphere of the observed electron, the unseen
electron which radiated the quasi-real photon escapes with E2 — \p^lZ\ ~ 0 along the beam line. Here E'2
and p2 z denote the energy and longitudinal momentum of the unseen electron. This fact can be used to
replace E^ad + Pz.hach the sum of the energy and longitudinal momentum of the total hadronic system,
by quantities obtained from the scattered electron. If in addition the transverse momentum squared of
the hadronic system, p 2

h a d , is replaced by that of the scattered electron, p'2v a part of the uncertainty
of the measurement of the hadronic final state can be eliminated. The value of W reconstructed in this
scheme is called Wvec and has the following form

Wrec = (Shad + Pz,had) ' (-̂ had ~ Pz,had) ~ Pt.had

[ ( ^ / ) ] ( J 5 h a d - p z , h a d ) - p / i 2 f (37)

Because the quantities which are replaced depend on the properties of the hadronic final state, the im-
provement is expected to show some dependence on the Monte Carlo programs used. For example, for
the PHOJET Monte Carlo, the improvement on the resolution in W can be seen from Fig. 24 left, taken
from Ref. [98]. The generated value of W = W77 are compared to, Wv;s and Wrec using the PHOJET
Monte Carlo model in the Q2 range 1 .2 -9 GeV2.

For high Q2 events (Q2 > 40 GeV) L3 [99] used a kinematical fit on the events obtaining a good
correlation between the fitted value W^t and the generated W77 (Fig. 24 right).

Another way of reducing the model dependence of the measured F2 is to perform the unfolding
in two dimensions. Recent preliminary results from the ALEPH and OPAL experiments, presented in
Refs. [92] and [93] respectively, show that this indeed reduces the systematic uncertainty on the structure
function measurements.

10.3.3 Conclusion

From the discussion above it is clear that the error on the measurement of F2 will vary strongly with the
selection of Monte Carlo models chosen to obtain the size of the systematic uncertainty. However, given
the improved understanding of the shortcomings and the combined effort in improving on the Monte
Carlo description of the data, it is likely that the error on F2 will be considerably reduced in future
measurements.
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Fig. 24: Comparison of different methods for the reconstruction of the invariant mass of the hadronic final
state, (left) Comparison of different methods for the reconstruction of the invariant mass of the hadronic final
state. Shown are the generated mass W-y7, the visible mass obtained from the observed hadrons in the L3 detector,
Wvis and Wrec, defined in Eq. (37). All distributions are for the PHOJET Monte Carlo model in the Q2 range
1.2-9 GeV2. (right) The relation between the fitted mass W^ and the generated value (Vermaseren Monte Carlo)
in the Q2 range 40 - 400 GeV2.

10.4 Double-tag

Double tag events are less demanding on Monte Carlo models, since the two-photon effective mass W77

can be calculated from the two scattered electrons [100]. The L3 data show a reasonable agreement
with the PHOJET and TWOGAM predictions (Fig. 25) for the variables entering the cross-section cal-
culations: energy of the tagging electron, Q2, y = 1 — (Etag/Ebeam)cos<2(9tag/'2) and Y. The variable
Y~ ln(M^7/ < Q2 >) is almost independent of the beam energies and it allows to compare the data to
BFKL calculations [101,102].

150- >Data(189-202GeV)
150-

0.5 1.5 4.5 7.5
Y=ln(S/S0)

Fig. 25: Comparison of L3 double-tag events, < Q2 >= 15 GeV, to PHOJET and TWOGAM predictions, (top)
Distribution of the energy of the scattered electrons normalized to the beam energy, (left) The Q2 distribution.
(bottom) Distribution of the variables y and Y (see text for definition). The Monte Carlo predictions are normalized
to the number of data events. There are two entries per event.
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For double-tag events we have also to consider the longitudinal photon contribution (Fig. 26 left),
neglected in the present analysis, and the influence of radiative corrections (Fig. 26 right).
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Fig. 26: The pseudorapidity distribution of the generated particles (charged and neutral) for double-tag events,
showing the contribution of longitudinal photons (left) and the enhancement due to the radiative corrections (right).
Only the point-like component is shown.

10.5 Diffractive events

Information on the diffractive region can be obtained by studying the shape of the events or by measuring
the vector meson production.

In the analysis of high Q2 events [99] L3 noticed that the shape of the events is rather well de-
scribed by the Vermaseren Monte Carlo, which includes only the QED direct process. The thrust-axis
distribution (Fig. 27) shows that PHOJET and TWOGAM predict too many events in the forward re-
gion, thus indicating that the diffractive contribution, in this type of events, is overestimated by both
generators.

200 400-

0.6 0.8
Thrust

• DATA
- PHOJET

TWOGAM
S JAMVG
M BCKGD

0.5

cosathrust

Fig. 27: The distributions of a) thrust, b) cos thrust in the 77 centre-of-mass frame for single-tag high Q2 events.
The Vermaseren, PHOJET and TWOGAM contributions are summed with the background and scaled to have the
same number of simulated events as in the data.

exclusive e ' e
A discrepancy with respect to Monte Carlo predictions is also found by L3 in the analysis of the

+e~ —> e+e~7r+7r~7r+7r~ events. For W77 > 3 GeV the elastic interaction 77 —> p°p° is
dominant, but the data show also a clear presence of /2(1250) and higher TT+TT" masses (Fig. 28 top).
The ir+iT~ spectrum is well reproduced neither by PYTHIA, where the higher masses are absent, nor by
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PHOJET which generates a much too broad p°—peak. The production rate of these events as a function
of W77 is also not well described by these two generators (Fig. 28 bottom).

L3 160-200 GeVhigh-mass data L3160-200 GeV high-mass data
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Fig. 28: Comparison of the exclusive channel e+e~ -» e+e-Tr+Tr-Tr+vr- to PHOJET 1.05c and PYTHIA 5.718
expectations, L3 data for W77 > 3 GeV. (top) The TT+TT" spectrum after subtraction of equal-sign vr—pairs. The
Monte Carlo spectra (histograms) are normalized to the maximum number of events in the p°— peak observed in
the data, (bottom) Yield of exclusive 4TT events (left) and p°p° events as a function of W77. The p0 is defined by
requiring the n+n~ mass to be < 1.1 GeV.

10.6 Charm and beauty production

The production of heavy quarks in two-photon collisions consists mainly of charm quarks. Because of
their smaller electric charge and larger mass, the production of b-quarks is expected to be suppressed by
more than two orders of magnitude relative to the production of charm quarks.

At LEP energies, the direct and resolved processes are predicted to give comparable contributions
to the cross section. The resolved photon cross section is dominated by the photon-gluon fusion diagram
7g —> cc, bb.

Measurements of charm production in two-photon collisions were done at LEP by the ALEPH
[104], L3 [27,105, 106] and OPAL [107] collaborations. Beauty production has been measured by
L3 [106] for the first time in two-photon collisions.

The event selection for the heavy flavour measurement is done in two steps. The first one selects
hadronic final states produced in two-photon collisions, and the second identifies a charm or a beauty
quark. Hadronic two-photon events are selected by cuts on the number of tracks, the visible energy and
the visible mass.
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The PYTHIA Monte Carlo has been used by the L3 [27,105,106] and OPAL [107] collaborations
for recent measurements of the charm production in untagged events. Charm production in PHOJET gen-
erator was implemented with a high pt threshold which prevents the use of PHOJET for charm detection
efficiency studies. The QED Vermaseren [103] Monte Carlo program generates only the direct process
77 —> cc, bb. The HERWIG generator is used for charm production measurement in DIS regime [107].
The NLO GGHVOl Monte Carlo generator was found to have a problem with the implementation of
NLO corrections [108].

In general, the data are reasonably well described by the simulation except for the normalization
of the 77 —> hadrons contribution, while both the shape and the normalization of the annihilation back-
ground are well reproduced by the Monte Carlo. The background from the annihilation processes and
the two-photon production of tau pairs is normally less than 1%.

Both charm and beauty quarks were identified by the L3 collaboration using electrons and muons
from semileptonic charm and beauty decays [105,106]. There is good agreement for the shape of electron
and muon signal between the data and PYTHIA Monte Carlo (Fig. 29).
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Fig. 29: Comparison of data and MC for (left) electron and (right) muon identification in 77 collisions at LEP by
the L3 collaboration. The ratio, E t/pt, of the transverse energy measured by the electromagnetic calorimeter and
the transverse momentum of the track shows a clear electron signal at E t /p t — 1- The PYTHIA 5.7 Monte Carlo
is normalized to the number of data events.

Charm particles in the final state were also identified by the reconstruction of charged D* meson
decays by ALEPH [104], L3 [27,106] and OPAL [107]. The D* signal is well identified as the peak at
about 145 MeV in distribution of the mass difference between the D* and the D° candidates. The shape
of the background is determined from the D° sideband and from the D° wrong charge combinations
(same sign kaon-pion pair). Fig. 30(left) shows the energy flow for electron tagged events as a function
of the pseudorapidity [105]. A clear difference in shape can be seen between the distributions for the
direct and resolved processes for |?7| > 1, where the direct process alone is insufficient to describe the
data. This distribution shows also the discrepancy between the data and PYTHIA for the forward region
where the resolved contribution dominates. The data suggest that a bigger gluon component in parton
density function of photon is needed.

In Fig. 30(right), the differential cross section for inclusive electrons at 183 GeV is plotted as a
function of the transverse momentum of the electron [105]. The prediction (normalized to the number
of data events) from the PYTHIA Monte Carlo for inclusive charm production and background is also
shown. The shape of the distribution is in agreement with the prediction. Leptons from semileptonic
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decays of charm quarks are on average more energetic than leptons from non-charm two-photon pro-
cesses, therefore the charm purity increases with the transverse momentum. The absolute prediction for
the number of events is 60% too small at v^ = 183 GeV, this difference can be attributed to the fact that
the PYTHIA Monte Carlo contains only leading order calculations.
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Fig. 30: L3 77 events with an identified electron compared to PYTHIA Monte Carlo predictions: (left) Energy
flow as a function of pseudorapidity rj. The data are compared to all contributions (solid histogram) and to the direct
and single-resolved processes separately (dotted and dashed histograms, respectively), (right) The differential
cross-section for inclusive electrons as a function of the electron transverse momentum. The total PYTHIA Monte
Carlo predictions are scaled to the measured cross-section. The shaded area shows the non-charm two-photon
events background. The cross section is given for the kinematic range defined in Ref. [105].

The OPAL collaboration measured the direct and single-resolved charm cross sections separately
[107]. The scaled D* transverse momentum xf5* which is the ratio of P^* to W v i s / 2 is sensitive to the
ratio of the direct and the single-resolved process. The fit to the OPAL D* data gives about 1:1 for the
ratio in the data (Fig. 31). The direct cross-section is well described by PYTHIA and the single-resolved
cross-section is best described using GRV [109] parton density function.
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Fig. 31: (left) Scaled transverse momentum z f * = 2pf * /Wvis of the D* meson for anti-tagged 77 events in
OPAL. The dots represent the background subtracted data. The histograms are the result of a fit of the relative
contributions of the direct and single-resolved PYTHIA 6.1 Monte Carlo samples to the data. The open histogram
shows the single-resolved, the hatched histogram the direct contribution to the fit result, (right) The deep inelastic
scattering cross section a(e+e~ -> e+e~ccX) and F£c by OPAL at (Q2) = 20 GeV2. The results obtained by
correcting the data with the HERWIG and Vermaseren generators are slightly separated for a better visibility.
LO and NLO predictions [16,17] are also shown. The band for the NLO calculation indicates the theoretical
uncertainties estimated varying the charm quark mass and renormalization and factorisation scales.
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Using a sample of single-tagged events OPAL measured FjJ c photon structure function at (Q2) =
20 GeV2. The HERWIG and Vermaseren Monte Carlo event generators have been used in the study.
Within limited statistics of 30±6 D* mesons in events, where one beam electron is scattered into detector,
both Monte Carlo generators are in agreement with the data distributions. But they yield a different cross
section and F^ c at small x when used to extrapolate to the whole kinematic region (Fig. 31). Despite this
uncertainty the corrected data suggest a cross-section which is above the purely point-like component,
i.e. the hadron-like component of F ^ is non-zero.

Leptons from b semi-leptonic decays are more energetic than from charm semi-leptonic decays
and non-charm two-photon processes. To select bb events L3 applied cuts on the lepton momentum and
transverse momentum pt with respect to the closest jet defined by excluding the lepton from the jet.
The lepton momentum must be greater than 2 GeV for electrons and 2.5 GeV for muons, the transverse
momentum pt greater than 1 GeV and 1.5 GeV for electrons and muons, respectively. The charm and
bottom cross sections of PYTHIA have been scaled to the measured cross section values [106]. One can
see from the Fig. 32 that the beauty purity increases with the transverse momentum.
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Fig. 32: (left) Muon and (right) electron pt with respect to the closest jet by the L3.

In summary, the direct process 77 —> cc, bb is insufficient to describe the data, even if real and
virtual gluon corrections are included. The cross sections and the event distributions require contributions
from the resolved processes which are dominantly 7g —> cc, bb. The data therefore require a significant
gluon content in the photon. The measured total charm cross sections for real photons agree with NLO
QCD expectation [110].

There is need for implementation of the NLO QCD corrections into existing Monte Carlo models.

11 77 PROCESSES AS BACKGROUND TO SEARCHES

The untagged hadronic 77 processes are one of the main Standard Model backgrounds for several
searches for new physics involving final state topologies with a relatively low total visible energy. A
typical example are SUSY searches probing the degenerate theoretical scenarios, where the mass dif-
ference between the parent supersymmetric particles and the lightest supersymmetric particle (the LSP,
supposed to be stable under the assumption of R-parity conservation) is of the order of a few GeV or
less.

Though the total cross-section of 77 processes is of the order of several nanobarns, after typical
searches cuts (asking event with some central -barrel- activity and non negligible missing transverse
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momentum), the remaining visible cross-section is just few pb and it is often difficult to estimate the pre-
cision with which the tails of the 77 distributions are described. Some typical examples of problematic
regions are given below.

11.1 DELPHI Collaboration

The version 2.02 of TWOGAM generator was used for the analysis of the data collected in 1998 and 1999
by the DELPHI detector for y/s ranging between 189 GeV and 202 GeV. Due to the very large cross-
section of the hadronic 77 processes, cuts have been applied at the generator level in order to generate
events that are in the detector acceptance (above the trigger threshold) and in the regions of interest for
possible new physics discoveries. This was done either by requiring - at the generator level - at least one
charged tracks with transverse momentum above 1.2 GeV, or two charged tracks with momentum above
1 GeV. Events were generated with invariant mass of the 77 system above 3 GeV. A first comparison
with recently released PYTHIA 6.143 was also done using a minimum biased sample with a limited
statistics.

A comparison between data and MC has been performed at the preselection level for the squark
and chargino searches at 189 and 200 GeV respectively.

11.1.1 Squark analysis at Ecms = 189 GeV

The preselection cuts for the squarks analysis are :

• At least 6 charged particles and at least 4 TPC tracks.

• ft > 4 GeV, I cos(fy)| < 0.88, | COS(0THRUST)\ < 0.88, where f t is the missing transverse (w.r.t.
to the beam direction) momentum of the event.

• Energy in the DELPHI small-angle luminosity detector, the STIC, < 10 GeV and < 25 GeV in
the forward electromagnetic calorimeter (FEMC).

• Energy in a 45 degrees cone around the z axis < 0.6 EViS, where EVis is the total visible energy of
the event.

• Energy of the most energetic neutral particle < 30 GeV.

• EvD-w/EViS < 0.15, where EVD-W is the energy associated to the tracks measured by the
inner and vertex detectors alone.

• At least one charged particle with a Pt > 1.5 GeV to ensure compatibility with generator level
cuts.

Figures 33(left) and 33(right) show the distributions of the visible mass (Mvu) and P™ax for the
real data and the full SM Monte Carlo sample after passing the preselection cuts. These cuts strongly
reduce the hadronic 77 signal and the visible cross-section of the hadronic 77 simulation is approx-
imatively 1.2 pb. Nevertheless a disagreement of up to 40% appears in the leftmost regions of both
distributions. An extensive study was performed to find out if this discrepancy can be explained by the
effect of the detector simulation or generator level cuts, and the conclusion is that a true discrepancy
between data and MC model must be at its origin. By increasing the cut on p™ax to 2.5 GeV a disagree-
ment of 20% is still present. Some additional cuts can be defined to achieve compatibility of data and
MC but they affect the sensitivity for a squark discovery in this region.
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Fig. 33: Distributions of the total event visible mass (left) and transverse momentum of the charged particle with
the highest Pt in the event, P™ax (right), for the squarks analysis at y/s = 189 GeV. Hadronic 77 processes
simulated with TWOGAM 2.02.

11.1.2 Chargino analysis at Ecms = 200 GeV

In the context of the chargino search in the hadronic degenerate topology, the same exercise was done.
The following cuts were applied:

• At least 6 tracks and no more than 32 particles in the event.

• ft > 4 GeV, visible mass < 65 GeV.

• No isolated photon or lepton reconstructed, with isolation angles w.r.t. to other particles of 15°
(resp. 20°) for the lepton (resp.photon). Moreover a lepton is required to have an energy greater
than 3 GeV while a photon to have an energy greater than 5 GeV.

• The two most energetic jets in the event have to lie within a 6 angle between 25 and 155 degrees

• The most energetic neutral particle should not be in the STIC subdetector acceptance.

• The percentage of energy deposited in the electromagnetic calorimeter has to be < 90% of the
total visible energy

• At least two charged particles with momenta > 1.0 GeV to ensure compatibility with generator
level cuts.

Figures 34, 35 show the distributions of the event transverse energy (left) and the momentum of the
leading charged particle, Pieading (right), for real data and the full SM Monte Carlo after the preselection
cuts, the hadronic 77 processes being simulated with TWOGAM 2.02, resp. PYTHIA 6.143. A clear
disagreement with TWOGAM is visible in the hadronic 77 region (dark shaded histograms) of about
40% in the remaining visible cross-section of about 1.2 pb. The Fig. 34 (right) shows that cutting at
a higher value of the Pleading of the event allows to have a better agreement, nevertheless this affects
dramatically the signal detection efficiency in this region. PYTHIA 6.143 seems to provide a better
description of this region (Fig. 35).
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At the final stage of event selection a good agreement is achieved between the SM expectations
and the measured real data in both searches, despite the significant discrepancy at the preselection level.
Details of these analyses can be found in DELPHI publications [112].

11.2 L3 Collaboration

Two-photon interaction processes are simulated using DIAG36 [12] (e+e~ —> e+e~£+£~) and PHOJET
[44,45] (e+e~ —> e+e~ hadrons), requiring at least 3 GeV for the invariant mass of the two-photon
system. Hadronic final states are by far dominant (20 times larger) and their physics much more difficult
to be simulated.
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The most important signature of SUSY signals, with R-parity conservation, is the missing mo-
mentum in the plane transverse to the beam pipe (Pt).

In two-photon interactions the transverse missing momentum can be faked by the outgoing and
undetected electron and positron. The maximum transverse missing momentum in these events is about
6 GeV and it depends on the minimum tagging angle and the beam energy. Resolution effects and tagging
inefficiencies raise this value to about 12 GeV.

In the preselected samples shown in Figs. 36 and 37 events with a tagged electron or positron
are rejected. Two samples, partially correlated, are shown: a low multiplicity sample with a number of
charged tracks between 2 and 7; a high multiplicity sample with a number of charged tracks higher than
or equal to 5. PHOJET predicts a rate about 30% higher than what is observed for Pt values smaller than
6 GeV in the low multiplicity sample (Fig. 36). A rate about 20% higher than in data is also predicted for
Pt values smaller than 4 GeV in the high multiplicity sample (Fig. 37). The larger discrepancy in the low
multiplicity sample is somehow expected due to the larger contribution of non-perturbative processes
(VDM) in that sample.

Low mult, event sample High mult, event sample

0 5 10 15 20 25 SO W 40 45 50

10 3-

5 10 15 40 45 50

Fig. 36: Transverse missing momentum distribu-
tion in the low multiplicity sample.

11.3 Conclusions

Fig. 37: Transverse missing momentum distribu-
tion in the high multiplicity sample.

77 processes can be a significant background to possible manifestations of new physics beyond the
Standard Model, especially when the final state topologies involve a relatively low visible energy in the
events.

At the initial stages of the analyses we often observe large discrepancies, up to 40% between data
and MC distributions. At more advanced stages of the analyses, after having applied cuts on the missing
momentum and on visible energy of the events, the statistics is strongly reduced and the discrepancies
either dissappear or are no longer statistically significant. If one was to observe evidence of an excess
of events in the data compared to the SM Monte Carlo expectations in regions where 77 processes are
the main background, it would be however difficult to evaluate the significance of the excess and quote
an eventual discovery. This is why an improved simulation of 77 processes, especially for hadronic final
states, would be very beneficial to several searches for new physics at LEP.
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12 SUMMARY AND CONCLUSIONS

In this section, the most important new results obtained by the Working Group on 77 event generators
are briefly summarised. Remaining shortcomings of the currently available generators are also reviewed
in relation to possible future improvements.

For the first time, the most important O(a) radiative corrections (those associated with the incom-
ing and outgoing e+e~ lines) have been incorporated in a general purpose 77 generator (TWOGAM,
Section 3). The implementation has been checked by comparison with the RADCOR generator which
uses an exact O(a) Feynman diagram treatment of the process e+e~ —> e+e~fi+fj,~('y). For -/s =
200GeV and W11 > 3GeV the radiative corrections increase the untagged cross section for this pro-
cess by only 1.3%. In the case of events singly or doubly tagged at scattering angles greater than 31
mrad (1.8°) the corresponding correction factors are 1.12 and 1.19, respectively. As expected, the energy
spectrum of the tagged electron is appreciably broadened by the effect of real photon radiation.

New NLO calculations have been made of open charm and beauty production. Also new fully dif-
ferential Monte Carlo generators incorporating the calculations are available (Section 4). It is of interest
to note that the language used to describe different contributions is not the same in the context of these
QCD calculations as in that of general purpose Monte Carlo generators. Here the term 'hadronic' is used
to describe the entire resolved photon contribution where the heavy quark pair is produced in a process
where one ('single resolved'), or two ('double resolved'), partonic constituents of the colliding photons
participate. In a more detailed phenomenological treatment, as used for example in the PYTHIA genera-
tor (Section 8), the resolved component contains pieces where the photon couples either hadronically (i.e.
via a virtual vector meson (VDM, GVDM)) or in a point-like manner ('anomalous' contribution). The
NLO predictions for open charm production are in good agreement with the measurements, In contrast,
and in common with pp and jp collisions, an excess (albeit with a large experimental error) is observed
for open beauty production.

Improvements to the HERWIG general purpose generator (Section 6) include a more physical
treatment (based on HERA data) of the parton transverse momentum cut-off used to separate 'hard' and
'soft' processes as well as the possibility for the user to tune the parameters describing soft interactions.

The latest version of PHOJET (Section 7) contains many improved features. These are, for exam-
ple, a better treatment of the photon flux, the use of exact matrix elements (ME) for the 2 —> 3 processes
eg —> eqq and eq —> eqg that automatically include longitudinal photon contributions and the possibility
to use virtual photon PDF's. In addition, this model reproduces in the kinematic range of deep inelastic
scattering the structure function F2 which corresponds to the parton densities used for the simulation of
hard scattering.

A very detailed description of the physics modelling used in PYTHIA is given in Section 8. Partic-
ular attention is paid to obtaining a smooth transition from the kinematical region of quasi-real photon-
photon scattering to that of DIS and doubly-tagged events. Contributions of longitudinal photons are now
taken into account as well as multiple interactions. Another important new feature is the introduction
of two parton transverse momentum cut-offs. The first fco (VDM), or ki (GVDM), separates regions of
hadronic and point-like photon couplings, and the second, p±min- separates 'anomalous' from 'direct'
processes in both of which the photon-parton coupling is point-like. It is the latter (arbitrary) cut-off
that is analogous to the direct/resolved separation of the NLO (and higher) pQCD calculations. Finally,
Sudakov type factors are introduced to dampen the blow-up of the cross section otherwise induced by
the 'mini-jet' region of pQCD processes.

The TWOGAM generator (Section 9) is more modest in its aims than HERWIG, PHOJET and
PYTHIA. In particular, a relatively simple treatment is made of the soft physics domain, which is mod-
elled according to GVDM. On the other hand, the program uses the exact photon flux factor, now also
including O(a) radiative corrections, and implements the full leading-order quark-parton model cross
section including interference terms. It is the only current generator with this feature. The massive kine-
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matics is implemented throughout the code. In the pQCD region, massive ME can be optionally included,
as well as 2 -> 3 ME instead of 2 -> 2 ME for single resolved processes. Unlike HERWIG, PHOJET and
PYTHIA, the remnant jets of resolved processes are generated with zero intrinsic transverse momentum.

Many generator/generator and data/generator comparisons are presented in Sections 10 and 11. In
a large number of cases good agreement is obtained. Here, on the contrary, the main points of disagree-
ment will be summarised.

• In contrast to L3, which observed good agreement for untagged events in the shapes of both the
pseudorapidity (?j) distribution and that of the energy flow as a function of rj with the PYTHIA
generator (Fig. 18), DELPHI found, (Fig. 19), a small excess in the energy flow distribution for
|?7| > 2.0. A much larger excess was seen for TWOGAM (Fig. 19). Requiring at least one
particle with pt > 1.5GeV, to reduce the contribution from soft events, results in PYTHIA now
underestimating the data for |?7| > 2.0. TWOGAM then agrees well in this region , but lies below
the data in the central region |?7| < 2.0. It should be pointed out that there is a large difference in
the event selection between the two experiments - the DELPHI trigger is not optimised for soft 77
physics, and the visible cross-section is only about 20% of that observed by L3.

• The distributions of the maximum rapidity gap Ar}max per event in OPAL data (Fig. 20) shows
that both PHOJET and PYTHIA underestimate the data for large Ar}max (diffractive region).

• L3 data indicates that PYTHIA overestimates the total number of particles (charged + neutral),
Np, for Np < 20 and underestimates it for Np > 20 (Fig. 21). Such a behaviour is not seen by
DELPHI in the charged track distribution of similar events (Fig. 21), but again, the phase space
region covered by the two experiments is quite different. PHOJET agrees much better with the L3
data for large Np.

• Inconsistent behaviour is also seen between the Wvis distributions of L3 and DELPHI for untagged
events (Fig. 22). PYTHIA underestimates the L3 and overestimates the DELPHI data.

• Both the thrust distribution and the angular distribution of the thrust axis are badly modelled by
PHOJET and TWOGAM for the high Q2 L3 single tag data (Fig. 27). In particular, a diffractive
peak near cos 9thrust = 1. predicted by both generators, is not seen in the data. The shapes of both
distributions are well described by the simple QPM model of the Vermaseren (JAMVG) generator.

• For sets of cuts appropriate to search for SUSY particles, expected to give an experimental signa-
ture with low visible energy, DELPHI found that TWOGAM underestimates the data in the region
of a possible SUSY signature (Figs. 33, 34) whereas for L3 data PHOJET is found to overestimate
the data in the region of low missing transverse momentum (Figs. 36, 37).

Important improvements have been made to all 4 general purpose generators: HERWIG, PHOJET,
PYTHIA and TWOGAM since the 1995 LEP2 Workshop [1]. Obvious improvements remaining to be
done are the inclusion of radiative corrections in HERWIG, PHOJET and PYTHIA, intrinsic transverse
momentum for resolved processes in TWOGAM, and low-pi charm production via matrix elements for
massive quarks in PHOJET. As discussed above, some inconsistencies still exist between the data of
different experiments, particularly for untagged events, which are specially sensitive to the modelling
of soft physics. The different levels of agreement between data and MC simulations obtained by the
LEP collaborations reflect to some extent the different detector acceptance ranges and the limited under-
standing of hadronic low-p_L physics. A first step to remedy this situation would be the production of
corrected (particle level) data distributions by all LEP experiments. If a satisfactory level of consistency
is found for these distributions, they can then be combined in a similar way as single tag LEP1 data has
been in a recent study by the LEP-Wide QCD 77 Working Group [61]. This provides more reliable data
distributions with better understood systematic errors for generator tuning studies.
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Possible new avenues to improve the description of the data might be to tune the parton shower
and fragmentation parameters to hadronic events from 77 collisions, rather than to hadronic Z decays,
as done hitherto, and to tune PDF's (particularly for the gluon) to the LEP data rather than using 'off the
shelf PDF's as currently done.

Finally, no easy solution is in sight to the problem of 77 backgrounds in new particle searches.
The cuts used correspond to tiny fractions of the particle phase space of the 77 collision processes, and
it seems unrealistic to expect, in this case, agreement with the data at levels much better than about 30-
40%. This, unfortunately, gives a poorly known irreducible background in the kinematical region most
sensitive to new particle effects. See, for example, Fig. 33. Stronger cuts must then be applied to remove
such regions of bad data/MC agreement, with an inevitable worsening of cross section limits on new
particle production.
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1 INTRODUCTION

At LEP2 the two-fermion production has the highest cross section of all hard processes. At LEP1 it
serves as the unique reaction to study the properties of the Z boson and it had a very distinct two-body
character, as the photon initial state emission (ISR) was highly suppressed. At LEP2, far above the Z
pole, the ISR is strong and frequent, the radiative tail of the Z develops to such an extent that the ISR
QED radiative corrections are several times as large as the Born cross sections. Another important fact
is that one needs to account for the production of secondary real fermion-anti-fermion pairs (usually
light and soft) due to the radiation of off-shell photons and Z bosons from the initial- or final-state. This
makes the task of the 'signal definition', that is what we really mean by the two-fermion final state,
rather nontrivial, in other words there is the question of the separation between the radiative corrections
to two-fermion production and the genuine four-fermion production. This aspect of the two-fermion
process was highlighted in the discussion of the LEP Electroweak Group and also in the presentations
in the beginning of the current workshop. One aim of the workshop therefore was to come up with a
2-fermion signal definition, which is applicable to all 2-fermion final states, and suited equally well for
theoretical predictions and experimental measurements.

The other topics which emerged as important theoretical issues for the work in two-fermion group
were the question of the reliability of the existing QED calculations, especially of the so called initial-
final state interference, and the question of the reliability of the pure electroweak corrections. The out-
standing performance of the machine gave LEP experiments sizable samples of events with one and two
explicitly (tagged) photons which are very useful for searches of the phenomena beyond the Standard
Model (SM). The evaluation of the rates of these events from QED was high on the agenda of our work
from the beginning.

The layout of our chapter reflects to a large extent the evolution of the work of our two-fermion
group. In general we pursued two ways of collecting, evaluating and improving theoretical calculations
for two-fermion precess. On one hand, we collected all available theoretical calculations, as implemented
in Monte Carlo (MC) and semi-analytical programs (codes) and we applied them to get predictions for
all cross sections, asymmetries, etc. measured in LEP2 experiments, which were identified in first place,
with the help of our experimental coordinators, one for each LEP collaboration. All codes bear their own
theoretical error specification and applicability range. This what we call the 'wide-range comparisons'
of many codes for many observables has given us confidence into individual error specifications, or
has led to some questions to be solved either within this workshop or beyond. On the other hand, the
alternative path was followed of the so called 'tuned-comparisons' or 'theme-comparisons' which either
concentrated on the more detailed comparisons of 2-3 codes, usually concentrating just on one theoretical
problem and trying to reduce just one source of the theoretical errors, for example from QED effects. The
prominent part of the 'theme-comparisons' was the study on the effects of the secondary pair production
process.

Having this in mind the outline of the report is not surprising. In the first section we amass the
rich list of processes and measurable quantities for all 2-fermion channels, that is the Bhabha process,
the quark-, /J,-, r-pair channels, without and with tagged photons which are one pillar of the 'wide-range
comparisons'. Another pillar is the third section in which all theoretical calculations/codes are collected
- each of them includes its individual total theoretical error and range of applicability. In the second
section we present the harvest of the wide-range comparisons, summarizing in a quantitative way results
of them, channel per channel.

The 'theme-comparisons' are located in the fourth section and their subset related to secondary
pair production was important enough to be awarded the status of the separate fifth section.

In the last section we summarize all important results and list the problems in two-fermion pro-
duction which are still left out for further work.
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2 EXPERIMENTAL OBSERVABLES AND THEORETICAL
PRECISION REQUIREMENTS

This section collects specifications of the quantities measured in the two-fermion process at LEP2 which
we call for short 'observables', and we also try for each listed observable to define the necessary precision
level of the theoretical prediction, keeping in mind the total experimental error which will be achieved at
the end of LEP2 operation, for data combined for all four LEP experiments.

The great diversity of these observables is a distinct feature of the two-fermion process, as com-
pared to the WW channel or QCD studies, see other sections. It is partly due to the fact that various
final states like muon-pairs, tau-pairs, quark-pairs, neutrino-pair with gamma and the Bhabha process
have very different experimental characteristics, different methods of measurement and each of them
comes in two versions, accepting Z radiative return or rejecting it. Furthermore, the two-fermion process
cannot be experimentally completely disentangled from the four-fermion process, multiplying again the
possible option for defining the two-fermion observables. On top of that there are still (and will be)
differences between the ways the four experiments define and measure their cross-sections, asymmetries
and distributions.

In this section we make a sort of 'frontal attack' on the problem of defining what is measured as a
two-fermion process at LEP2, by doing the most complete list of two-fermion observables used in LEP2
data analysis. The primary aim of this is to help theorists to understand what is really measured in LEP2
and what are the ultimate precision targets in the LEP2 data. However, such an exhaustive list can also
be useful for experimental collaborations when combining data from four LEP collaborations.

We never had a hope to have a complete theoretical prediction and full discussion of theoretical
errors for all this impressive list of two-fermion observables. It is not even necessary as some of them
are quite similar, and some of them are rather difficult to implement for the average theorist. In the
process of scrutinizing various theoretical calculations we use only part of these observables, mostly of
the 'simplified type'. The simplified observables are also necessary because semi-analytical programs
can provide predictions only for them and not for the realistic ones. (MC event generators have no such
limitations.) Another role of simplified observables is that they are prototypes of the observables used
for combining data from the four LEP collaborations.

For the so called 'tuned comparisons' which were made for instance among /C/CMC and ZFITTER
or between BHWIDE and LABSMC the authors of these codes have used their own, even more simple
kinematic cuts, tailored specifically to these tests. They are not discussed in this section.

The observables which include the Z resonance in the phase space, that is Z-inclusive, and which
exclude the Z resonance, that is Z-exclusive, we usually denote them using the short-hand notation 'in-
clusive observables' and 'exclusive observables' instead of the full 'Z-inclusive' and 'Z-exclusive'. We
hope that this will not lead to confusion, and wherever necessary we shall expand to the full terminology.

For the purpose of our main aim, that is of establishing theoretical errors for the typical two-
fermion observables this section contains too much information. We think, however, that it is a valuable
asset of this report and we decided to keep it to the full extent, accepting that only some of them will be
really used in the actual theoretical studies.

2.1 Precision requirements for theoretical predictions

One of the most important ingredient of the observable definition is its precision tag. Obviously the
higher precision the more complicated the study of its theoretical uncertainties will be. Also more of the
details of experimental cuts will be needed to estimate the theoretical systematic errors.
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The following rule of thumb with respect to the errors obtained for the data taken at T/S = 189 GeV
was suggested for estimating the required precision in cases where there is no better information avail-
able.

1. The experimental statistical error is decreased by factor of vT2 ~ 3.5 with respect to present
(summer 1999) one for the single collaboration. We still expect statistics to grow by factor of 3
and combination of all 4 experiments makes the total statistics a factor of 12 bigger.

2. The experimental systematic error can be expected to go down by a factor of 2 (may be 3) due to
improvements and partial non-correlations among experiments.

3. The above estimates of the experimental statistical and systematic error should be added in quadra-
ture.

4. The required precision should be 1/3 of that to assure that theoretical effects will not deteriorate
experimental results (will not increase an error) by more than 10%.

The demand of a maximum of 10% increase of the final experimental overall error due to theoret-
ical uncertainties is not an over-demand. It is equivalent to a decrease in running time of experiments by
20% in cases when the statistical error dominates. A similar 10% deterioration of an overall detection
performance would occur only after a 30% decrease in data taking for measurements where the statistical
and systematic errors are similar in size. Having this in mind and also an enormous effort of so many
people over so many years, not mentioning the costs, may even lead to the conclusion that our rule for
precision requirements from theory is not strict enough.

In general as inclusive (incl.) we understand the cross section for y/s'/s > 0.1 and as exclusive
(excl.) for \/s'/s > 0.85. For Bhabha excli denotes | cos 9\ < 0.9 and excb denotes | cos 0\ < 0.7. For
asymmetries the (absolute) error tag can be obtained from the one of thecross section multiplying it by
0.01 \/2 and dropping the % symbol.

The following precision tags can be assumed if explicit numbers do not overrule them in the text:

1. cross sections for qq final states: incl. 0.11%, excl. 0.23%

2. cross sections for e~e+ final states: excli 0.13%, excb 0.21%

3. cross sections and asymmetries for n~fj,+ final states: incl. 0.41%, excl. 0.53%

4. cross sections and asymmetries for T~T+ final states: incl. 0.44%, excl. 0.61%

5. searches background cross sections from quarks and tagged hard photons 0.3%

6. searches background cross sections from leptons and tagged hard photons:
single photons 1.5%, multiple photons 5%

7. searches background cross sections from neutrinos and tagged hard photons
single photons 0.5%, multiple photons 2%

These numbers serve as a starting point for the definition of precision tags required from complete the-
oretical calculations. For separate ingredients such as interferences pair corrections etc, the physical
precision tag must be even more strict, to assure that their combination will not overcome the required
tag. Finally the tag for technical tests must be set another factor of few smaller.
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2.2 General comments on observable definition

In the following chapters the observables will be defined. For more details see respectively: ALEPH [1],
DELPHI [2] for all observables, for (ff(7)) processes L3 [3-6], OPAL [7-9]; for {ft + 7) [10,11]; and
for (i/F + 7) [12-14].

The main groups of observables are formed by physics processes, they are later divided into re-
alistic and idealized ones corresponding to different stages of experimental analysis. Finally specific
solutions adopted by experiments are placed in the subsections. Some points which could be extracted
from the observables definition like a glossary or the approach to the extra pair are discussed at the
beginning of the chapter to avoid unnecessary repetition.

The purpose of the list of observables is to review all necessary conditions for calculation of
theoretical predictions. More explanatory examples are given later in the section.

2.3 Notation

In definition of observables we will use some short-hand notations to make it easier. Let us illustrate just
a few of them.

• Ecm: centre of mass energy.

• 07: The polar angle of particle 7 with respect to the electron beam.

• I cos Of/f\ < 0.9: The polar angle of both particles / and / must satisfy the cut.

• E-y\ The energy of particle 7.

• xy = 2E1/Ecm: The energy fraction of particle 7.

• Ntrk- Number of charged tracks in the event.

• aco/(e+e~): The collinearity angle between particles e+ and e~.

• AFB'- forward-backward asymmetry constructed on the basis of final state charged particles.

• Mprop-(f / ) : invariant mass of the s-channel propagator, with ISR/FSR interference subtracted.

• Mprop+(f / ) : invariant mass of the s-channel propagator, with ISR/FSR interference not sub-
tracted. In this case, the propagator mass is ambiguous for the interference contribution, so this
part is actually evaluated using the / / invariant mass excluding radiative photons.

• Minv(ff): invariant mass of / and / - all other particles such as collinear photons are excluded.
For realistic observables, this is determined from the reconstructed 4-momenta of the two particles.

• Mang(ff): invariant mass determined from the measured polar angles of particles / and / with
respect to the electron beam. These are taken from jet angles in case of hadrons. This calculation
is based on four-momentum conservation assuming that only one radiative photon is present. If no
photon is seen in the detector, this radiative photon is assumed to go along the beam axis. If an
energetic, isolated photon is seen in the detector, then its reconstructed polar angle is used.

e{f f)'- invariant mass determined from a kinematic fit. This uses 4-momentum conservation
to improve the mass estimate based on the reconstructed 4-momenta of the / and / .

• s'L3 for /i+yii~ or T+T~ from observed ISR photon (E more than 10 GeV, |cos#7 | < 0.985,
separation to nearest fermion more than 10 degrees), or from fermion angles assuming photon
escapes along the beam pipe
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• s'L3 for qq: to reconstruct the effective centre-of-mass energy two different methods are used. For
the first one, all events are reclustered into two jets using the JADE algorithm. A single ISR photon
is assumed to be emitted along the beam axis and to result in a missing momentum vector. From
the polar angles of the jets, 8\ and 62, the photon energy can be estimated. The second method uses
the clustered jets (yCut = 0.01) obtained using the JADE algorithm. A kinematic fit is performed
on the jets and the missing four-momentum vector using different hypotheses for the emitted ISR
photons. The missing energy is attributed to zero, one or two ISR photons. From the differences
given by the two methods, systematic errors on the effective centre-of-mass energy reconstruction
are calculated. When an isolated energetic photon (energy larger than 10 GeV) is detected, the
energy and momentum of this photon are added to the undetected ISR photons.

• ^OPAL f° r 39- fr°m a s e r i e s of kinematic fits using observed ISR photons ( |cos#7 | < 0.985,
isolated with less than 1 GeV energy flow in a cone of half angle 0.2 rad around them) plus hadronic
jets. The fits allow zero, one or two additional photons emitted close to the beam direction, s' is
taken from the fit with the lowest number of extra photons giving an acceptable x2-

2.4 Additional pair treatment

ALEPH

Apart from the cuts listed for realistic observables, no additional requirement is added to reject events
with real or virtual pair emission, their contribution is taken in account for efficiency calculation. The
main rejection to 4-fermions process is due to invariant mass cuts associated to the topological cut on
the event shape. For a two-fermion final state they are considered as backgrounds and their residual
contribution estimated from Monte-Carlo four-fermion events for which both fermion pair invariant mass
ff or f'f are above 65 GeV. This excludes from the signal definition the 4-fermions arising from virtual
Z or W contribution, but not the contribution from virtual photon. The above requirement are valid for
hadronic, muon pairs and tau pairs. Note that for ALEPH the pair contribution is kept both in realistic
and idealized observables.

DELPHI

In the case of idealized observables it is assumed that theoretical predictions should not include either
real or virtual pair corrections. These are subtracted from the data with the help of the Monte Carlo.
The appropriate systematic error is to be discussed with the help of Monte Carlo program or programs.
Monte Carlo predictions for idealized observables with pair corrections excluded are required as well
as for realistic observables with pair corrections included. In the case of realistic observables implicit
cuts on additional fermion pairs are given, where appropriate, with the sufficient detail for DELPHI
observables. Exceptions are vvj observables, where events are required to have no jets/leptons (ch)
within the DELPHI acceptance, that is of energy Eck > 0.5 GeV and | cos 8ch\ < 0.97.

L3

Let us define first the cut on the secondary pairs for idealized observables:

• We assume that all the phase space for the secondary pairs is included and integrated over, however
contribution form resonant diagrams from 4-fermion processes etc. must be subtracted from the
data first by means of Monte Carlo.

For the secondary pair cut to be used for realistic L3 observables our aim was to describe it in a form as
brief as possible. In particular we accept ambiguities which may lead to differences much smaller than
precision tag. The cut off on the secondary pair is performed in the following way:

• The invariant mass of the primary pair must be at least 60 GeV for qq, 75 GeV for nfi/rr. The
invariant mass is determined from collinearity of primary pair and other tracks under assumption
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that missing is only single photon (collinear to the beam). The primary pair means lepton same-
flavor anti-lepton or two jets, of highest energies.

• cut on invariant mass of the secondary pair to be smaller than invariant mass of the primary pah-
is not explicitly required, but it is in practice through the selection targets on the 2 highest energy
jets to form the primary pair, seen in the detector.

• The W and Z-pair production background is reduced by applying the following cuts. Semi-leptonic
W-pair decays are rejected by requiring the transverse energy imbalance to be smaller than 0.3 EV-1S.
The background from hadronic W(Z)-pair decays is reduced by rejecting events with at least four
jets each with energy larger than 15 GeV. The jets are obtained using the JADE algorithm with a
fixed jet resolution parameter ycut = 0.01. The remaining part of the 4-fermion processes due to
W and Z contributions remain and must be subtracted later with the help of Monte Carlo of well
established theoretical uncertainty.

• For Bhabha there is no explicit cut on primary mass, but implicit cut on secondary pair is present
through the collinearity cut. The primary electrons are selected as the two highest in energy clusters
which are matched to charged tracks. Note that in this way we allow the presence of photon(s)
which is harder than one or both of the final state e+e~.

• Minv(e
+e~) (L3) and electron clusters definitions: In L3 electrons are considered dressed, ab-

sorbing photons (or extra pairs) in a half-cone 2.5 deg, all these can be seen as detector coverage
is larger than used phase space.

• our definition is not practical for primary pair being neutrinos. Then, instead we request veto cut,
no visible charged energy deposits above 1 GeV and cos^x < 0.97.

OPAL

To define our strategy for additional pair treatment let us recall the main points from the Ref. [7]. No
additional cuts, apart those listed for the respective observables, are applied to reject events with pair
emission. In general, we compare our measurements with analytical predictions including pair emission.
This means that pair emission via virtual photons from both the initial and final state must be included in
efficiency calculations, and be excluded from background estimates. In order to perform the separation,
we ignore interference between 5- and i-channel diagrams contributing to the same four-fermion final
state, and generate separate Monte Carlo samples for the different diagrams for each final state. For a
two-fermion final state ff we then include as signal those four-fermion events arising from s-channel
processes for which m^ > m^jj, mf,p- < 70 GeV and minv({£)fyfs > 0.1 (rriinv(H)/^/s > 0.85 in
the non-radiative case). This kinematic classification closely models the desired classification of fff'f' in
terms of intermediate bosons, in that pairs arising from virtual photons are generally included as signal
whereas those arising from virtual Z bosons are not. All events arising from s-channel processes failing
the above cuts, together with those arising from the t-channel process (Zee) and two-photon processes
are regarded as background. Four-fermion processes involving WW or single W production are also
background in all cases. The overall efficiency, e, is calculated as

€ + M £ CD
crtat

where efj, Cfff/fj are the efficiencies derived from the two-fermion and four-fermion signal Monte Carlo
events respectively, cr^jr is the generated four-fermion cross-section, and <rtot is the total cross-section
from the analytical prediction (e.g. ZFITTER ) including pair emission. Using this definition of effi-
ciency, effects of cuts on soft pair emission in the four-fermion generator are correctly summed with
vertex corrections involving virtual pairs. The inclusion of the four-fermion part of the signal produces
negligible changes to the efficiencies for hadronic events and for lepton pairs with \Js'OPALjs > 0.85.
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The efficiencies for lepton pairs with y/s'OPAL/s > 0.10 are decreased by about 0.5%. The discussion
in the above paragraph applies to hadronic, muon pair and tau pair final states. In the case of electron
pairs, the situation is slightly different. In principle the i-channel process with a second fermion pah-
arising from the conversion of a virtual photon emitted from an initial- or final-state electron should be
included as signal. As this process is not included in any program we use for comparison we simply
ignore such events: they are not included as background as this would underestimate the cross-section.

2.5 Realistic e+e~ —» qq{^) observables

ALEPH

1. Inclusive Selection: Alephl Event clustered into jets with JADE algorithm until (Mjet-jetl
Ecm)2 > 0.008. Low mass jets with high electromagnetic energy fraction are assumed to be
radiative photons. Non-photon jets then cluster together until only two left, corresponding to the
qq system. Then

(a) Alephla Minv(qq) > 50 GeV (excluding photon jets),

(b) Alephlb Mang(qq) > 0.lEcm.

2. Exclusive Selection: Aleph2 Same as inclusive selection, then following extra cuts,

(a) Aleph2a Minv(qq) > 0.7Ecm (excluding photon jets),

(b) Aleph2b Mang(qq) > 0.9Ecm,

(c) Aleph2c | cos 0^1 < 0.95,

(d) Aleph2d Event thrust > 0.85.

DELPHI

Events were retained if they contained at least 7 charged tracks and if the charged energy was greater
than 15 % of the collision energy. In addition, the quantity Era<i = JE\ + E\, where EF and EB
stand for the total energy seen in the Forward and Backward electromagnetic calorimeters, was required
to be less than 90% of the beam energy.

3. Inclusive Selection: Delphil Afang(^) > 75 GeV

4. Exclusive Selection: Delphi2 Mg.ng(qq)/\/s > 0.85

L3

Events are selected by restricting the visible energy, Ey-ls, to 0.4 < Ev\s/yfs < 2.0. The longitudinal
energy imbalance must satisfy |j5iong|/^Vis < 0.7. These cuts account for a large reduction of the two-
photon background. In order to reject background originating from lepton pair events, more than 18
calorimetric clusters with an energy larger than 300 MeV are requested.

5. Inclusive Selection 1: LT1 y/s'hJs > 0.10

6. Inclusive Selection 2: LT2 yfs\2 > 60 GeV

7. Exclusive Selection: LT3 y/s'hJs > 0.85

OPAL

Events are required to have at least 7 electromagnetic clusters and at least 5 tracks. The total energy
deposited in the electromagnetic calorimeter has to be at least 14% of the centre-of-mass energy. The
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energy balance Rbai along the beam direction has to satisfy Rbai =\ T,(Ecius • cos 9) \ /T,Ecius < 0.75,
where the sum runs over all clusters in the electromagnetic calorimeter, 6 is the polar angle, and Ecius

is the energy of each cluster. Events selected as W-pair candidates according to the criteria of [15] are
rejected.

8. Inclusive Selection: OPAL1 y/s'OPAL/s > 0.10

9. Exclusive Selection: OPAL2 ^s'OPAL/s > 0.85

2.6 Idealized e+e~ —» qq(j) observables

ALEPH

10. Inclusive Selection: IAlephl Mprop+(qq) / Ecm > 0.1.

11. Exclusive Selection: IAleph2 Mprop+(qq) / Ecm > 0.9 and |cos#g| < 0.95.

DELPHI

12. Inclusive Selection: IDelphil Mprop+(qq) / Ecm > 0.1 and | cos9q\ < 1.0.

13. Exclusive Selection: IDelphi2 MpTOp+(qq)/Ecm > 0.85 and | cos 0,1 < 1.0.

L3

14. Inclusive Selection 1: ILT1 Mpr<yp^(qq) / Ecm > 0.10 and | cos6>9| < 1.0.

15. Inclusive Selection 2: ILT2 Mprop-(qq) > 60 GeV and | cos0g| < 1.0.

16. Exclusive Selection: ILT3 Mprop_{qq) j E^ > 0.85 and | cos0? | < 1.0.

OPAL

17. Inclusive Selection: IOpall Mp r o p_(gg)/£ c m > 0.10 and | cos0q\ < 1.0.

18. Exclusive Selection: IOpal2 Mprap-faq)/Eon > 0.85 and | cos0g| < 1.0.

2.7 Realistic e+e~ —> e+e~('y) observables

ALEPH

19. Exclusive Selection 1: Aleph3 2 < Ntrk < 8. Two of tracks must be identified as electrons, have
| cos 6\ < 0.95 and opposite charge. The scalar sum of their momenta should exceed 0.3Ecm. The
sum of their energies including photons within 20° of each tracks should exceed 0AEcm. Then
Minv(e

+e~) > 80 GeV (reconstructed from track momenta), Mang{e+e~) > 0.9Ecm (where
radiative photons reconstructed as for qq selection), and —0.9 < cos #*_ < 0.9.

20. Exclusive Selection 2: Aleph4 Same as exclusive selection 1, but -0 .9 < cos 8*_ < 0.7.

DELPHI

21. Exclusive Selection: Delphi3 The electron and positron were required to be in the polar angle
range 44° < 6 < 136° and the non-radiative events were selected by asking the collinearity to be
smaller than 20°.
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L3

The electron and positron are required to be in the polar angle range 44° < 9 < 136° or 20° <
6 < 160° and non-radiative events are selected by asking the collinearity to be smaller than 20° OR
Minv{e+e-)/Ecm > 0.85.

22. Exclusive Selection 1: LT4 Minv{e+e~) / Ecm > 0.85 and | cos 9e+/e-| < 0.71934.

23. Exclusive Selection 2: LT5 aco/(e+e") < 25° and | cosf?e+/e-| < 0.71934.

24. Exclusive Selection 3: LT6 acol(e+e~) < 25° and | cos9e+/e- \ < 0.94.

25. Inclusive Selection 1: LT7 &col(e+e~) < 120° and | cos 9e+/e- \ < 0.71934.

26. Inclusive Selection 2: LT8 Minv{e
+e-)/Ecm > 0.10 and | cos6>e+/e-1 < 0.94.

OPAL

Events selected as electron pairs are required to have at least two and not more than eight clusters in the
electromagnetic calorimeter, and not more than eight tracks in the central tracking chambers. At least
two clusters must have an energy exceeding 20% of the beam energy, and the total energy deposited in
the electromagnetic calorimeter must be at least 50% of the centre-of-mass energy. For the inclusive
selection and the exclusive selection 1, at least two of the three highest energy clusters must each have
an associated central detector track. If all three clusters have an associated track, the two highest energy
clusters are chosen to be the electron and positron. For the large acceptance exclusive selection 2, no
requirement is placed on the association of tracks to clusters, but the requirement on the total electro-
magnetic energy is increased to 70% of the centre-of-mass energy.

27. Inclusive Selection: Opal3 acol(e+e~) < 170° and | cos 9e+/e- \ < 0.9.

28. Exclusive Selection 1: Opal4 acol(e+e~) < 10° and | cos 9e-| < 0.7.

29. Exclusive Selection 2: Opal5 acol(e+e~) < 10° and | cos 8e+/e-1 < 0.96.

2.8 Idealized e+e~ —» e+e~(iy) observables

ALEPH

30. Exclusive Selection 1: IAIeph3M im,(e+e-)/.Ecm > 0.9 and -0.9 < cos0*_ < 0.9.

31. Exclusive Selection 2: IAleph4 Minv(e
+e-)/Ecm > 0.9 and -0 .9 < cos <9*_ < 0.7.

DELPHI

32. Exclusive Selection: IDelphi4 Minv(e
+e~)/Ecm > 0.85 and | cos 9e+/e- \ < 0.7.

L3

33. Exclusive Selection 1: ILT4 Minv(e
+e-)/Ecm > 0.85 and | cos#e+ /e-1 < 0.71934.

34. Exclusive Selection 2: ILT5 acol(e+e~) < 25° and | cos 9e+/e- \ < 0.71934.

35. Exclusive Selection 3: ILT6 acol(e+e~) < 25° and | cos 9e+/e- \ < 0.94.

36. Inclusive Selection 1: ILT7 acoZ(e+e"-) < 120° and | cos#e+ /e-1 < 0.71934.

37. Inclusive Selection 2: ILT8 Minv(e
+e-)/Ecm > 0.10 and | cos 9e+/e- \ < 0.94.
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OPAL

38. Inclusive Selection: IOpal3 acol(e+e~) < 170° and | cos 9e+/e- \ < 0.9.

39. Exclusive Selection 1: IOpaI4 acol(e+e~) < 10° and | cos 9e- \ < 0.7.

40. Exclusive Selection 2: IOpal5 acol(e+e~) < 10° and | cos 9e+/e- \ < 0.96.

2.9 Realistic e+e~ —> /i+fj,~('y) observables

ALEPH

41. Inclusive Selection: Aleph5 2 < Ntrk < 8. Two tracks must be identified as muons, have
p > 6 GeV, | cos 9\ < 0.95 and opposite charge. The scalar sum of their momenta should exceed
60 GeV. Photons are identified from jets clustered with JADE algorithm until (Mjet-jet/Ecm)2 >
0.008. Then Mang(iJ,+iJ,~)/Ecm > 0.10 (where radiative photons reconstructed as for qq selec-
tion).

42. Exclusive Selection: AIepb.6 Same as inclusive selection, then following extra cuts, Mang((j,
+fj,~)

JEcm > O.QEcm (where radiative photons reconstructed as for qq selection) and Minv(fi
+fi~) >

0.74 (excluding photons).

DELPHI

An event was required to have two identified muons in the polar angle range 20° < 8^ < 160° and the
highest muon momentum of at least 30 GeVj c. Mjn,,(/i+^~) was calculated from a kinematic fit, where
four different topologies were investigated for each event: i) no photon radiated, ii) one photon radiated
along the beam line, iii) one seen and one unseen photon in any direction, iv) a single unseen photon in
any direction. The seen photon fit was performed if a neutral energy deposit greater than 5 GeV was
measured in the electromagnetic calorimeters.

43. Inclusive Selection: Delphi4 Minv(n
+iJ,~) > 75 GeV

44. Exclusive Selection: Delphi5 Minv{^+>-)/'Ecm > 0.85

L3

An event must have two identified muons in the polar angle range 20° < 9^ < 160° and the highest muon
momentum should exceed 35 GeV. The effective centre-of-mass energy for each event is determined
assuming the emission of a single ISR photon. In case the photon is found in the detector (| cos #7 | <
0.985) it is required to have an energy, Ey, larger than 15 GeV in the electromagnetic calorimeter and an
angular separation to the nearest muon of more than 10 degrees. Otherwise the photon is assumed to be
emitted along the beam axis and its energy is calculated from the polar angles of the outgoing muons.

45. Inclusive Selection: LT9 Mang{n
+fj,~) > 75 GeV

46. Exclusive Selection: LT10 Mang(fi
+>~)/'Ecm > 0.85

OPAL

Ntrk > 2. A pair of tracks is taken as muon pair candidate, if both tracks are identified as muons, have
p > 6 GeV, | cos #| < 0.95 and are separated by 320 mrad in azimuthal angle 4>. If more than one pair
of tracks satisfies the above conditions, the pair with the largest scalar momentum sum is chosen. The
event is rejected if more than one other track has a transverse momentum greater than 0.7 GeV. Finally,
EViS, defined as the scalar sum of the two muon momenta plus the energy of the highest energy cluster
in the electromagnetic calorimeter (| cos 9\ < 0.985), has to be larger than 0 . 3 5 ^ + 0.5M^/y/s. For
photon to be used in definition of Mang it has to be separated at least by 200 mrad from charged muons.
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47. Inclusive Selection: Opal6 Mang{n
+n~)/Ecm > 0.10

and Minv{jx+^-) > 70 GeV, if 0.35,/i < Evis - 0.5M%/y/s < 0.75y/s.

48. Exclusive Selection: Opal7 Mang(^
+/J,~)/Ecm > 0.85

and Minv{ix+pT) > ^M\ + 0.1s.

2.10 Idealized e+e~ —» fi+/j,~(/y) observables

ALEPH

49. Inclusive Selection: IAlephS Minv{^n-)/Ecm > 0.1 and | cos 6 -̂1 < 0.95.

50. Exclusive Selection: IAlepb.6 Minv(fj,
+fj,-)/Ecm > 0.9 and | cos 6^-1 < 0.95.

DELPHI

51. Inclusive Selection: IDelphi5 Minv(n
+iT) > 75 GeV and | cos 6^-1 < 0.95.

52. Exclusive Selection: IDeIphi6 M inw(/x+^-)/J5cm > 0.85 and | cos 9^- \ < 0.95.

L3

53. Inclusive Selection: ILT9 Minv(/j,
+^") > 75 GeV and | cos 9^- \ < 0.90.

54. Exclusive Selection 1: ILT10 Minv(^n~)/Ecm > 0.85 and | c o s ^ - 1 < 0.90.

55. Exclusive Selection 2: ILT11 Minv{tx+fi")/Ecm > 0.85 and | cos9^- \ < 1.0.

OPAL

56. Inclusive Selection: IOpal6 Mprop-(^
+iJ,-)/^/s > 0.10 and | cos6»M-1 < 0.95.

57. Inclusive Selection: IOpaI7 MprOp_(/i+^~)/v'i > 0.10 and | cos 9^-1 < 1.00.

58. Exclusive Selection: IOpal8 Mprop-(^>~)/y/s > 0.85 and | cos9^- \ < 0.95.

59. Exclusive Selection: IOpal9 Mprop_(M+M~)/v/s > 0.85 and | cos 9^- \ < 1.00.

2.11 Realistic e+e~ —> r+r"(7) observables

ALEPH

60. Inclusive Selection: Aleph7 Two identified r candidates with Minv(T
+r~) > 25 GeV and

&COI(T+T~) < 250 mrad in plane perpendicular to beam axis. Then Mang(r
+T~) > 0 . 1 ^ ^

(where radiative photons are reconstructed as for qq selection).

61. Exclusive Selection: AIeph8 Same as inclusive selection, then following extra cut Mang(T
+T~) >

0.9Ecm (where radiative photons reconstructed as for qq selection) and | cos 9T- \ < 0.95.

DELPHI

The leading track in each hemisphere was required to lie in the polar angle range | cos 9\ < 0.94, and the
observed charged particle multiplicity was requested to be unity in one hemisphere and no more than five
in the other. At least one of the leading tracks was required to have momentum greater than 0.025 x y/s.
Full description of the cuts can be found in Ref. [2]. The Mang(T+T~) was calculated from fermion
directions estimated by leading tracks.
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62. Inclusive Selection: Delphi6 Mang{r
+T-) > 75 GeV

63. Exclusive Selection: Delphi7 Mang(r
+T-)/Ecm > 0.85

L3

Tau leptons are identified as narrow, low multiplicity jets, containing from one to five charged particles.
Tau jets are formed by matching the energy depositions in the electromagnetic and hadron calorimeters
with tracks in the central tracker and the muon spectrometer. Two tau jets of at least 3.5 GeV are required
to lie within the polar angular range | cos 6\ < 0.92. To reject background from two photon processes the
most energetic jet must have an energy larger than 20 GeV. The reconstruction of the effective centre-of-
mass energy follows the procedure described in the muon subsection, using the polar angles of the two
tau jets. Full description of the cuts can be found in Ref. [4].

64. Inclusive Selection: LT11 Mang(r
+T-) > 75 GeV

65. Exclusive Selection: LT12 Mang(T
+T-)/Ecm > 0.85

OPAL

Tau-pair candidates are events with exactly two charged, low multiplicity cones with 35° half-angle.

• The event is rejected if it was selected as a fi pair.

• Ntrk < 7, where Ntrk is the number of tracks in the central detector.

• Ntrk + Ncius < 16, where Ncius is the number of ECAL clusters.

• | cos 0r+T-1 < 0.90, where | cos 6T\ is the cosine of the respective cone axis.

• 0.02 < Rshw < 0.7, where Rshw is the summed ECAL energy scaled by the centre-of-mass
energy.

• Rtrk < 0.8, where Rtrk is the scalar sum of track momenta scaled by the centre-of-mass energy.

• Rshw > 0.2 or Rtrk > 0.2.

• Rshu> + Rtrk < 1.05(1.10), for | cos#| > 0.7 (< 0.7),where | cos6>| is the average of the two tau
cones.

• I cos 9 ECAL I < 0.99, where cos 6 ECAL is the cosine of the direction of missing momentum
r missing rmissing

calculated using the ECAL.

• pfCAL > 0 . 0 1 5 ^ where pfCAL is the sum of the transverse ECAL energy.

• Events are rejected if 0.9 < E/p < 1.1 in both cones.

• Using the values of 6T, the expected energy of each lepton is calculated assuming that the final
state consists only of two leptons plus a single unobserved photon along the beam direction. We
then require that 0.02 < J^X^ + X | 2 ) < 0.8, and J{Xpi + Xf>2) < 0.8, where XEi,E2 are
the total electromagnetic calorimeter energies in each tau cone normalized to the expected value
calculated above, and Xp\^2 are the scalar sums of track momenta in the two tau cones, also
normalized to the expected values.

0acollinearity < 180° - 2tan-x ( ^ M ^ ) + 1 0°- This cut is placed 10° degrees above the expected
radiative return peak.

282



• ^acoplanarity "̂  o u •

66. Inclusive Selection: Opal8 Mang{T+T-)/y/s > 0.10.

67. Exclusive Selection: Opal9 Mang(T
+T~)/-/s > 0.85.

2.12 Idealized e+e~ —> T+T~{^) observables

ALEPH

68. Inclusive Selection: IAleph7 Minv(T
+T-)/Ecm > 0.1 and | cos dT-1 < 0.95.

69. Exclusive Selection: IAleph8 Minv(r+r~) I Ecm > 0.9 and | cos0 r - | < 0.95.

DELPHI

70. Inclusive Selection: IDelphi7 Minv(r
+T-) > 75 GeV and | cos 6T- \ < 0.95.

71. Exclusive Selection: IDelphi8 Minv(T
+r-)/Ecm > 0.85 and |cos0T- | < 0.95.

L3

72. Inclusive Selection: ILT12 Minv{r
+T-) > 75 GeV and | cos 6T- \ < 0.92.

73. Exclusive Selection 1: ILT13 Minv(T
+T-)/Ecm > 0.85 and [ cos 6T- \ < 0.92.

74. Exclusive Selection 2: ILT14 Minv(T
+T-)/Ecm > 0.85 and | cos 0T-1 < 1.0.

OPAL

75. Inclusive Selection 1: IOpallO M p r o p _(r + T-) / v
/ i > 0.10 and | cos 0T-1 < 0.90.

76. Inclusive Selection 2: IOpalll M p r o p _(r + r- ) / 1 / i > 0.10 and | cos BT- \ < 1.00.

77. Exclusive Selection: IOpall2 Mprap-(T
+T-)jy/s > 0.85 and | cos0 r - | < 0.90.

78. Exclusive Selection: IOpall3 Mprap-{T+T-)/y/s > 0.85 and [ cos0r-1 < 1.00.

2.13 qq7 observables

This section contains precision requirements for regions of phase space selected in searches for anoma-
lous neutral gauge couplings {ZZrf,X^), especially for the visible 7 + Z —> 7 + qq final state. The
prominent Standard Model process populating this region is the radiative return to the Z. Numerical re-
sults are not provided, we expect uncertainties for initial state bremsstrahlung contributions to be similar
to the one in case of leptons, however the additional, often dominant uncertainties due to interplay of the
final state QCD interaction and photon emission, are not discussed in our section.

L3

79. Total Cross-Section LT13 Hadronic events are selected by asking for more than 6 charged tracks
and more than 11 calorimetric clusters. The transverse and longitudinal energy imbalances should
be below 15 and 20% respectively. A photon with 14° < f?7 < 166° and energy 80 GeV <
y/s - 2E1^/s < 110 GeV is required. The precision tag is 0.3-0.4%.
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OPAL

80. Total Cross-Section OpallO Events are selected with two jets and one visible photon, fulfilling a
3C kinematic fit, allowing an additional photon of at most 5% of the beam energy to be radiated
along the beam pipe. The relevant phase space is defined by

(a) £ 7 > 50 GeV

(b) 15° < 07 < 165°

(c) angle between photon and closest jet, a 7 _ j e t > 30°.

The required precision tag for the radiative return cross-section in this phase space for a LEP-
combined analysis is 0.3%. It assumes uncorrelated experimental systematics and is dominated
by the experimental statistics. For fully correlated experimental systematics the precision tag is
0.4%. Currently, the predictions of the fCKMC and PYTHIA generators in this phase space differ
by 15%.

81. Differential Cross-Section Opalll Selected Events in the above phase space are subjected to a
maximum likelihood fit in the differential distributions of E7 , cos #7, and cos 6*, which is the angle
of the final state quark-jets in the Z rest frame. Precision tag: The ratio between the rate of events
within | cos #7 | < 0.7 and the boundary of the acceptance has to be known within about 1%. The
discrepancy between /C/CMC and PYTHIA in the region | cos#7 | < 0.7 is currently at level of
30% (stat. significance 2a).

2.14 il'y observables

This final state is primarily used to search for single (one photon) or pair (two photons) production
of excited leptons. In principle, the radiative return peak in Ma can be rejected in these searches,
which is not possible in the anomalous neutral coupling analyses (see above). In practice, however,
experimental resolution and further (final state) radiation reduce the power of such an anticut. Therefore
both topologies (including and omitting the anticut) need to be studied.

ALEPH

Photons are required to have at least 15 GeV and |cos#7 | <0.95. Leptons are also required to have
| cos 9i\ <0.95, they are identified from oppositely charged jet clustered from charged tracks (at most 3)
with at least one jet above 5 GeV. The angle between the 2 jets being at least 30 degree and the photon
candidate at least 10 degree from the charged jet.

• U. plus one photon
Two leptons of same type are required accompanied of at least one photon. The two most energetic
leptons and the most energetic photon are considered.

82. ee7 ALEPH-11 Two tracks are identified as electron and the sum of charged energy greater
than 0.6*Ecm. Expected precision tag 1.4%

83. fifi'y ALEPH-12 Two muons have to be identified and charged energy greater than 0.6*i?cm.
Precision tag 1.5%

84. TT-J ALEPH-13 At least a 3-prong tau jet candidate in the event is required. Precision tag
1.7%

• ££ plus two photons
Two electrons (or muons or taus) have to be identified and 2-photon jet identified Isolation cut on
the 4 angles between photon and lepton required to be at least 20 degree. The 2 reconstructed
lepton-gamma masses have to agree within 5 GeV/c**2
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85. ee77 ALEPH-14 Precision tag 3%.

86. /x//77 ALEPH-15 Precision tag 5%.

87. TT77 ALEPH-16 Precision tag 8%.

DELPHI

Events with a visible energy above 0.2-y/s in the region | cos#| < 0.9397 and not more than 6 charged
tracks are selected. Photons are required to have an energy above 5 GeV and | cos 9\ < 0.9848. The total
charged (neutral) energy in a 15° cone around the photon is required to be below 1 GeV (2 GeV). Charged
particles are clustered into jets. Jets are required to have | cos 6\ < 0.9063 and the most energetic to have
an energy above 5 GeV. In three- or four-body topologies the energies are rescaled by imposing energy
momentum conservation and using the measured angles. An improved energy resolution is obtained.
Compatibility between the measured and rescaled energies is required.

• ft plus one photon The energy of the photon is required to be above 10 GeV. Events with one
photon and one or two jets in the final state are considered. This accounts for situations in which
one of the leptons was lost in the beam pipe or has very low momentum (close to the kinematic
limit). The expected backgrounds and thus the further selections and the efficiencies are very
dependent on the lepton flavour.

88. ee7 DELPHI8
At least one jet identified as an electron and the other not identified as a muon, the most
energetic jet with E > 10 GeV. One photon with | cos 9\ < 0.7660. If only one jet is found
the angle between the jet and the photon must be in the between 100° and 179°. Precision
tag: 1.4%

89. MM7 DELPHI9
At least one jet identified as a muon and no jets identified as electrons, the most energetic jet
with E > 10 GeV. Precision tag: 1.6%

90. TTJ DELPHI10
The most energetic jet with E > 10 GeV. One photon with | cos#| < 0.94. Tau events are
selected by requiring a difference between the measured and the rescaled energy of the jets,
expected due to the presence of neutrinos. If only one jet is found the angle between the jet
and the photon must be between 100° and 179°. Precision tag: 1.8%

• U plus two photons

Two jets and two photons in the event. Compatibility between two reconstructed £7 masses is
required. The relevant quantity is the minimum of the electron-photon invariant mass differences
(Am^7). The statistical error of the selection clearly dominates.

91. ee77 DELPHI11
Am e 7 < 15 GeV/c2. Precision tag: 5%

92. fifiry DELPHI12
A m m < 10 GeV/c2 Precision tag: 6%

93. TT77 DELPHI13
AmT 7 < 10 GeV/c2 Precision tag: 6%

L3

Hadronic events are rejected by requiring less than 8 charged tracks. Photons are required to have at least
15 GeV and | cos07 | <0.97. Leptons are required to have the same flavor and | cos 9i\ <0.94. They are
identified from oppositely charged tracks/low multiplicity jets(for tau).

285



• U plus one photon
At least one lepton accompanied by at most one hard photon. The second lepton may be in the
beam pipe. The photon is required to have at least 20 GeV and | cos#7 | <0.75. One mass (I7)
should be greater than 70 GeV.

94. ee7 LT14 Expected precision tag 1.2%

95. /x/ry LT15 Precision tag 1.5%

96. TT7 LT16 Precision tag 1.8%

• A? plus two photons
one phon (or muon or tau) and 2 photons seen. The photons are required to have at least 15 GeV
and one should be in |cos#7 | <0.75, the second in |cos#7 | <0.94. The difference of the 2
reconstructed lepton-gamma masses should be below 10 GeV and their sum above 100 GeV.

97. ee77 LT17 Precision tag 4%.

98. /i/i77 LT18 Precision tag 6%.

99. TT77 LT19 Precision tag 6%.

OPAL

Photon candidates are required to have an energy exceeding 5% of the beam energy, and have to lie
within |cos#7 | < 0.95. Leptons are also identified within | c o s ^ | < 0.95 and are required to have
pt > 1 GeV. Photons, electrons, and muons are required to be isolated by at least 20 degree from the
nearest charged track of momentum larger than 1 GeV.

• Pi plus one photon
There must be at least two identified leptons of the same type and at least one photon. The two most
energetic leptons and the most energetic photon are used in the analysis. Their energy sum is called
Evis in the following. The precision tag assumes uncorrelated experimental systematics. Both,
uncorrelated systematics, and expected statistical precision of the LEP combined result contribute
to about equal parts to the precision tag. For correlated experimental systematics the required
theoretical precision is loosened by about 0.9%.

100. ee7 w/o rad return rejection Opall2

"" i^vis --* -'••'-'•^'beam

- |cos6>7| <0.70

- | cos Qe\ < 0.70 for at least one electron.

Precision tag: 1.3%

101. ee7 with rad return rejection Opall3

- |cos07 | < 0.70

- I cos 9e I < 0.70 for at least one electron.

- reject events with 85 GeV < Mee < 95 GeV

Precision tag: 1.4%

102. /x/̂ 7 w/o rad return rejection Opall4

- Evis > 1.6-Ebeam

Precision tag: 1.5%
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103. ///ry with rad return rejection Opall5

- Evis > 1.6i?beam

- reject events with 85 GeV < M^ < 95 GeV

Precision tag: 1.7%

104. TT7 w/o rad return rejection Opall6

- 0.8£beam < Evis > 1.9i?beam

Precision tag: 1.4%

105. TTJ with rad return rejection Opall7

- 0.8-Ebeam < Evis < l-9i?beam

- reject events with 85 GeV < MTT < 95 GeV

Precision tag: 1.5%

• U plus two photons
There must be at least two identified leptons of the same type and at least two photons. The two
most energetic leptons and the two most energetic photons are used in the analysis. Their energy
sum is called Evis in the following. The precision tag is dominated by the statistical error of the
selection.

106. ee77 w/o rad return rejection Opall8

- Evis > 1-6-Ebeain

- minimum opening angle among all electron-photon combinations | cosa^ i n | < 0.90.

Precision tag: 3%
107. ee77 with rad return rejection Opall9

- Evis > 1-6-Ebeam
- minimum opening angle among all electron-photon combinations | cos c^ i n | < 0.90.
- reject events with 85 GeV < Mee < 95 GeV

Precision tag: 3%

108. /̂ M77 w / ° r a d return rejection Opal20

- Evis > 1.6i?beam

Precision tag: 5%

109. fJ^H'yy with rad return rejection Opal21

- Evis > l-6i£beam

- reject events with 85 GeV < M w < 95 GeV

Precision tag: 6%

110. TT77 w/o rad return rejection Opal22

- 0.8£beam < E^ > 1.9£?beam

Precision tag: 5%

111. TT77 with rad return rejection Opal23

- 0.8Ebeam < Evis < 1-9-Ebeam

- reject events with 85 GeV < MTT < 95 GeV

Precision tag: 6%
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2.15 vi>~f observables

The observables listed below do not include any cut to eliminate the regions of phase space dominated
by the radiative return to the Z. Such events are usually selected by a cut on the mass of the invisible
system. For such an extended observable the required precision tag should simply be scaled according
to the somewhat decreased statistics. In general, fully exclusive predictions with help of the full multi-
dimensional distributions of photon(s) energies and directions are needed with a precision comparable to
that of the total cross section.

ALEPH

112. Nul Single photon and missing energy: Exactly one photon with |cos07 | < 0.95 and Pt >
0.0375 * Ecm. No other photon with | cos07 | < 0.9997 and E1 > 1 GeV.

113. Nu2 Two or more photons and missing energy: Two or more photons, each with E1 > 1 GeV
and |cos07 | < 0.95. The transverse momentum of the multi-photon system must be such that
SP t > 0.0375 * {Ecm - £ £ ) . N o o t h e r photon with |cos07 | between 0.95 and 0.9997, and
E1 > 1 GeV.

DELPHI

114. Single photon and missing energy: Require exactly one observed photon with energy requirement
varying with polar angle

(a) Null Very forward (or backward): 3.8° < 9 < 6.5°, a:7 > 0.3 or xy > (9.2 - 0)/9

(b) Nul2 Forward (or backward): 12° < 9 < 32°, x7 > 0.2

(c) Nul3 Barrel: 45° < 9 < 90°, x1 > 0.06

No additional photons with Ey > 0.8 GeV and 9 > 38 mrad unless they are within 3°, 15° and
20° from the primary photon for the very forward, forward and barrel regions, respectively.

115. Two or more photons and missing energy Nul4: Two or more photons with j?7 > 0.05 * Et,eam

and |cos07 | < 0.985, at least one of which has |cos07 | < 0.906. No additional photon with
Ey > 0.02 * E^ and | cos 07 | between 0.985 and 0.9994.

L3

116. Single photon and missing energy: Exactly one photon with | cos 07 | < 0.97 and:

(a) Nu3 energy and Pt > 5 GeV if 14° < 0 /endcaps/

(b) Nu4g energy and Pt > 5 GeV if 43° < 9 /barretf

No other photon with | cos 07 | < 0.9997 and £ 7 > 10 GeV.

117. Two or more photons and missing energy: each photon with | cos 07 | < 0.97 and:

(a) Nu5 energy and Pt > 5 GeV if 14° < 0 (endcaps)

(b) Nu6 energy and Pt > 1 GeV if 43° < 0 (barrel)

The transverse momentum of the multi-photon system must be greater than 5 GeV and the collinear-
ity greater than 2.5° No other photon with | cos 07 | < 0.9997 and £ 7 > 10 GeV.
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OPAL

118. Single photon and missing energyNu7 : The maximum energy photon must have |cos#7 | <
0.9660 and Pt > 0.05 * Ebeam. There may be at most ONE additional photon with E7 > 0.3 GeV
and |cos07 | < 0.9848.

119. Two or more photons and missing energy: Two or more photons each with

(a) Nu8 Ey > 0.05 * Ebeam and | cos 07 | < 0.9660,

(b) Nu9 £ 7 > 1.75 GeV, | cos 07 | < 0.8 and the sum of their Pt > 0.05 * Ebeam

(c) NulO £ 7 > 1.75 GeV, | cos 07 | < 0.966 and the sum of their Pt > 0.05 * Ebeam

3 DISCUSSION OF NUMERICAL RESULTS FOR IDEALIZED AND
REALISTIC OBSERVABLES

In this section we compare numerical results from all MC and semi-analytical programs available in in
our working group.

The aim of this exercise is two-fold:

• to check if these codes give meaningful predictions. Usually they do but it can be a nontrivial test,
we also check in this way the applicability range of the codes.

• to probe the error specifications declared by the authors of the codes in the Section 4

In order to make the comparison meaningful we defined a common input. In general we took physical
parameters from the latest publication of world averages in the PDG. For the Higggs mass we took
MH = 120 GeV.

For the QCD coupling the average as(Mz) was used as an input. The value of Aa^d(Mz) =
0.027782 ± 0.000254 is not present in PDG, and this value was taken from Ref. [16]. It contains updates
of the analysis of Ref. [17]. For additional discussion on this subject see Section 3.1.

3.1 Hadronic low energy vacuum polarisation

Vacuum polarization makes about 6% correction to the value of (XQED at s = m | . The leptonic part of
this contribution is known with excellent precision [18]. The quark part, however, is more difficult since
the quark masses are not unambiguously defined and there is no general agreement that the pertubartive
QCD can be use for reliable calculations. Several reevaluations of the hadronic contribution to the QED
vacuum polarization have been performed to determine the effective QED coupling a(M§) [17,19-30].
They are compared on Fig. 1. The results marked with * are obtained using a dispersion integral of Rhad

a{e+e~ —> hadrons)
Rhad = a(e+e- - M+/x-)

measured experimentally. The uncertainties are dominated by the precision of measurement of a (e+e~ —>
hadrons) at the e+e~ centre-of-mass energies below 5 GeV. The values not marked with * are obtained
by using perturbative QCD in this region.
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Fig. 1: Results of calculations of the hadronic contribution to the QED vacuum polarization. The results marked
with * are obtained using a dispersion integral of Rhad measured experimentally.

Table 1: a-1(s) using results of calculations of Ref. [20].

yfs (GeV)
80.364

91.1871
161
172
183
186
192
196
200
205

129.08 ±
128.89 ±
128.07 ±
127.98 ±
127.89 ±
127.86 ±
127.82 ±
127.79 ±
127.76 ±
127.72 ±

)
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09

The values of hadronic contributions presented in Fig. 1 are in good agreement. The precision of
calculations using a dispersion integral of Rhad measured experimentally is sufficient for the precision
required at LEP2. The values of the effective QED coupling a(s) at different centre of mass are given in
Table 1.

3.2 Discussion of numerical results for qq{i) observables

There is good (0.1% or better) agreement between K.KMC and ZFITTER with pair corrections switched
off, in all available entries in Table 2. For the observables where predictions from /C/CMC are miss-
ing it is due to experimental treatment of the interference correction, which requires more runs of the
Monte Carlo for every entry. The level of agreement is consistent with the predictions of the system-
atic theoretical uncertainties from the program authors. We can thus conclude that the systematic er-
ror from the QED/electroweak sector for these processes is indeed smaller than 0.2%. If pair effects
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and their uncetrainty is taken into account as discussed in Section 5.5.11 the total uncertainty from the
QED/electroweak sector is 0.26%.

Table 2: Numerical predictions from theoretical calculations of the following idealized observables in qq(i) final
states; cross-sections. The last field of the table shows relative deviation (multiplied by 100) with respect to the
first calculation.

obs.

|[Aleplil|

|iAIeph2|

|lDelphil

[DelpM2

IlLTll

| ILT21

| ILT31

IOpall |

IOpal21

program

ZFITTER v6.30
ZF6.30 no pair
ZFITTER v6.30
ZF6.30 no pair
ZFITTER v6.30
ZF6.30 no pair
ZFITTER v6.30
ZF6.30 no pair

ZFITTER v6.30
ZF6.30 no pair
ZFITTER v6.30
ZF6.30 no pair

ZFITTER v6.30
ZF6.30 no pair
ZFITTER v6.30
ZFC.30 no pair
ZFITTER v6.30
ZF6.30 no pair
KKMC 4.13
ZFITTER v6.30
ZF6.30 no pair
KKMC 4.13

ZFITTER v6.30
ZF6.30 no pair
KKMC 4.13
ZFITTER v6.30
ZF6.30 no pair
KKMC 4.13

ZFITTER v6.30
ZF6.30 no pair
KKMC 4.13
ZFITTER v6.30
ZF6.30 no pair
KKMC 4.13
ZFITTER v6.30
ZF6.30 no pair
KKMC 4.13
ZFITTER v6.30
ZF6.30 no pair
KKMC 4.13
ZFITTER v6.30
ZF6.30 no pair
KKMC 4.13
ZFITTER v6.30
ZF6.30 no pair
KKMC 4.13

cue

189.0
189.0
206.0
206.0
189.0
189.0
206.0
206.0

189.0
189.0
206.0
206.0

189.0
189.0
206.0
206.0
189.0
189.0
189.0
206.0
206.0
206.0
189.0
189.0
189.0
206.0
206.0
206.0

189.0
189.0
189.0
206.0
206.0
208.0
189.0
189.0
189.0
206.0
206.0
206.0

189.0
189.0
189.0
206.0
206.0
206.0

value and error estimate

9.8387-101 +5.22-10-3 -4.80-10-2

9.6865-10' +5.22-10-3 - 5 . 1 M 0 " 3

7.913310' +6.5810'3 -4.25-10"2

7.785310' +6.56-10-3 -2.83-10"3

1.9370-101 +1.02-10"2 -1.66-10"3

1.940010' +8.28-10"3 -1.66-HT3

1.545610' +8.52-10"3 -8.30-10-"
1.5481 -10' +6.98-10"3 - 8 . 3 M 0 - 4

9.6865-10' +5.22-10"3 -5.11-10"3

9.6865-10' +5.22-10"3 -5.11-10"3

7.785310' +6.56-10-3 -2.83-10"3

7.7853-10' +6.56-10"3 -2.83-10-3

2.2001-101 + 1.43-10"3 -1.88-10-3

2.2001-10' +1.4310"3 -1.88-10 3

1.754010' + 1.39-10"3 -9.43-10"'
1.7540-10' +1.3910"3 -9.43-10-4

9.842910' +5.2010"3 -4.8010"2

9.690610' +5.2010"3 - 5 . H I O - 3

9.6911-10' ±2.5410~2

7.9167-10' +6.58-10"3 -4.25-10"2

7.7886-10' +6.56-10"3 -2.83-10"3

7.7907-10' ±1.99-10"2

9.6751-10' +6.74-10"3 -4.39-10"2

9.5273-10' +6.74-10"3 -5.11-10"3

9.5259-10' ±2.54-10~2

7.7847-10' +8.01-10-3 -3.92-10"2

7.6602-10' +7.98-10-3 -2.83-10"3

7.660910' il.98-10"2

2.208010' +3.3410"3 -1.88-10"3

2.210010' +1.43-10"3 -1.88-10"3

2.2096-10' ±1.82-10"2

1.7603-10' +2.95-10"3 -9.43-10-*1

1.762010' +1.39-10"3 -9.44-10-"
1.761610' ±1.43-10~2

9.842910' +5.20-10"3 -4.80-10"2

9.690610' +5.2010-3 -5.11-10"3

9.6911-10' ±2.54-10"2

7.916710' +6.5810"3 -4.25-10"2

7.788610' +6.56-10"3 -2.83-10"3

7.790710' ±1.9910-2

2.2080-10' +3.34-10"3 -1.88-10-3

2.210010' -rl.43-10"3 -1.88-10"3

2.209610' ±1.8210-2

1.760310' +2.95-10"3 -9.43-10-4

1.762010' +1.3910"3 -9.44-10-1

1.761610' ±1.43-10"2

6 ratio

-1.55

-1.62

0.16

0.16

0.00

0.00

0.00

0.00

-1.55
-1.54

-1.62
-1.59

-1.53
-1.54

-1.60
-1.59

0.09
0.08

0.10
0.07

-1.55
-1.54

-1.62
-1.59

0.09
0.08

0.10
0.07

Some improvements in IOCMC and ZFITTER with respective to published versions to obtain
that level of agreements were needed. Especially the question of choice of input parameters had to be
revisited. See the Section 4.5 and 4.13 describing the programs and section on comparisons 5.4 for
details. We can conclude that in all cases the overall QED uncertainty in quark channels are below the
experimental precision tag. The effect due to pairs can not be neglected but even if it is included in
a rather approximate way, this would be enough. We do not expect the appropriate uncertainty to be
sizable enough to affect the experimental studies in any case.

Finally let us point that we were not addressing any questions related to uncertainties of final state
QCD interactions, see report of the QCD working group in this report [31]. The QCD FSR corrections
are implemented in KKMC and ZFITTER as an overall K-factor taking into account all available higher
orders, however, they do not take into account any kinematic cuts on real gluons. That is why their
predictions for realistic observables are of the partial use only.
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3.3 Discussion of numerical results for observables in e+e (7) final states
Tuned BHWDDE LABSMC comparisons

Certain tuned comparisons of the BHWIDE and LABSMC programs were performed for the e+e~{^)
observables. First, at the Born level an agreement was found between the predictions of the two programs
(after adjusting the EW parameters) at the level of 0.1% (stat. errors). Then, cross-checks of the pure
QED contribution to the Bhabha process were performed, i.e. of only the 7-exchange contribution with
the pure QED corrections ( photonic corrections only - no pairs). Here, the two programs differ up to
0.4% (the predictions of BHWIDE are in most cases lower than the ones of LABSMC). These differences
can be explained by the different treatments of higher order QED corrections in the two programs: the
YFS exponentiation in BHWIDE versus the structure function formalism in LABSMC. The biggest
differences are for the observables with a direct cut on the 'bare' invariant mass Minv(e

+e~). For such
observables FSR plays an important role and the differences in the higher order FSR implementation in
the two programs may be the reason for these discrepancies. The agreement for other observables is at
the level of 0.1%.

Further comparisons

All idealized observables are computed with LABSMC and BHWIDE, for realistic observables
only LABSMC results are available for OPAL. It would be very desirable to compare the MC codes with
semi-analytic programs like TOPAZ0 that, unfortunately, did not contribute to the present Workshop.

At 189 GeV the agreement between BHWIDE and LABSMC is better than the following:

Type of observ. Barrel Endcaps
Real. obs. 1.4% 0.2%
Ideal, obs. 1.4-2.4% 0.1-0.6%

This is true for both cases: high-energy events and observable where Z-return is included. This
does not contradicts the BHWIDE estimate that the precision in the barrel region is equal to or better
than 1.5%, and can be after tests reduced to 0.5%. For the endcaps the precision is better or equal 0.5%,
which is due to the dominant photon exchange in the t-channel when the forward region is included. The
remaining differences between BHWIDE and LABSMC, as seen in Tables 3,4, for the full Bhabha pro-
cess come from non-QED contributions/corrections and are under investigation. At present our estimate
of systematic error must remain at 2% for the barrel region and 0.5% for endcap.

The differences in case of observables with explicitly tagged photons, (11*/ final states) are, as
expected bigger, but still at the 3% level.

For DELPHI8 and LT14 one of the electrons can be lost in the beam pipe. BHWIDE doesn't
describe such configurations (both e+, e~ are required to be detected) - that is why BHWIDE does not
provide any results for these observables. OPAL's realistic observables: Opal3, Opal4, Opal5, are not
implemented with BHWIDE also.
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Table 3: Numerical predictions from theoretical calculations of the following realistic observables in e+e (7)
final states; cross-sections. The last field of the table shows relative deviation (multiplied by 100) with respect to
the first calculation.

obs. program
LABSMC no pair
BHWIDE
LABSMC no pair
BHWIDE
LABSMC no pair
BHWIDE

LABSMC
BHWIDE
LABSMC
BHWIDE
LABSMC
BHWIDE

no pair

no pair

no pair

LABSMC
BHWIDE
LABSMC
BHWIDE
LABSMC
BHWIDE

no pair

no pair

no pair

LABSMC
BHWIDE
LABSMC
BHWIDE
LABSMC
BHWIDE

no pair

no pair

no pair

LABSMC
BHWIDE
LABSMC
BHWIDE
LABSMC
BHWIDE

no pair

no pair

no pair

LABSMC
BHWIDE
LABSMC
BHWIDE
LABSMC
BHWIDE

no pair

no pair

no pair

LABSMC
BHWIDE
LABSMC
BHWIDE
LABSMC
BHWIDE

no pair

no pair

no pair

LABSMC
BHWIDE
LABSMC
BHWIDE
LABSMC
BHWIDE

no pair

no pair

no pair

LABSMC
LABSMC
LABSMC

no pair
no pair
no pair

LABSMC
LABSMC
LABSMC

no pair
no pair
no pair

LABSMC
LABSMC
LABSMC

no pair
no pair
no pair

ene
189.0
189.0
200.0
200.0
206.0
206.0

189.0
189.0
200.0
200.0
206.0
206.0
189.0
189.0
200.0
200.0
206.0
206.0

189.0
189.0
200.0
200.0
206.0
206.0

189.0
189.0
200.0
200.0
206.0
206.0

189.0
189.0
200.0
200.0
206.0
206.0

189.0
189.0
200.0
200.0
206.0
206.0

189.0
189.0
200.0
200.0
206.0
206.0

189.0
200.0
206.0
189.0
200.0
206.0
189.0
200.0
206.0

value and error estimate

9.910M01

9.9232-101

8.8608-101

8.8753-101

8.3566-101

8.3709-101

il.65-10"2

±2.7M0- 2

±1.47-10-2

±2.28-10"2

±1.39-10-2

±2.10-10"2

2.0475-101

2.0410-101

1.8230-101

1.8204-101

1.7159-101

1.7143-101

±7.5 MO"3

il .03-10"2

±6.69-10"3

±8.60-10"3

±6.29-10"3

±8.00-10-3

2.3192-101

2.2869-101

2.0635-101

2.0373-101

1.942M01

1.9179101

±7.99-10-3

±1.09-10-2

±7.1M0- 3

±9.20-10"3

±6.70-10-3

±8.40-10-3

2.2142-101

2.1862401

1.9700401

1.9474-101

1.8543-101

1.8332-101

±7.8M0" 3

±1.07-10"2

±6.95-10"3

±9.00-10"3

±6.54-10~3

±8.30-10"3

2.3452-101

2.3110-101

2.0873-101

2.0590-101

1.9647-101

1.9385-10'

±8.03-10-3

i l .10-10"2

±7.16-10"3

±9.20-10"3

±6.74-10"3

±8.50-10"3

1.9768-102

1.9738-102

1.7673-102

1.7650-102

1.6664-102

1.6644-102

±2.3340"2

±3.83-10"2

±2.08-10~2

±3.22-10"2

±1.96-10"2

±2.97-10"2

2.4981-101

2.4550-101

2.2145-101

2.1767-101

2.0795-101

2.0450-101

±8.29-10"3

±1.19-10"2

±7.37-10-3

±9.90-10-3

±6.93-10"3

±9.0010-3

2.0661-102

2.0692-102

1.8460-102

1.8484-102

1.7406-102

1.7423-102

±2.38-10"2

±4.0M0" 2

±2.13-10"2

±3.37-10"2

±2.01-10"2

±3.10-10"2

1.0978-102

9.7930101

9.2231101

±1.74-10"2

±1.5510"2

±1.46-10-2

2.0337-101

1.8088-101

1.7036101

±7.48-10"3

±6.66-10-3

±6.27-10"3

3.0546-102

2.7299-102

2.5744-102

±2.90-10-2

±2.59-10"2

±2.44-10~2

8 ratio

0.13

0.16

0.17

-0.32

-0.14

-0.09

-1.39

-1.27

-1.25

-1.27

-1.15

-1.14

-1.46

-1.35

-1.33

-0.15

-0.13

-0.12

-1.73

-1.71

-1.66

0.15

0.13

0.10

293



Table 4: Numerical predictions from theoretical calculations of the following idealized observables in e+e~(ry)
final states; cross-sections. The last field of the table shows relative deviation (multiplied by 100) with respect to
the first calculation.

obs. program
LABSMC no pair
BHWIDE
LABSMC no pair
BHWIDE
LABSMC no pair
BHWIDE

LABSMC no pair
BHWIDE
LABSMC no pair
BHWIDE
LABSMC no pair
BHWIDE
LABSMC no pair
BHWIDE
LABSMC no pair
BHWIDE
LABSMC no pair
BHWIDE

LABSMC
BHWIDE
LABSMC
BHWIDE
LABSMC
BHWIDE

no pair

no pair

no pair

LABSMC
BHWIDE
LABSMC
BHWIDE
LABSMC
BHWIDE

no pair

no pair

no pair

LABSMC
BHWIDE
LABSMC
BHWIDE
LABSMC
BHWIDE

no pair

no pair

no pair

LABSMC
BHWIDE
LABSMC
BHWIDE
LABSMC
BHWIDE

no pair

no pair

no pair

LABSMC
BHWIDE
LABSMC
BHWIDE
LABSMC
BHWIDE

no pair

no pair

no pair

LABSMC
BHWIDE
LABSMC
BHWIDE
LABSMC
BHWIDE

no pair

no pair

no pair

LABSMC
BHWIDE
LABSMC
BHWIDE
LABSMC
BHWIDE

no pair

no pair

no pair

LABSMC
BHWIDE
LABSMC
BHWIDE
LABSMC
BHWIDE

no pair

no pair

no pair

ene
189.0
189.0
200.0
200.0
206.0
206.0

189.0
189.0
200.0
200.0
206.0
206.0
189.0
189.0
200.0
200.0
206.0
206.0
189.0
189.0
200.0
200.0
206.0
206.0
189.0
189.0
200.0
200.0
206.0
206.0
189.0
189.0
200.0
200.0
206.0
206.0
189.0
189.0
200.0
200.0
206.0
206.0
189.0
189.0
200.0
200.0
206.0
206.0
189.0
189.0
200.0
200.0
206.0
206.0
189.0
189.0
200.0
200.0
206.0
206.0
189.0
189.0
200.0
200.0
206.0
206.0
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value and error estimate

8.7693-101

8.7187-101

7.8259-101

7.7826-101

7.3692-101

7.3329-101

±1.55-10"2

±2.60-10"2

±1.39-10-2

±2.19-10"2

±1.30-10"2

±2.01-10-2

1.8080-101

1.7739-101

1.6065-101

1.5786-101

1.5126-101

1.4850-101

±7.05-10"3

±9.70-10"3

±6.28-10"3

±8.10-10"3

±5.91-10"3

±7.50-10"3

1.8582-101

1.8266101

1.6517-101

1.6257-101

1.5549-101

1.5294-101

±7.15-10"3

±9.80-10-3

±6.37-10"3

±8.20-10"3

±5.99-10"3

±7.50-10"3

2.0744-101

2.0408-101

1.8447-101

1.8167-101

1.7361-101

1.7096-101

±7.56-10"3

±1.0510-2

±6.73-10"3

±8.80-10~3

±6.33-10"3

±8.10-10"3

2.3509-101

2.3175-101

2.0919-101

2.0645-101

1.9688-101

1.9435-101

±8.04-10-3

±1.10-10"2

±7.16-10"3

±9.20-10"3

±6.74-10-3

±8.50-10"3

1.9814-102

1.9788-102

1.7710102

1.7691-102

1.6697102

1.6682102

±2.34-10"2

±3.84-10"2

±2.08-10"2

±3.2310"2

±1.96-10-2

±2.98-10-2

2.5083101

2.4692101

2.2227-101

2.1885-101

2.0868-101

2.0557-101

±8.31-10"3

±1.20-10"2

±7.38-10-3

±9.90-10-3

±6.94-10"3

±9.1010"3

2.0748-102

2.0684-102

1.8529-102

1.8477-102

1.7468-102

1.7416-102

±2.39-10"2

±4.01-10-2

±2.13-10"2

±3.36-10-2

±2.01-10"2

±3.10-10"2

1.1047-102

1.1000-102

9.8585-101

9.8137-101

9.2852-101

9.2463-101

±1.74-10"2

±2.91-10"2

±1.56-10"2

±2.44-10-2

±1.46-10"2

±2.24-10-2

1.9662-101

2.0109101

1.7485-101

1.7913-101

1.7080-101

1.6861-101

±7.36-10-3

±1.02-10"2

±6.55-10"3

±8.50-10-3

±6.28-10"3

±7.90-10-3

3.0671-102

3.0692-102

2.7412-102

2.7441-102

2.585M02

2.5876-102

±2.91-10-2

±4.77-10"2

±2.59-10-2

±4.01-10"2

±2.44-10-2

±3.70-10"2

5 ratio

-0.58

-0.55

-0.49

-1.89

-1.73

-1.82

-1.70

-1.57

-1.64

-1.62

-1.52

-1.53

-1.42

-1.31

-1.28

-0.13

-0.11

-0.09

-1.56

-1.54

-1.49

-0.31

-0.28

-0.30

-0.43

-0.45

-0.42

2.27

2.45

-1.28

0.07

0.11

0.10



3.3.1 Some comments on results for e+e (7)

The issue of extrapolations is especially important in cases when theoretical uncertainties are not fully
under control.

In the case of L3 and OPAL selections, predictions for the realistic observables agree with the
idealistic ones at 3%. No large extrapolations are thus needed. This is due to use of collinearity cuts in
both cases. The only exception is the pair LT4-ILT4, where the difference is around 6%. This is due to
the use of an invariant mass cut, where realistic observables sum electron energies with the energies of
photons close by.

In the cases of ALEPH and DELPHI the differences between idealistic and realistic observables
are larger (more than 20%). Here one of the, idealized observable - realistic observable, pair uses the
invariant mass cut and the other an collinearity cut (or mass from the angles). This leads to larger
extrapolations. The results presented here favor the use of collinearity cuts in all cases (for both types of
observables).

The precision tags set by experimental considerations are: 0.21% barrel, 0.13% endcap. The
precision tag for the barrel is not met by the theoretical calculation. A sizable factor of ten is still
missing. This will reduce the sensitivity of searches for new phenomena like:

• contact interactions [32],

• low scale gravity effects [33],

• sneutrinos,

• non-zero size of the electrons [32].

The precision tag in the endcaps is closer to being met. Even the precision of or below 0.5%, if
confirmed, will largely improve results like the measurement of the running of the fine-structure constant,
which are limited by the theoretical uncertainty [6].

As an example of the effects of theoretical uncertainties in the Bhabha channel let us use as an
example the contact interactions. The expected precision for the measurement in the barrel detector
(44-136°) for four LEP experimental combined, and 600 pb" 1 at ~ 200 GeV (average) energy is about
0.45% (statistical) for the cross-section. The systematic error should be lower. The 0.0026 statistical
error is expected for Afb, here systematic error can be a bit higher.

The numerical results for the limits on contact interactions are summarized in the Table 5:

Table 5: Limits for Contact Interaction models at 95% CL expected from combined data of large-angle Bhabha
scattering (barrel) at LEP2 /rough estimate/

Theoretical error:
Contact Interaction
Model
LL
RR
LR
VV
AA

2%
Sensitivity
[TeV]
7.6
7.5
9.3
16.1
12.1

1%
Sensitivity
[TeV]
9.3
9.2
10.7
19.5
12.1

0.5%
Sensitivity
[TeV]
10.6
10.4
11.8
22.0
12.2
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Running of OQED

In the following L3 paper [6], the cross section for Bhabha scattering from 20 to 36° at 189 GeV
was measured to be a = 145.6 ± O.Q(stat.) ± 0.8(sys.) ± 2.2(theory) pb. This can be converted to a
measurement of the running of the fine-structure constant between the Q2 of the luminosity monitor and
the endcap calorimeter:

- ( - 1 2 . 2 5 GeV2) - - ( - 3 4 3 4 GeV2) = 3.80 ± 0.61(exp.) ± l.U(theory)

or total error on ^ of 1.29 dominated by the theory uncertainty of BHWIDE taken to be 1.5%. The
running is established at 3 sigma level. A LEP combined measurement can reduce the statistical error by
factor more than 3 and the systematic error by factor of about two.

Clearly the theory uncertainty is the key for improvement. As a result of the MC workshop the
theory uncertainty seems to be reduced to 0.5%, but not yet matching the experimental precision. This
gives a promise to measure the running of a in this range with a precision on ^ of 0.3 (4 times more
precise than now).

3.4 Discussion of numerical results for observables in (J,+H~ (7) and T+T~ (7) final states

This comparison is essential for the workshop because it tests theoretical uncertainties on different strate-
gies of moving from raw data, realistic observables, to hard physics parameters with the intermediate step
of idealized observables. That is the strategy actually in use by all experiments. The size of effects such
as QED interferences in context of truly complicated analyses including sophisticated cuts should be
documented. The results can serve as a benchmark for old simulations also.

The group of realistic observables in Table 6 includes comparisons of the old KORALZ Monte
Carlo with KKM.C As one can see the differences were in all cases due to the interference correction
and new method of exponentiation1, other effects such as different way of implementing electroweak
corrections were not important. Differences between results from fCfCMC option EEX2 and KORALZ
were always below 0.25%, which is no surprise as exponentiation in KORALZ is quite similar to the
option EEX2 for KXMC. The CEEX2 option of K.KMC includes better scheme of exponentiation and
in particular effects due to interference.

The comparisons for r and fj, leptons idealized observables (Tables 7,8 include calculations per-
formed with the help of K.KM.C and ZFITTER programs. Almost everywhere the differences between
/C/CMC and ZFITTER predictions are below 0.4%, which is the precision tag of experiments (See also
Section 5.4 and 5.3.8). The exception are the cases with the intermediate cut on Minv. Here the differ-
ences are slightly larger, up to 0.6%, but also acceptable. The effect due to pairs can not be neglected
but even if included in a rather approximate way would be enough. The interference effect and the ef-
fect of CEEX exponentiation combined with respect to EEX are sizable also and should be taken into
account. The three classes of effects as can be seen from the tables are respectively up to 1.3 and 1.6%
thus respectively 3 to 4 times the experimental precision tag.

We can conclude that in all cases the overall theoretical uncertainty in fj, and r channels are 0.4%,
just below (or very close to) the experimental precision tag. Therefore, we do not expect the overall QED
uncertainty in these channels to be sizable enough to affect the experimental studies in any case now.
This comfortable situation for the experimental analyses is the result of better understanding reached in
comparisons which have been performed recently, in particular, in the framework of this workshop.

1 Note that in the case of the observables with the tagged photons (see Table 9) the pattern of differences is more complicated
and KKMC CEEX2 results do not coincide with KORALZ.
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Table 6: Numerical predictions from theoretical calculations of the following realistic observables in /i+/i (7)
final states; cross-sections and symmetries. The last field of the table shows relative deviation (multiplied by 100)
with respect to the first calculation.
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Table 7: Numerical predictions from theoretical calculations of the following idealized observables in fi+/j, (7)
final states; cross-sections and asymmetries. The last field of the table shows relative deviation (multiplied by 100)
with respect to the first calculation.
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Table 8: Numerical predictions from theoretical calculations of the following idealized observables in T+T (7)
final states; cross-sections and asymmetries. The last field of the table shows relative deviation (multiplied by 100)
with respect to the first calculation.
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One should note that, for example, for the dimuon channel where expected ultimate experimental
error on the cross section measurement from four LEP experiments is about 1.2% the decrease of theory
uncertainty from 1% to the present 0.4-0.5% is roughly equivalent to the additional year of LEP running.

In some of the analyses performed with the two-fermion LEP data (like the fits for searches extra
dimension gravity) the sensitivity depends on the differential distribution over the fermion production
angle. The question of theoretical uncertainties in such differential distributions was, at least approxi-
mately, addressed by comparing forward-backward asymmetry values with different angular cuts. The
agreement between different calculations in these quantities satisfies the experimental requirements also.

Realistic r observables

Numerical results for r-lepton realistic observables are not collected. This is not only due to complexity,
but also due to relative similarity to the easier /i-lepton case. The remaining, rather historical issue is the
spin implementation in KORALZ. It can be of some concern for those analysis which rely on simulation
with that program. The eventual cross check of this aspect is rather easy; it should follow exactly the
same procedure as presented in Table 6.

3.5 Discussion of numerical results for l+l~^ observables

One can see (Table 9) that in all cases KORALZ and /C/CMC (options CEEX2 IFIoff, EEX2 EEX3)
give results which are similar within requested precision tags. Different choices of the exponentiation
etc., lead to effects at the level of 1 to 2%. As the case of the /C/CMC and the matrix element CEEX2 is
expected to be the best, and the typical numerical size of the pair effects does not exceed the precision tag,
we can conclude that all effects, except those of the interference correction (difference between /C/CMC
results, option CEEX2 and CEEX2 IFIoff), are well under sufficient control since a rather long time
for this group of observables. The size of the interference correction is however sizable, as expected,
depending on selection it can vary from 0 to nearly 20% and definitely must be taken into account
in comparison of data with theoretical predictions. Comparisons with other possible calculations of
interference corrections, like in single photon mode of KORALZ, or as in Ref. [34] for two hard photons,
were not performed for the observables as in Table 9.

The predictions of KORALZ due to the older exponentiation used (which is similar to EEX2)
should coincide with /C/CMC EEX2 results. One can see that it is not always the case. This may indicate
e.g. deficiencies of the way how electroweak corrections are implemented in KORALZ. The method
designed for LEP1 works still quite good, but in configurations with massive bremsstrahlung, such as ra-
diative return to Z, limits become visible. These differences are important to evaluate other places where
similar systematic error may play a role, that is vi>j and T+T~ (7) final states in case of observables
including radiative return to Z.

For the observables from e+e~~7 the differences between the two available codes were at 3%
maximum. For the moment this can be used as the estimate of theoretical uncertainty. It is consistent
with the 2% estimation from LAB SMC.

3.6 Discussion of numerical results for vv^ observables

Events where one or more photons are accompanied by missing energy are the characteristic signature
of many new physics processes. For example, in the framework of both the MSSM and GMSB models
of supersymmetry, neutralino pair production can give rise to events where one or two photons are ac-
companied by missing energy. This final state may also be produced in theories where quantum gravity
is propagating in extra spatial dimensions. In such theories, gravitons may be produced copiously in
association with a photon. The graviton subsequently escapes detection giving rise to the photon and
missing energy signature. Such events can also be used to study the trilinear WW7 vertex and thereby
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Table 9: Numerical predictions from theoretical calculations of the following realistic observables in l+l 7 final
states; cross-sections. The last field of the table shows relative deviation (multiplied by 100) with respect to the
first calculation.

<-»<-<©
nooi«
rq oq o Oi

O 10 00

00010100 t»cocooo

i cs a
<CM« X X NO
JXX awxx

obaa ooaw

CM CM

X CM co X
WXX a
W H [£! []

aaxx
[1] £3 [£] H
OOtdH

X X N n XX Me
a a x x a id x >
aaea B B M I

%
t.

X X w n

a w x x
y W [d H
O O B H

CM CM

XXCMCO
BWXX
td W W W

« CM
*•* VV ^ ^ \ 1 SJ

xx ca&ixx
X « o X X C J O

HXX awxx
C£l t3 W [ I B U H

W Cl tt3 W [ I B U H
0 O 8 B O O H B

CN N
X X n n
BHXX

saaa
OOWH

XXcico
W W X X

aaKa

0OWH

. .'TTT'TTT"
0000000000

. t 1 1 T 1 * * "i T
0000000000

. .' 7 T f 7 T 7 7 f
o 000000000

. .' t T 7 7 T T 1 .
OOOOOOOOOO

0000000000 0000000000

qqqqqqioqq
5 5 5 5 5! l l? 4141-H

t - N n n M i n c i H H O
— NCMCMCM^OCOOOCOO

•-H'-riiS^^^S

rHCMOiCMCJ<0i/3O-iCM
t*01ifl(ON7(OTf^O

lonrtciocirtrno

•H-H-H-H-H-H-H-H-H-H
O O O i o i o i W N N N
- H - H - H - H - H - H - H - H - H - H

. 0 0 0 0 0 - H I O « ) ( O © 0 0

• H - H - H - H - H - H - H - H - H - H 3 3 3 31
0000000000

to « TT in c
N IH n n :
CO (O (O 10 (; OO>0)OtOO>OOCOCO Ol C1) H H H II

q q q q q q q q q q

cocooococoooooo

0000000000 q q q q q p p q q q
oioioioSoiidcocdcd<d
C O C O C O C O W O O O O O

o 000000000o 0000000000000000000 o 0 0 0 0 0 0 0 0 0
o>0)O)Cia>to(0(0<o<o
COOOCOCOCOOOOOO

0 0 1 0 i 0 1 0 1 < 0 ( O C O < £ < 0
00 « « C 0 C 0 O O O O O

t r - i r H i - i C M C M C M C M C N

< 0>OiO)0)COCOCOCO(0
' C O O O O O C O O O O O O
; r-<iH<HrHC4C>)CNCNC*4

O l O l O i O l O l t D O t O U l t O
O O C O O O O O W O O O O O

Ol 01OlOlOi (D!O(O(0 tD
CO COCOOOCOOOOOO
ft r l H H H N « O l M «

2 2 S 2 £ 2 2 2 2 B;
oooo<oooo<
2 2 2 2 ui 2 2 2 2 A

•A -A X X X H X X X X

2S22SS222Sxxxxoxxxxo
XX XX XX it XX it

i -t TT N *j •* -i 4 t3

2S22S22S2S
a x x x 0 x x a x o
xxxxxxxxxx

222SS2222S 222222222B:
D0OO<0000<
S522B:2222B;

xxxxxxxxxx

s
2 g S OO

o r-"

N W CM W

XX«N<O X X N P Jauxx wwxx

c

E
X XCM CO

w wxxawxx
W W W W tdWWW
00ww ouww

XXCMCO

uuxx
OOUW UOWH

o c o o o c : C O O © O

. 6 oi 6 6 6
1 (D T O ̂  t -

0 0 0 0 0 0 O O O

6 6 6
O CM r-(

0 0 0 0 0 0 0 0 0 c 0 0 0 0 0 0 0 0 0 0 o o o o c o c o O O

CM CO

•H -H -H -H -H -H

o o o c o o

^ c
CO CO CO

•H -H -H-H -H -H

ool

^ ro ̂  « -1 co
-H -H -H -H-H-H -H-H-H -H-H-H

o 0 0 0 0 0

-H-H-H-H-H-H-H-H-H-H

o o o o o o o o o o

-H-H-H-H-H-H-H-H-H-H I -H -H

7 7 7 7 7 7 7 7
S O O O O O O O O o o o c b o o o o o o

f- O H O N
LO CO N T CM
LO CO N 01 Ol
N 0 « PI H q

CO CO CO CO CO CO

r- in -g;
CM IN CM

. © i-« O i-O O
i iO O O 0) fl1

J N OI N ̂  CM
•-« oi CO 00 CO 00

6 66
0 0 0

CM ON Tf CO lO CO t-j

00 » [̂  N N N

8
N O O

lOCMCMNOlOMOOOO
CiCMCOCOCMtC-OiClOlOl

• N H H M O C N W
s c M - v i o c o i O o O ' J ^ r
JTTOOCMIOOOO^LO
i r tOHiosooq
iCNMWHHHrtrl

5 O f O N 0>
MCONOHOW
r> CJ 10 LO LO CM 00
OHHHHffl

q q c q q q
O) oi C C 15 O
CO CO C O O O

p o p 0 0 0 0 0 0 q q q
0) Q 5>
00 5 o
i-H <N CM

p o p o p o o p o o
l io io io io fpot jo
O O O O O C O O O O O O

CMCMCMCMCM

0000000000 q p p q c q qt p
01 01 01 01 01 ̂ o _
CO QO CO 00 00 O O

q p
» 00 O O 5 O
1 r - ( CM CN CM CM̂H i-H CM CM CM CM

9 . .
oi 0 10
00 O O

ail
c c c
c c c
O B O W O W

2B2Q2S
a> n

000
2 2 S
U} CO CO

000
222
co V) in
p n o
< < <
•3 J J

o wow ow
SQ2Q2B
co S co 5- co >
« >B5 ? B5 P
•< W<K <K
j « JtOJ (0

I 1 'I
O HOWOW

£ Q 2 g 2 9
UN Id
QQQ

www
QQQ

»a«
Q Q Q

m ? n ? (o ?
j (a j to J m

. tea
atom CO B O xxxxxxxxxxixxxxxxxxxx

»1 ?- ft1 1

301



Table 10: Numerical predictions from theoretical calculations of the following realistic observables in 1/̂ 7 final
states. The last field of the table shows relative deviation (multiplied by 100) with respect to the first calculation.
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to search for anomalous couplings. The Standard Model background for such searches comes from
two processes: radiative returns to the Z resonance, with the Z decaying to neutrinos, and t-channel W
exchange with the photon(s) radiated from the beam electrons or the W.

The large integrated luminosity provide by LEP at high energies allows such searches to be per-
formed with high precision. At the end of the LEP2 running period each experiment will have around
1800 single photon and missing energy events and close to 90 events with two photons and missing
energy. When the data from the four experiments are combined the single photon cross section will
be measured with a statistical precision of around 1.2%. The combined systematic uncertainties from
the photon selection efficiency and luminosity measurement is expected to be around 0.5%. Clearly, to
have a negligible contribution to the overall cross section measurement, and hence to the search for new
physics, the theoretical uncertainty on the SM background prediction must also be at the 0.5% level.
Much less precision is required for the two photon and missing energy channel, where the combined
statistical uncertainty at the end of LEP2 will be around 5%. The precision required of the theoretical es-
timate of the SM background in this case is only 2%. For this final state the other sources of experimental
systematic uncertainty are negligible.

The level of precision which is now being achieved by LEP is impressive. The initial estimate of
the total integrated luminosity of LEP2 was only half what was finally achieved. Furthermore, techniques
for combining the data from the photon and missing energy searches of all four experiments have been
developed in the framework of the LEP SUSY Working Group. That is why, the required precision is so
much higher than the 2% level which was though to be sufficient until now.

There were three independent Monte Carlo programs available for comparison of numerical re-
sults. The main sources of differences between the results of these calculations were expected to arise
from the following effects:

1. Although the cuts are (supposed to be) the same for all programs, the input parameters were not
set to the same values, we are not performing 'tuned comparisons'; this means in particular that
we have to expect discrepancies of about 2% due to the different renormalization schemes imple-
mented, as was for instance shown by the Japanese group in Ref. [35].

2. The QED corrections arising from missing non-log terms are expected to lead to a theoretical
uncertainty of about 1-2%.

Taken these two effects into account, the size of the observed discrepancies2 is essentially what was
expected.

The comparison of observable between the different Monte Carlo programs may be summarized
as follows:
• In the worst case the difference between the programs is at the level of 4-5%,
• Moreover, when the event selections are particularly clear/simple: and there are no sharp cuts (no
selection of narrow bands in angular dependences, as in Nul3 or cuts on soft photons Nul3) the level of
agreement is better. This could arise as a result of systematic differences between the codes simply via
different implementations of very complicated cuts. More likely, this could be explained by the different
way how hard matrix elements and/or soft photons are treated in some corners of the phase space.
• This explanation seems to be supported by the following two plots 2, representing the missing mass
spectrum for one and two photon events compared between KORALZ and NUNUGPV with cuts as for
observables Nul and Nu2. The KORALZ predictions tend to be higher than NUNUGPV for the part of
the spectrum of missing mass smaller or comparable to Z and lower for events of large missing mass
(which have relatively soft photons).

2The observable Nu4g was an exception, until the cut on the energy of the trigger photon was increased from previous
1 GeV to present 5 GeV. This may be good starting point for further investigation.
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Fig. 2: Le# sj'de: Missing mass distribution from the NUNUGPV Monte Carlo: part (a); and ratio of KORALZ
to NUNUGPV predictions: part (b). Plot was made for centre-of-mass energy of 206 GeV and selection cuts as
defined for observable Nul.
Right side: Missing mass distribution from the nunugpv Monte Carlo (histogram) and KORALZ (error bars) for
centre-of- mass energy of 189 GeV and selection cuts as defined for observable Nu2.

+ e ~• On the other hand the implementation of W contribution of e+e
affected by approximation.

channel in KORALZ is

3.6.1 Conclusions for

In the case of relatively simple observables (no selection of narrow bands in angular dependences or
cuts on soft photons) agreement was found at the level 2-3% for both the single- and double- photon
observables otherwise differences of around 3-5% are observed. Single- and double-tagged photon ob-
servables provide rather similar pattern of agreements and differences. It is possible that the contributions
of electroweak box diagrams and pair corrections, which have not yet been fully studied, may introduce
theoretical uncertainty of around 2-3%. This should not affect our estimate of the final theoretical un-
certainty of around 4% for simple observables and 5% otherwise.

As an example of what this level of theoretical uncertainty may mean in practice let us use the
search for TeV scale quantum gravity propagating in two extra dimensions. The combined LEP limit
on the mass scale associated with this new physics at the end of LEP2 would be (assuming no hint of a
signal)

1.23 TeV for 0.4% theoretical syst

1.21 TeV for 1.2% theoretical syst

1.12 TeV for 5.0% theoretical syst

For this topology the cross section for the new physics varies as (1/M)4 . The current (preliminary)
limit from the ALEPH data taken up till now is 1.10 TeV. From the point of view of this analysis, until
further theoretical developments will become available with the systematic error reduced below 4-5%,
there is little point in analyzing the final years data nor, indeed in combining the results of the four LEP
experiments.
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4 MONTE CARLO AND SEMI-ANALYTICAL CODES AND THEIR OWN
ERROR SPECIFICATIONS

In this section we present the Monte Carlo and the semi-analytical codes used in the work of our working
group. The last subsection in the description of each code represents the theoretical error specification of
each calculation, as seen by the authors of the codes. They are the starting point for the comparisons in
our working group. Throughout the comparisons of the codes and discussion among the authors of the
codes we could verify these statements, improve the understanding of the problems and add more value
to them.But first of all we need to define our starting point. And this is to be done here in this section.

4.1 Presentation of the program BHWIDE

1) Authors: S. Jadach, W. PJaczek and B.F.L. Ward

2) Program: BHWIDE v.1.10, December 1998

3) Can be obtained from h t t p : / /enigma. phys. u tk . edu/pub/BHWIDE/

4) Reference to main description [36]

5) Reference to example [37]

6) advertisement

In this subsection, we briefly describe our Monte Carlo (MC) event generator for large angle
Bhabha (LABH) scattering called BHWIDE and discuss some important cross-checks of the program.

BHWIDE is based on the YFS exclusive exponentiation procedure [38], where all the IR singular-
ities are summed-up to infinite order and canceled out properly in the so-called YFS form factor. The
remaining non-IR residuals, (&', corresponding to the emission of n-real photons, are calculated per-
turbatively up to a given order I, where I > n, and (I — n) is a number of loops in the /% calculation.
In BHWIDE an arbitrary number n of real photons with non-zero pr are generated according to the YFS
MC method of Ref. [39]. The non-IR residuals J3$ are calculated up to O(a), i.e. ffi and 0^ corre-
sponding to zero-real (one-loop) and one-real (zero-loop) photons, respectively, are included. In (3Q ' we
implemented two libraries of the O(a) virtual EW corrections: (1) the older one of Refs. [40,41], which
is not up to date but can be useful for some tests/cross-checks, and (2) the more recent one of Ref. [42].
When the genuine weak corrections are switched off (or numerically negligible) they are equivalent. In
J3Q we implemented two independent matrix elements for single-hard-photon radiation: (1) our calcu-
lation [36] in terms of helicity amplitudes, and (2) the formula of CALKUL [43] for the squared matrix
element. We have checked that the above two representations agree numerically up to at least 6 digits on
an event-by-event basis.

The MC algorithm of BHWIDE is based on the algorithm of the program BHLUMI for small angle
Bhabha scattering [39], however with some important extensions: (1) QED interferences between the
electron and positron lines ('up-down' interferences) had to be reintroduced as they are important in
LABH; (2) the full YFS form factor for the 2 —* 2 process, including all s-, t- and u-channels, was
implemented [36]; (3) the exact O(a) matrix element for the full Bhabha process was included. The
multi-photon radiation is generated at the low-level MC stage as for the ^-channel process, while the
s-channel as well as all interferences are reintroduced through appropriate MC weights. This means that
the program is more efficient when the ^-channel contribution is dominant, as e.g. at LEP2 energies;
however, it proved to work well also near the Z resonance.

The program is written in F0RTRAN77 and is particularly suited for use under the Unix operat-
ing system3 for which a special directory structure has been created with useful Makefile's for easy

3However, it can be used, in principle, on any operating system with a F0RTRAN77 compiler.
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compiling and linking. The program runs in three stages: (1) initialization - where all input parameters
are read and transmitted to the program as well as all necessary initializations are performed, (2) event
generation - here a single event is generated, and (3) finalization - final bookkeeping for a generated
event statistics is done and some useful information is provided (printed-out). There are two main modes
of event generation: one can generate either variable weight events (useful for various tests) or constant
(=1) weight events (useful for apparatus MC simulations). Various input parameter options, to be set by
the user, allow to choose between different contributions/corrections to the cross section, such as weak
corrections (two libraries), vacuum polarization (three parametrizations), etc. Other input parameters
allow to specify the necessary ingredients for the cross section calculation and the event generation, such
as the CMS energy, physical parameters (masses, widths, etc.), phase space cuts, etc. For each generated
event, four-momenta of the final state electron, positron and all radiative photons are provided. In the
variable-weight-event mode they are supplemented with the main (best) event weight as well a vector of
weights corresponding to various models/approximations. In the finalization stage, the total cross section
corresponding to the generated event sample is calculated and provided (printed-out) together with some
other useful information.

4.2 Error specifications of BHWIDE

So far, several tests/cross-checks of the program have been performed, see e.g. Ref. [44]. First com-
parisons with other MC programs for LABH were done during the LEP2 Workshop in 1995 [37]. They
showed a general agreement of BHWIDE with most of those programs within 2% at LEP2 energies. At
that time such a level of precision was expected to be sufficient for LEP2. Discrepancies between vari-
ous calculations can be explained by the fact that most of the programs were designed for LEP1 where
the Z s-channel contribution was dominant, while at the LEP2 energy range the ^-channel 7 exchange
dominates. Thus, the physical features of the Bhabha process at LEP1 and LEP2 are very different.
Recently, a more detailed study of the theoretical precision of BHWIDE has been carried out [45]. Com-
parisons have been made with the MC programs: OLDBIS [39] (a modernized version of the program
OLDBAB [46]) and BHLUMI [47], and the semi-analytic code ALIBABA [42]. Tests were done at O(a)
and with higher order corrections for various cuts - by starting from the pure i-channel 7-exchange and
switching on gradually other contributions/corrections. This study shows that at O(a) BHWIDE agrees
with OLDBIS within 0.1% for the pure QED process, while ALIBABA differs by up to 0.3%. When higher
order corrections are included, BHWIDE is generally within 1% of BHLUMI (0.5% in the forward region:
cos#e > 0.7) for the pure t-channel 7-exchange process and within 1.2% of ALIBABA for all kinds of
contributions/corrections. From these test we have estimated the overall theoretical precision of BHWIDE
at 1.5% for the LEP2 energy range. We expect that by making some improvements of the program (e.g.
modifying the 'reduction procedures' for the matrix element calculations, including O(a2) LL correc-
tions) and performing some new cross-checks (e.g. with the program LABSMC [48]) we can reduce this
precision to ~ 0.5%. Further improvements of the theoretical precision can be made, in our opinion,
with the help of the KK MC program [49] after implementing in it the e+e~ channel.

4.3 Presentation of the program KORALZ

1) Author: S. Jadach, B.F.L. Ward and Z. Wa s

2) Program: KORALZ v.4.04,

3) Can be obtained from Library of Computer Physics Communication,

or from the author (z. was@cern. ch) upon request

4) Reference to main description [50] and references therein.

5) Reference to example, use: [51,52]
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Initially the KORALZ event generator was written [53] to simulate r-pair production and decay
for LEP1 physics at the first order of QED bremsstrahlung without any exponentiation. Only longi-
tudinal r spin effects were included. Later [54,55], longitudinal beam polarization was included and
higher order QED effects were incorporated using powerful exponentiation techniques [56,57] of initial
state bremsstrahlung first, but later of final state bremsstrahlung as well. The interference of initial and
final state bremsstrahlung was always neglected, except as a parallel mode of operation at the single
bremsstrahlung level. This assumption was good at the peak of the Z resonance, due to suppression
of the correction due to Z life-time, and the estimation of the error based on the single bremsstrahlung
calculations was sufficient [52,58]. At that time a quite complete system of tests and cross-checks was
developed for the effects due to corrections of initial state bremsstrahlung using dedicated methods based
on comparison of semi-analytical results and the Monte Carlo [59] using importance sampling. Tests at
the technical precision of 10~~4 and better could be obtained. In general the total precision of 0.2% was
achievable for quite a range spectrum of observables for fj,+n~ or T+T~ final states. The vu'y final states
were also introduced [60] using the assumption that the ^-channel W-exchange forms a contribution
which is rather small so that, in particular, the W — W — 7 interaction can be completely neglected.

The use of KORALZ at LEP2 energies impedes substantial improvement of precision. For /u+/i~
or T+T~ it is mainly due to the lack of interference effects in exponentiation. For vv"y final states it is
due to the approximate treatment of ^-channel W-exchange. Even though the W — W — 7 interaction
was included, the method explained in Ref. [51] is not enough for the single photon observables and any
precision meant to be better than 1-2%. For double photon observables precision decreases even further
as the matrix element for the two photon configuration is approximate to the pragmatic order a2 only.

Electroweak corrections are implemented in KORALZ using the reduced Born method. This
means that the effects of electroweak corrections beyond the crude Born level are implemented at the
leading-log level only. Recently, the final version of KORALZ was published and documented [50].
That version uses DIZET version 6.05, however, for the sake of tests versions with the up to date DIZET
library may be maintained.

Use of the program is expected to be gradually replaced by KXMCMonte Carlo which already at
present is superior in all applications (for the time being except vv^f final states) and at all energy ranges
as far as precision is concerned. Some tools for studying anomalous effects in TTJ final states [61],
z/^7 [62], and leptoquarks [63] are available at present for KORALZ only. A number of flags, to be set
by the user, allow the user to switch between different options and perform specific comparisons and
investigations, e.g. for calculation of the program physical precision.

The program uses the following libraries: YFS 3.4 [57] for multiple photon bremsstrahlung,
TAUOLA [64] for r-lepton decay and PHOTOS [65] for radiative corrections in r-lepton decays.

4.4 Error specifications of KORALZ

The main purpose of the program was to serve the Monte Carlo simulation for LEP1 observables. The
program was adapted to become useful at LEP2 energies, but it was known that the backbone of its
construction is not best suited for that purpose. Also, as the new program KXMCwas developed in
parallel. The effort to push the limits of the KORALZ program precision were not exploited.

Let us recall the main points and present crude estimates of the related systematic errors.

• The electroweak section of the program is functionally equivalent to the one used in /C/CMCand
based now on the DIZET part of ZFITTER. The related contribution to the systematic error can be thus
taken as 0.15%.

• There is no pair correction included, as the size of pair effects is typically of order of 1.5%; the
appropriate contribution has to be calculated independently with the help of a semianalytical program or
other means. In case of non-idealized observables, this leads to an uncertainty which we can estimate as
0.4% (0.2% for idealized ones).
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• The similar situation holds for the QED initial-final state interference which is not included in
the program also and affects observables for all final states including charged fermions. At LEP2 the
interference effects are at 1-2% level for photon non-tagging observables. For non-neutrino final states
and observables where one or more photons are tagged the uncertainty is bigger (5 to 20%) and /C/CMC
should be used.

• The matrix element is limited to pragmatic second-order. The related uncertainty is about 0.1%
for observables where photons are not tagged, about 0.2% for single photon tagged observables, but can
be more for observables where more than one photon are tagged.

• In KORALZ exponentiation is based on the relatively old algorithm [57] (with some later im-
provements but of incomplete tests only) and 1 (0.2)% uncertainty for observables including (not in-
cluding) radiative return to Z should be added due to that point. This is especially important for 1/P7
observables.

• For uu^j final states some rather simple approximations are used in implementation of the con-
tribution of t-channel W-exchange and the W — W — 7 coupling. It was shown in Ref. [51] that the
corresponding uncertainty is not exceeding 1 or 2% for observables including single tagged photons.
For double tagged photons we expect the related contribution to uncertainty to be of order of 3-10%
depending on the average requested px of the second hardest photon.

The final numbers for uncertainties for observables can be obtained as the sum in quadrature of
the above uncertainties. It will be calculated at the end of the workshop as the individual contributions
can still change thanks to the comparisons, in particular with /C/CMC.

4.5 Presentation of the program /C/CMC

1) Author: S. Jadach, B.F.L. Ward and Z. Was

2) Program: /C/CMC v.4.13 and v.4.14

3) Can be obtained from Library of Computer Physics Communication,

or from http://home.cern.ch/jadach,

4) Reference to main description [49]

5) Reference to example, use: [66]

/C/CMC is the Monte Carlo event generator providing weighted and constant weight events for
e+e~ —>/ + / + wy, f = fi,r, d,u, s, c, b within the complete phase space. Technical description and
users guide of the version 4.13 can be found in Ref. [49] while physics content and numerical results
are contained in Ref. [66]. The current version with minor improvements which was used during this
workshop is 4.14. It will be publicly available at the time of publishing this report. In the following
we describe the main features of the program and we discuss in a detail the critical issue of the overall
technical and physical precision of the program, stressing that, although it can be viewed from outside
as a monolithic single code, in reality almost every vital aspect/component of its total precision is relies
on the comparison with another independent code, quite often with several other ones. Since this aspect
was highlighted in the discussion during the workshop, we elaborate on this at some length.

4.5.1 QEDinKKMC

The QED part the program does not rely for the photon emission, on the structure functions (SF) or the
parton shower (PS) model but rather on the new Coherent Exclusive Exponentiation (CEEX) [66,67]
which is an extension of the Yennie-Frautschi-Suura (YFS) exponentiation [38]. This older Exclusive
Exponentiation (EEX) [56], more closely related to the original YFS formulation, the same as in KO-
RALZ, is kept as an option in /C/CMC, for tests of precision and for the purpose of the backward compat-
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ibility. The CEEX matrix element in /C/CMC is entirely based on spin amplitudes, which helps to treat
exactly spin effects and to include the QED initial-final state interference. CEEX is based entirely on
Feynman diagram calculations and the present version includes the complete O(a2) for ISR and almost
complete O(a2) for FSR4. It is important to realize that the ISR calculation in /C/CMC is the first O(a2)
independent calculation since the work by Burghers, Berends and Van Neerven (BBVN) [68] 5. On the
contrary, semi-analytical programs like ZFITTER, TOPAZO [69] or /C/Csem rely on the SF's (called also
radiator functions) which are derived from BBVN, as far as the O(a2) sub-leading terms are concerned.
For the real photon emissions CEEX employs the Weyl-spinor methods of Kleiss and Stirling [70]. The
2-loop virtual corrections are derived from Ref. [71] and one-loop corrections to single photon emission
are from Refs. [68,72] and were also cross checked independently by our collaborators [73].

4.5.2 Electroweak corrections

The complete O(a) electroweak corrections with higher order extensions are included with help of the
DIZET library [74], the same version as that used in ZFITTER 6.30 [75]. The complex electroweak form-
factors (EWFFs), dependent on s and t variables, are calculated by DIZET and used in the construction
of the CEEX matrix element. In order to speed up calculations they are stored in the look-up tables
(using a finite grid in the s and t variables) and interpolated. The basic uncertainty of EW corrections in
XXMC is therefore the same as that of DIZET/ZFITTER (but this is not true of the QED corrections).
We have good reasons to believe that our CEEX matrix element offers a better way of combining EW
corrections with QED corrections than that used in the semianalytical codes like ZFITTER, basically
because in /C/CMC it is done at the amplitude level, using Feynman diagrams instead of the SF's. The
QCD FSR corrections are taken also from DIZET, keeping properly track of their s-dependence (through
look-up tables and interpolation).

4.5.3 Spin effects

Complete spin effects are included for the decaying r-pairs and for beam polarizations in an exact way,
valid from the r threshold up to multi-TeV linear collider energies. Due to the use of the improved Kleiss-
Stirling spinor technique, the appropriate Wigner rotation of the spin amplitudes is done in the rest frame
of the outgoing fermions and of the beam electrons [76]. For r channel the program implements spin-
sensitive r-decays using TAUOLA [64] for r-lepton decay and PHOTOS [65] for radiative corrections
in r-lepton decays.

4.5.4 Virtual pairs in /C/CMC

The effect of virtual initial and final state pairs is optionally added to the F\ electric form-factor, see
Feynman diagram of Fig. 4.15, using an old well-known formula [77]

= mF,

L, - l o g ^ , (4)

4For FSR the 2-7 and 1-7 real matrix element are exact, while the 1-loop corrections to the 1 - 7 real matrix element is still
in the LL approximation. This in principle should be good enough, at the precision level of ~ 0.1%.

5BBVN calculated O(a2) ISR also directly from Feynman rules. The resulting inclusive/integrated distributions they have
cross-checked with the renormalization group techniques, down to the second order next-to-leading logarithmic (NLL) term.
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with m,f denoting the mass of virtual fermion in the fermion loop and mp mass of the fermion flowing
through the vertex (typically an electron). The two cases correspond to correction due to identical and
heavy fermion in the virtual loop.

Technically, virtual pairs in the initial and final state are added in KJCMC as alternative weights:
WtList (213) represents the case with Virtual Pairs and EFI on, WtList (263) represents the case with
Virtual Pairs and IFI off. Masses mf are taken 0.2 GeV for / = d, u, s and PDG values for the rest.
Changing mf of light quarks by factor two induces only 6aVirt/a — 0.04%!

This option should be used in conjunction with adding the signal contribution of real pairs via a
full 4-fermion Monte Carlo generator, like KORALW. Concerning the proper cancellation of the virtual
pairs mass-logs from fCfCMC and from KORALW, there should be no technical (precision) problems,
especially for the precision level 0.1% required for LEP2. The main complication will be a proper
matching of these mass-logs in the presence of the QED bremsstrahlung. Here, the loading-logarithmic
approximation and renormalization group will be used as a guide, as usual. For the moment we use
effective-quark masses instead of dispersion relations, because we do not see clear indication that it is
really necessary to use the latter method at the 0.1% level. However, if it turns out to be necessary, it is
possible to introduce Rhad(s) m both ICJCMC and KORALW.

Summarizing, this new feature will allow the use of K.KM.C together with the KORALW Monte
Carlo, according to the scheme already suggested in Ref. [78], to produce predictions for the observables
with the real/virtual pair contribution.

4.5.5 Recent improvements not yet documented elsewhere updates

In version 4.14 the QCD FSR corrections to the final states of quarks were cross checked and some
necessary modifications were introduced.

The Fi form-factor - the virtual correction factor corresponding to initial and final state emission
of non-singlet and singlet pairs was introduced, see above.

Note also that /C/CMC is expected to take over all functionality of the K0RALZ event generator.
The most important feature of K0RALZ which is still missing in KKMC is the neutrino channel.

4.6 Error specifications of XXMC

4.6.1 Technical precision

The overall technical precision due to phase space integration is estimated to be 0.02% in terms of the
typical total cross section with Z-exclusive or Z-inclusive cuts. The basic test of the normalization of
the phase space integration is the following: we do not cut on photon transverse momenta, but only on
the total photon energy through s' = M2

nv(ff) > s'mia and downgrade the ISR or ISR+FSR matrix
element without ISR®FSR interference to most the simple CEEX O(a°) case, that is the product of the
real photon soft-factor times the YFS/Sudakov form-factor and <7Bom(s')> with s' shifted due to ISR. For
this simplified QED model we integrate analytically over the phase space, keeping for ISR the terms of
O(a, La, La2,L2a2, Lza3), that is enough terms to reach 0.01% precision even for Z-inclusive cuts,
and for FSR we limit ourselves to O(a, La, L2a2), also enough for this precision tag6. Within such
a simplified QED model we compare a very high statistics MC run (~ 109 events) with the analytical
formula and we get agreement, see Ref. [49], better than 0.02%. The possible loophole in this estimate
of precision is that it may break down when we cut the transverse momenta of the real photons, or switch
to a more sophisticated QED model. The second is very unlikely as the phase space and the actual SM
model matrix element are separated into completely separate modules in the program. The question of
the cut transverse momenta of the real photons requires further discussion. Here, it has to be stressed

6We see that for ISR and crBom(s') = const switching off the O(La2,L3a3) terms changes results only by 0.01%.
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that in our MC the so-called big-logarithm

L = In (4r) - 1 (5)
\mj/

is the result of the phase space integration and if this integration were not correct then we would witness
the breakdown of the infrared (IR) cancellation and the fermion mass cancellation for FSR. We do not
see anything like that at the 0.02% precision level. In addition there is a wealth of comparison with
many independent codes of the phase space integration for n 7 = 1,2,3 real photons, with and without
cuts on photon px- It should be remembered that the multi-photon phase space integration module/code
in /C/CMC is unchanged since last 10 years. For ISR it is based on YFS2 algorithm of Ref. [56] and
for FSR on YFS3 algorithm of Ref. [57], these modules/codes were part of the KORALZ [55] multi-
photon MC from the very beginning, already at the time of the LEP1 1989 workshop [79], and they
were continuously tested since then. The phase space integration for n 7 = 1 was tested very early by
the authors of YFS2/YFS3 against the older MC programs MUSTRAAL [80] and KORALB [81] and
with analytical calculations, at the precision level < 0.1%, with and without cuts on photon px- The
phase space integration for n 7 = 2,3 with cuts on photon px was tested very many times over the years
by the authors of the YFS2/YFS3/KORALZ and independently by all four LEP collaborations, using
other integration programs like COMPHEP, GRACE and other ones, in the context of the search of the
anomalous 27 and 37 events. Another important series of tests was done in Ref. [60] for ISR n 7 = 1,2
photons (with cuts sensitive to px of photons), comparing KORALZ/YFS2 with the MC of Ref. [82] for
the ^£7(7) final states. Typically, these tests, in which QED matrix element was programmed in several
independent ways, showed agreement at the level of 10% for the cross section for n 7 = 2 which was
of order 0.1% of the Born, or 0.2-0.5% for n 7 = 1 which was of order 1% of the Born, so they never
invalidated our present technical precision of 0.02% in terms of Born cross section (or total cross section
in terms of Z-inclusive cut).

We conclude therefore that the technical precision of /C/CMC due to phase space integration is
0.02% of the integrated cross section, for any cuts on photon energies Z-inclusive and Z-exclusive,
stronger than7 Minv(ff) > 0.1i/s and any mild cut on the transverse photon energies due to any typical
realistic experimental cuts. For the cross sections with a single photon tagged it is about 0.2-0.5% and
with two photon tagged it is ~ 10% of the corresponding integrated cross section. These conclusions are
based on the comparisons with at least six other independent codes.

4.6.2 Physical precision of pure QED ISR and FSR

In the following we shall discuss mainly the physical precision of /C/CMC, that is the magnitude of the
missing higher orders in the QED/SM matrix element implemented in /C/CMC. This will also include the
technical precision of the matrix element implementation not related to phase space integration discussed
previously.

As we already mentioned, in /C/CMC we have also the older EEX-type matrix element, similar
to the one of KORALZ/YFS2 and BHLUMI. Its crucial role in establishing physical precision is that of
'second line of defense' because it has its own estimate of the physical and technical precisions (unrelated
to phase space integration) which are factor 2 worse than for CEEX, but a very solid and independent one.
The basic test of the EEX matrix element is based again on the comparison with the analytical integration
over the photon phase space, this time within the O(a, La, L2a2) only, but with the additional bonus
that the analytical integration is exact in the soft limit. Furthermore, the EEX matrix element is split into
about six pieces, so called ^-functions and each of them is cross-checked separately. The comparison
is done for ISR and FSR separately, takingjTBomls') = const in addition to the normal one with Z
resonance. Since some of /3-functions like fc^ are concentrated in the region of the phase space with
n 7 = 1,2 real hard photons, their separate tests provide an independent non-trivial cross-check of the

7It downgrades to 0.5% for Minv{pp) < ^m^, i.e. full phase space.
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phase space integration. The above detailed tests lead for aBom(s') = const to differences between
MC and analytical results < 0.1%, vanishing to zero for strong cuts on total photon energy. This is our
basic estimate of the technical precision of the implementation of the EEX (unrelated to phase space
integration).

There is an eternal ongoing discussion how to estimate the physical precision. Our approach is the
conservative one, just take the difference of the two consecutive perturbative calculations at hand8. In
order to be not over-conservative we usually take half of such a difference, which means that we assume
that the convergence of the perturbative expansion is like ( l /2) n at least, which is not a bad assumption
for QED where 2Lea/n ~ 0.07 and \jL = 0.05.

In the case of EEX we check the differences of EEX3-EEX2 and EEX2-EEX1, where EEX1=
0(a, LOOEEX, EEX2= O{a, La, L2a2)EEX and EEX3= O(a,La,L2a2,L3a3)EEX. We find (1/2)
(EEX2-EEX1) ~ 0.1% for Z-exclusive cuts and ~ 0.5% for Z-inclusive cuts, and this we take as a
physical precision of the EEX2 and EEX3 QED matrix element (no ISR0FSR interf.). The difference
(1/2) (EEX3-EEX2) is generally negligible < 0.1% for any cuts.

Having fortified our position on the physical precision of EEX, how do we proceed to determine
physical precision of CEEX matrix element? We can compare with EEX2 or EEX3 and in this way we get
a handle on the O[La) ISR which is missing in EEX2 and O(Lza3) missing in CEEX (which is negli-
gible, however). The other possibility is to look into differences of CEEX2= O(a, La, I? a2, La2)cEEX
and CEEX1= O(a, La)cEEX- We did both and we treat the latter difference (1/2)(CEEX2-CEEX1) as
our basic source of the physical precision and the former CEEX2—EEX3 as an additional cross-check. In
Ref. [66] we have found (1/2)(CEEX2-CEEX1) to be for both Z-exclusive and Z-inclusive observables
below 0.2%. The difference CEEX2-EEX3 is rather large, up to 0.8% for Z-inclusive cross section
which suggests that the proper inclusion of the O(Lla2) ISR is important and we need in fact the third
independent calculation with the complete O{Lla2) ISR. This however is available since long, from
BBVN [68]. In Ref. [66] we compared cross section and charge asymmetries from KXMC with semi-
analytical calculation based on ISR SF's based on BBVN [68], with added complete O(L3a3) ISR and
YFS exponentiation, essentially with the JSW formula of Ref. [83], upgraded with the corresponding
FSR SF (in the case FSR is switched on). The above analytical formula is implemented in the KXsem
code which is part of the /C/CMC package. The results of the comparison of the KXsem code and AT/CMC
fully confirms our estimate of 0.2% in the cross section and in charge asymmetry, for Z-exclusive and
Z-inclusive cuts, excluding still ISR<g>FSR from consideration.

We may summarize once again how solid is the O{Lla2) ISR: The two-loop O{Lla2) component
was already triple-cross-checked at the time of BBVN [68] work, the two-loop O(Lla2) component
comes from at least two independent sources [68,72] and was recently recalculated independently once
again9, while the two real photon emission exact massive matrix element was doubly cross-checked with
two independent codes.

On top of that comes the cross check with ZFITTER presented in this report, which from the point
of view of QED ISR and FSR (no ISR&FSR) is in the same class as BBVN, KXsem while XXMC
is rather independent because of the independent full phase space evaluation, and the independent one-
loop-one-real and two-real-photon matrix elements.

Summarizing, the physical precision of 0.2% in total cross section and charge asymmetry due
to QED ISR and FSR is estimated in a rather solid and conservative way, using many independent
codes/calculations, with the triple cross-check being rather the rule than the exception.

8One possible pitfall with the above rule is that the difference between the two consecutive perturbative calculations may be
accidentally zero for a given value of the cuts, one should therefore vary the values of the cuts before drawing conclusions.

9We thank Scott Yost for this valuable cross-check.
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4.6.3 Physical precision of QED ISR&FSR

The QED ISR<g)FSR is characterized in the separate Section 5.3 of this report so here only mention that
the effect of the QED ISR<g>FSR is included in the exponentiated form in our program with help of the
new coherent exponentiation technique based entirely on spin amplitudes.

The ISR®FSR result of JCK.MC were debugged/tested first of all by comparing it with the results of
O(al) KORALZ without exponentiation, see Ref. [66] where we have found typical agreement < 0.2%
for both Z-exclusive and Z-inclusive cuts. The biggest discrepancy in Ref. [66] was noticed to be 0.4%
for the charge asymmetry for a Z-inclusive cut and for the cross section for certain values (far from
experimental ones) for the Z-exclusive cut, see also the section on ISR®FSR in this report, where we
add more comparisons with ZFITTER code. Summarizing, the inclusion of the ISR0FSR does not
worsen our total theoretical error of 0.2% estimate for the Z-exclusive cuts, while it makes it go to 0.4%
level for Z-inclusive cuts. The new comparisons with ZFITTER on ISR0FSR presented in section 5.3.8
in this report are consistent with the above estimate.

Note also that the most complete summary/discussion on the subject ISR0FSR can be found in the
presentation of SJ. at June 1999 meeting of LEPEWG (see transparencies on http://home.cern.ch/jadach).

4.6.4 Physical precision of electroweak corrections

The uncertainty due to pure electroweak corrections is the same as of DIZET, and can be determined
for instance by playing with the user options of DIZET, which are available for the user of KKMC. We
would like to stress, however, that some physical/technical uncertainties in ZFITTER are really related
to the way the EW corrections in ZFITTER are combined with the QED part. In general, the way it is
done in KKMC is simpler and these uncertainties are therefore reduced.

4.6.5 Tagged photons

Precision is not less than 1% for observables with a single photon tagged and 3% for observables with
double photon tagged.

4.7 Presentation of the program LABSMC

1) Author: A.B. Arbuzov

2) Program: LABSMC v.2.05,5 May 2000

3) Can be obtained from the author (arbuzov@to. inf n. i t ) upon request

4) Reference to main description [48]

5) Reference to example [84]

6) advertisement

Initially the semi-inclusive LABSMC event generator was created [48] to simulate large-angle
Bhabha scattering at energies of about a few GeV's at electron positron colliders like VEPP-2M and
DA$NE. The code included the Born level matrix element, the complete set of O{a) QED RC, and the
higher order leading logarithmic RC by means of the electron structure functions. The relevant set of
formulae can be found in Ref. [85]. The generation of events is performed using an original algorithm,
which combines advantages of semi-analytical programs and Monte Carlo generators.

The structure of our event generator was described in detail in paper [48]. The extension for
LEP2 energies is done by introducing electroweak (EW) contributions, such as Z-exchange, into the
matrix elements. The third [86] and fourth [87] order leading logarithmic photonic corrections were also
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included in the new version. The version of the program under consideration is suited for large-angle
scattering. The small-angle version, which incorporates some additional second-order corrections [88],
will be described elsewhere.

Starting from the O(a2) order the emission of photons is treated semi-inclusively by means of
structure functions. Such photons are treated as effective particles, which go at zero angles in respect to
the relevant charged particles. The conservation of 4-momenta is fulfilled for each generated event. This
feature of the program does not allow to generate realistic events with two photons at large angles.

The code contains:

• the tree level electroweak Born cross section;

• the complete set of O(a) QED radiative corrections (RC);

• vacuum polarization corrections by leptons, hadrons [17], and P^-bosons;

• one-loop electroweak RC according to Ref. [89] by means of DIZET [74] package;

• higher order leading log photonic corrections by means of electron structure functions [86,87,90];

• matrix element for radiative Bhabha scattering with both 7- and Z-exchange [40,41], vacuum
polarization RC, and optionally ISR leading log RC (with exponentiation according to Ref. [90]);

• pair corrections in the O(a2L2) leading log approximation [91,92], including the two-photon
(multi-peripheral) mechanism of pair production.

A number of flags, to be set by user, allows to switch between different options and perform
specific comparisons and investigations. In particular one can switch to generation of only radiative
events with visible photons. That allows to avoid technical problems due to low statistics in this case.

The inclusion of the third and fourth order LLA photonic corrections allows not to use exponenti-
ation. A simple estimate [87] shows that the difference between the two treatments at LEP2 is negligible,
while the exponentiation requires a specific event generation procedure.

LABSMC is a FORTRAN program. It works as follows. First, the code makes initialization and reads
flags and parameters from a list provided by user. Then it performs an integration (in semi-analytical
branch) and generates events. The 4-momenta of generated particles are to be analyzed or recorded in a
user subroutine. A certain control of technical precision is provided by comparison of the results from
semi-analytical and Monte Carlo branches. Note, that for a case of complicated cuts, which can not
be done in the semi-analytical branch, one has to increase the number of generated events to reach the
ordered precision.

The accuracy of the code is defined by two main points: technical precision (numerical precision in
integrations, errors due to limited statistics, possible bugs etc.) and the theoretical uncertainty. Of course,
one has than choose the proper, corresponding to his concrete problem, set of flags and parameters.

The technical precision has to be checked and improved, if required, by detailed tests and com-
parisons with results of other codes. The theoretical uncertainty is defined by: absence of complete set
of O(a2L) corrections (for photonic and pair corrections), an uncertainty in definition of vacuum po-
larization, approximate description of hadronic pair production. There was observed a discrepancy in
the treatments of electroweak RC in ZFITTER and ALIBABA [42]. The theoretical uncertainty of the
code in description of large-angle Bhabha scattering at LEP2 is estimated now to be of about 0.3%. The
corresponding uncertainty for radiative Bhabha scattering with a visible photons is about 2%. But for the
latter, we have an additional theoretical systematic uncertainty (about 1%), coming from non-standard
radiative corrections [93].
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4.7.1 Note about pair corrections in LABSMC

In LABSMC there are included contributions due to pair production according to Ref. [91,92]. The
secondary hadronic pairs are estimated within the leading log approximation.

The double resonant (ZZ) contribution, in which both the primary and secondary pair are produced
via virtual Z-bosons, is not taken into account. This contribution will be subtracted from the experimental
data by means of some Monte Carlo event generator.

The impact of the multi-peripheral (two-photon) mechanism of pair production and the one of
the singlet pairs can be analyzed by means of the program. But the default option is to drop these
contributions as in the event generator as well as in the experimental data.

The corrections in per-mil are given in Table 28 of Section 5.5.8. The quantities there were calcu-
lated in respect to the cross sections, where all other types of RC have been already applied. There is a
simple dependence of the size of corrections on the applied cuts. The most strong cuts on real emission
are there, the most large (and negative) effect is coming out. The largest corrections are found for some
idealized observables, where also the final state corrections do give a lot.

As concerning the two-photon mechanism, there are visible contributions only for a few event
selections (see Table 29 of Section 5.5.8). In the rest of ES the multi-peripheral reaction is cut away by
the corresponding sets of conditions. The only large correction to IOpaI3 is because of wide range of
allowed collinearity and a very low energy threshold for electrons (1 GeV).

The accuracy on the above numbers for pair corrections can be estimated to be about 20%, which
is mainly coming from the uncertainty in the description of secondary hadronic pairs.

4.8 Error specifications of LABSMC

The theoretical uncertainty of LABSMC is estimated by the analysis of the following sources of errors.

• A considerably large amount of about 0.10% is coming from the hadronic contribution into vacuum
polarization.

• Unknown O(a2L) photonic and pair corrections can give as large as 0.20%. Note, that for small-
angle Bhabha at LEP1 we had the corresponding contribution of the order 0.15% [88], and so we
can estimate the uncertainty, taking into account that the large log L in the large-angle kinematics
is greater.

• The approximate treatment of hadronic pair corrections typically contributes by not more than
0.05%, depending on the concrete event selection. For observables IAleph3, IAleph4, and ILT4
we have more: about 0.1%.

• Photonic corrections in high orders O(a3L2, a5L5,...) are not calculated in the code, but they are
really small (0.02%).

• Uncertainties coming from the treatment electroweak constants and loop corrections can give up to
0.2% for the case barrel angular acceptance. For the case with endcaps we have lower contribution
from Z-exchange, and the error is less than 0.1%.

Taking into account the limited technical precision, we derive the resulting uncertainty of the code
for description of large-angle Bhabha scattering at LEP2 to be of the order 0.3%. As concerning radiative
Bhabha with a photon tagged at large angles, the uncertainty is defined by missing O(a) corrections. It
can be estimated to be of about 2%.
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4.9 Presentation of the program

1. Authors: Y. Kurihara, J. Fujimoto, T. Ishikawa, Y. Shimizu, T. Munehisa

2. Program: grci /^v. l .O, 1999.08.20

3. Can be obtained from: h t t p : //www-sc. kek. jp/minami/

4. Reference to main description: hep-ph/9908422 to be appeared in CPC.

5. Reference to example discussion of the prediction and its systematic uncertainty: hep-ph/9908422
to be appeared in CPC.

grci/z/7 is an event generator which combines the exact matrix elements for e+e~ —> 1/^7(7),
produced by the GRACE system [94], with QEDPS [95] for 1SR. The advantages of these packages
are:

• The exact matrix elements up to the double-photon emission, including the ve process, are
used. Double-photon emission is practically sufficient for experimental analysis.

• QEDPS keeps the complete kinematics for the emitted photons and virtual electrons before
collisions. It allows a more flexible treatment of the ISR effects in avoiding the double-
counting.

• Besides the above-mentioned pure QED corrections, grc^z/7 equips with another class of the
electroweak higher order corrections. There is a switch to choose it from the following three
schemes; 1) the running coupling constant scheme: the coupling constant of the fermion-
fermion-Z vertex, g/fz, is determined by the evolution from zero momentum transfer to
the mass squared of the vv system, g | , which differs from one event to another. It varies
according to the renormalization group equation (RGE). 2) GM scheme [96]: It is such that
the weak couplings are determined through the weak-mixing angle, sin#w, which is given
by

where M\y being the W-boson mass and G^ the muon decay constant. 3) on-shell scheme:
the weak couplings are simply fixed by Mw and Mz though the on-shell relation, sin2 Qw —

M2

1 — -jffi, where Mz is the mass of the Z-boson.
For the fM case the total cross sections and the hard-photon distributions of grcvz/7 are
compared with those by the O(a) calculations [97-99], KORALZ [50] and NUNUGPV [100].
The theoretical error uncertainty for the ISR corrections is under control at the 1% level. The
systematics of the GM scheme, coming from the double energy scales(M^,i/i) involved in
the reaction, is estimated to be around 1%. The energy spectrum of the hard-photons is in a
reasonable agreement with KORALZ and NUNUGPV up to the double-photon emission.
Concerning ve a similar comparison with NUNUGPV has been done, though in this case some
programs were lacking complete O{a).

In the package the anomalous coupling of the W-W-j vertex is implemented. The program
includes only those terms which conserve C and P invariance, derived from the following
effective Lagrangian [101]:

Leff = -ie[(l + Ag

+ A/T2 \H

Mw

where Whll = d/JWl, — d^W^, A^ = d^A^ — d^A^. Here Api7 , A K 7 and A7 stand for the
anomalous coupling parameters which vanish in the Standard Model.
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4.10 Error specifications of grcwy

• (1) lack of constant term

One of the intrinsic limitation of the parton shower method is lack of constant terms. It is known
that the leading logarithmic solution of the DGLAP equation can reproduce the exact perturbative
calculations at LL order except constant terms. For the simple e+e~ annihilation processes, this
effect, so called K — factor, is known to be 0.6cannot be better than this accuracy. Though there
is no exact estimation of the K — factor for the neutrino pair-production with hard photon(s), we
can expect the K — factor for these processes is at the same order as the simple e+e~ annihilation
processes. Then we assign the systematic error of 0.6

• (2) internal consistency

In the grci/i/j, the hard photon is treated using exact matrix elements and the soft photon(s) are
treated using QEDPS. It is not necessarily that a definition of the hard photon is the same as those
of visible photon given by the experimental requirements. The final result must be independent of
the dividing point between hard and soft photons, we checked the stability of the cross sections
when the dividing points are varied within a reasonable range. If the experimental requirement is
so tight, for example, no additional photons with small energy in very forward region is required,
the final result is sensitive for the definition of the soft photon. We assign this dividing-point
dependence as a systematic error. This error is much depend on the experimental cuts.

• 3) multi photon limitation

In the grcvv^, up to two visible photon can be treated. For the experimental requirement as 'two
or more photons', we give the results with only two visible photons. The probability to observe
third photons is negligible small in general. We estimate the error of this limitation is less than 1.

4.11 Presentation of the program NUNUGPV

Authors: G. Montagna, M. Moretti, O. Nicrosini and F. Piccinini

Program: NUNUGPV v.2.0, July 1998

Can be obtained from: h t t p : //www. pv. inf n. i t /~n icros i /programs/nuimgpv/

The code NUNUGPV [100,102] has been developed to simulate events for the signatures single- and multi-
photon final states plus missing energy in the Standard Model at LEP and beyond.

Matrix elements

In the program the exact matrix elements are implemented for the reactions

e+e~ —> V{ Di wy ,

withi — e,/j,,r and n = 1,2,3.
The matrix element for single-photon production has been computed by means of helicity amplitude
techniques [103], while the amplitudes for multi-photon final states are calculated using the numerical
algorithm ALPHA [104] for the automatic evaluation of tree-level scattering amplitudes. The contribution
of the anomalous couplings Afc7 and A7 to the WWj vertex is included analytically in the matrix
element for e+e~ —> ue ue 7. Trilinear and quadrilinear anomalous gauge couplings for the processes
with more than one photon in the final state have been recently implemented. As an option the program
contains also the contribution of a massive neutrino with standard couplings to the Z boson.
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Radiative corrections

The phenomenologically relevant Leading Log (LL) QED radiative corrections, due to initial state radia-
tion (ISR), are implemented via the Structure Function (SF) formalism. Due to the presence of a visible
photon in the kernel cross section, the inclusion of ISR requires particular care. In order to remove the
effects of multiple counting due to the overlap of the phase spaces of pre-emission photons (described
by the SF's) and kernel photons (described by the matrix element), the pt/pL effects are included in
the SF's according to Ref. [102]. The generation of the angular variables at the level of the ISR gives
the possibility of rejecting in the event sample those pre-emission photons above the minimum detection
angle and threshold energy, thus avoiding 'overlapping effects'. According to such a procedure, the cross
section with higher-order QED corrections can be calculated as follows (for the data sample of at least
one photon)

- f dxidxzdcMdd® D(xucM;s)D(x2,c&;s)e(cuts)

x (da^ + da2t + da3'' + . . .), (6)

where Cy = cost97 and D(x, ĉ ,; 5) is a proper combination of the collinear SF D(x, s) with an angu-
lar factor inspired by the leading behavior l / (p • k) [102] of the pre-emission photons. According to
Eq. (6), an 'equivalent' photon is generated for each colliding lepton and accepted as a higher-order ISR
contribution if:

• the energy of the equivalent photon is below the threshold for the observed photon Ey>min, for
arbitrary angles;

• or the angle of the equivalent photon is outside the angular acceptance for the observed photons,
for arbitrary energies.

Within the angular acceptance of the detected photon(s), the cross section is evaluated by summing the
exact matrix elements for the processes e+e~ —» vvwy, n — 1,2,3 (da11, da2f, daZl).
By means of the above sketched formulation, the signatures that can be handled by the program are:

• exactly one(two) visible photon(s) plus undetected radiation;

• at least one(two) visible photon(s) plus undetected radiation;

• exactly three visible photons with QED corrections in the collinear approximation.

Some improvements for Linear Collider energies have been recently introduced. Predictions for the
single-photon signature are possible for polarized electron/positron beams. Simulation of beamsstrahlung
can be performed by means of the c i r ce library [105]. Both integration and unweighted event genera-
tion modes are available. More details on technical and theoretical features can be found in Ref. [100].
Concerning the LEP2 energy regime, the present theoretical accuracy of NUNUGPV is at the per cent level,
as due to missing O(a) electroweak corrections.

4.12 Error specifications of NUNUGPV

As discussed in Section 4.11 and in the relevant literature there quoted, the main ingredients NUNUGPV
is based upon are

• exact matrix elements for the kernel reaction e+e~ —> UiViWy, with i = e, /x, r and n = 1,2,3,
computed either analytically (n = 1) or numerically in = 2,3);
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• convolution of the kernel cross section by means of pt -dependent structure functions, in order to
take into account the huge effect of initial-state radiation, while avoiding double counting in the
presence of tagged photons.

The main source of theoretical error is missing non-log O(a) electroweak corrections, which can
be estimated to be of the order of 1 — 2 %. Pushing the theoretical accuracy at the 0.1 % level would
require supplementing the present formulation by a full O(a) calculation, at present not available.

4.13 Presentation of the program ZFITTER with electroweak library DIZET

Authors: D. Bardin, P. Christova, M. Jack, L. Kalinovskaya,

A. Olchevski, S. Riemann, T. Riemann

Program: ZFITTER v.6.21 (26 July 1999)

Can be obtained from: h t t p : //www. if h.. de/~riemann/Zf i t t e r / z f . html

/afs /cern.ch/user /b/bardindy/publ ic /ZF6_21

Reference to main description: [75]

References to examples: [ 106-114]

Program development: The package is permanently updated, user requests are welcome;
last update is v.6.30 (xx March 2000)

ZFITTER is a Fortran program, based on a semi-analytical approach to fermion pair production in
e+e~~ annihilation at a wide range of centre-of-mass energies, including LEP1 and LEP2 energies. The
main body of the program relies on the analytical results presented in Refs. [115-117] for the QED part
and in Refs. [74,118-122] for the electroweak physics part. Some of the formulae used may be found
only in Ref. [75].

ZFITTER version v.6.21 was the last one intended for the use at LEP1 energies. The description
of this subsection is mostly limited to this version. During the 1999-2000 LEP2 Workshop there was a
development which is briefly summarized in Section 4.13.2.

The calculation of realistic observables with potential account of complete O(a) QED and elec-
troweak corrections plus soft photon exponentiation plus some higher order contributions is made possi-
ble with several calculational chains:

• Born cross-sections;

• a fast option: cut on s' or combined cuts on collinearity £ and minimal energy Em\n of the fermions

for <TT,FB;

• cut on s' (or on £, Emin) for dajd cos i9; for OT.FB additional cut on the production angle of anti-
fermions (cos t?).

The scattering angle of fermions remains unrestricted if the other cut(s) do not impose an implicit restric-
tion.

Numerical integrations are at most one-dimensional and performed with the Simpson method
[123,124]. This makes the code so fast and guarantees any practically needed numerical precision.

ZFITTER calculates:

• Ar - the Standard Model corrections to Gu;
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• Mw - the W boson mass from Mz, MH, and fermion masses, and Ar;

• Fz,w = J2f r1/ - total and partial Z and W boson decay widths;

• da jd cos tf - differential cross-sections;

• err - total cross-sections;

- forward-backward asymmetries;

- left-right asymmetries;

• Apoi, APpl
B - final state polarization effects for r leptons;

Various interfaces allow fits to the experimental data to be performed with different sets of free param-
eters. There are two options to parameterize the Z boson propagator [125] (see also [126,127] and the
many references therein).

ZFITTER uses pieces of code from other authors ( [123,124,128-132]). We find it important
to mention explicitly that the programming of ZFITTER accumulates the efforts of many theoreticians,
whose work went into the code either as default programming or as options to be chosen by many flags.
A hopefully complete list (derived from [75]) comprises quite a few references for photonic radiative
corrections [68,86,90,107,133-144] and radiative corrections contributing to the effective Born cross
section [18,145-171]. This is a feature of ZFITTER which makes it very flexible for applications,
but also for comparisons with other codes and checks of technical precisions in program development
phases. For a systematic presentation of the interplay of the many radiative corrections treated we refer
also to [75] and to [172].

ZFITTER is used optionally by other packages, among them are SMATASY [173-175], ZEFIT,
[176]. Its electroweak library DIZET is used in KORALZ, [50], 1CKMC, [49], BHAGENE, [177], and
other programs like HECTOR, [178] for the study of ep scattering.

QED initial-final interference:

The exponentiation [179] of initial-final interference (IFI) photonic corrections is implemented in
ZFITTER. The exponentiation is done according the procedure developed in Ref. [90]. The base for the
construction is the general Yennie-Frautschi-Suura theorem [38]. The resulting formulae are close to
the ones of Ref. [180], but the special treatment around the Z-peak is not included in the program now.
In the code the IFI option is governed by the flag INTF. The effect of the EFT exponentiation was found
to be important, especially for forward-backward asymmetry.

The Fortran package DIZET is part of the ZFITTER distribution. It can be used in a stand-alone
mode and is regularly used by other programs.

On default, DIZET allows the following calculations:

• by call of subroutine DIZET: W mass and width, Z and W widths;

• by call of subroutine ROKANC: four weak NC form factors, running electromagnetic and strong
couplings needed for the composition of effective NC Born cross sections for the production of
massless fermions (however, the mass of the top quark appearing in the virtual state of the one-loop
diagrams for the process e+e~ —*• bb is not ignored);

• by call of subroutine RHOCC: the corresponding form factors and running strong coupling for the
composition of effective CC Born cross sections.

If needed, the form factors may be made to contain the contributions from WW and ZZ box diagrams
thus ensuring (over a larger energy range than LEP 1) the correct kinematic behavior and gauge invari-
ance.
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4.13.1 Pair corrections in ZFITTER

One of particular contributions to the process of electron-positron annihilation is the radiation of sec-
ondary pairs. In comparison with the photon radiation, it is relatively small, because it appears only
starting from the O(a2) order. Nevertheless, the total effect of pair production could reach dozen per-
mil and should be taken into account in the data analysis. The secondary pair can be produced via a
virtual photon or Z-boson. The latter case is supposed to be subtracted from the experimental date by
means of some Monte Carlo event generator. (The Z boson mediated secondary pair production was also
studied with GENTLE/4fan v.2.11, see the description of results in Section 5.5.5.)

Lowest order pair corrections

The complete second order calculation for e+e~ and /x+/x~ initial state pairs was performed in Ref. [68].
The contribution of hadronic and leptonic pairs (excluding electrons) was considered in paper [137].

The effect of secondary pair production in the final state was calculated in Ref. [181]. It is worth
to mention, that the final state pair correction should be realized in a multiplicative way:

Cr = <TBorn(l + <M(l + < W ) ) (7)

where £7 stands for the initial state (IS) photonic correction, and <$FSP give the final state (FS) pair one.
At LEP2 energies, when the radiative return to the Z-peak is allowed, we have very large values of 57,
and the multiplicative treatment provides a correct counting of the simultaneous emission of IS photons
and FS pairs. A cut on the invariant mass of the FS secondary pair is allowed by setting parameter PCUT.

The pair contribution to the corrected cross section is presented as the integral of the Born cross
section with the so-called pair radiator:

1 l - A

dapair = I dz a(zs)H(z) = o(s)(HA + HFSP) + f dza(zs)He(z). (8)

Here H A represents the impact of virtual and soft pairs; Hpsp stands for the final state pairs. A is a
soft-hard separator (A -C 1), numerical results should not depend on its value.

The singlet channel contribution and the interference of the singlet and non-singlet channels are
taken from Ref. [68]. They can be called from ZFITTER optionally (according to the IPSC flag value).

A simple estimate of the interference between the ISR and FSR pairs can be done: we can take the
initial-final photon interference multiplied by the conversion factor (a/(37r)) \n(s/m2). The smallness
of the photonic interference and the additional factor provide us the possibility to neglect the initial-final
pair interference completely.

Pair production in higher orders

It was observed that the O(a2) approximation is not enough to provide the desirable precision. Really the
interplay of the initial state photon and pair radiation is very important. So, one should consider higher
orders. The first exponentiated formula for pair production was suggested in Ref. [90]. The process of
one pair production was supplied by emission of arbitrary number of soft photons. This formula gives
a good approximation for leading logarithmic corrections close to the Z-peak. But it does not include
the important next-to-leading terms, and even the known third order leading logs are not reproduced
completely.

In Ref. [142] a phenomenological formula for simultaneous exponentiation of photonic and pair
radiation was proposed. The correspondence of the exponentiated formula to the perturbative results
was shown there for the case of real hard radiation. Nevertheless, the structure of the radiator function,
suggested in Ref. [142], does not allow to check the correspondence for soft and virtual part of the
corrections analytically.
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An alternative treatment of the higher order corrections due to pair production was suggested in
Ref. [144]. In order to account the most important part of the sub-leading corrections we consider the
convolution of the O(a2) pair radiator with the ordinary O(a) photonic radiator, proportional to the
P^ splitting function. In this way we receive the main part of the O(ai) leading logs, proportional
to P^2\ and the sub-leading terms enhanced by ln(l - z)/{\ - z), like L2 ln(l - z) / ( l - z) and
Lln2( l — z)/(l — z). Note that the convolution as well as exponentiation can not give the correct
complete sub-leading formula. In fact the convolution gives a part of sub-leading terms coming from
the kinematics, where both the pair and the photon are emitted collinearly, while there are other sources
for the corrections, like, for instance, emission of a collinear pair and a large-angle photon. But we
suppose, that the main terms with enhancements are reproduced correctly, that follows from the general
experience in leading log calculations. Note that the same background is under the exponentiation of
such terms. For the case of pure photonic radiation this was checked by direct perturbadve calculations.

We checked that for real hard emission there is a agreement between the most important terms
in the third order contribution to H&(z) and the corresponding terms in expansion of the exponentiated
formula from Ref. [142]. Such a correspondence between the exponentiation and convolution procedures
is well known also in the case of pure photonic radiation.

In the same way we derived the expressions both for leptonic and hadronic pairs. In contrast with
Ref. [142] we extended the hadronic pair contribution to the third order by means of convolution which
takes into account the dynamical interplay between pairs and photons, when they are emitted at the same
point, rather than by a static coefficient.

The leading logs, which were not reproduced by the convolution were supplied from Ref. [144].
We estimated also at the fourth order contribution by means of the leading logs (non-singlet channel
only):

+

In the O(a4) we keep only the leading logarithmic formula (9) for non-singlet electron pairs.

A good numerical agreement was observed in the treatment of higher order leptonic ISR pairs by
means of the convolution [144] and exponentiation [142] (see Table 2 in Ref. [144]). The exponenti-
ated treatment is implemented in ZFITTER also (called by setting ISPP=4). The agreement with the
exponentiated representation from Ref. [90] is not so good at LEP2 energies.

Numerical illustrations

In Table 11 we present the results for different contributions. The value of correction due to pairs is
defined in respect to the cross section for annihilation into hadrons with pure photonic corrections taken
into account. The cut-off on both pair and photonic corrections is equal: zmin = 0.01 and 0.7225,
s' > zm{n • s. In the FSR column we show the sum of leptonic and hadronic final state pair corrections
(PCUT=0.99). In the last column the sum of ISR and FSR pairs is given without the contribution of singlet
pairs. Centre-of-mass energy is 200 GeV.

As could be seen from the Table, the contribution of singlet pair production becomes important
only for small values of zmin. In data analysis at LEP, such events are supposed to be extracted from the
data together with the two-photon process e+e~ —» e+e~ + hadrons. We emphasize, that the procedure
should be accurate and well understood, because in fact the events with singlet pairs and multiperiferical
production have quite different signatures in the detector. At LEP2 energies the contribution of singlet
pairs becomes really important, if the returning to the Z-peak is allowed (for zm\n < 0.25).
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Table 11: Different contributions to d.

C7(a3)
0(a4)

O(aa)
O{a3)
0(a4)

ISR pairs
e(NS) e(NS+sing.) T hadr.

FSR pairs sum

2min = 0.01
6.41
7.28
7.24

42.00
42.86
42.82

1.99
2.19
2.19

0.67
0.72
0.72

5.49
6.09
6.09

0.06
0.06
0.06

14.62
16.34
16.30

Zmin = 0.7225
-0.38
-0.56
-0.53

-0.40
-0.59
-0.56

-0.11
-0.17
-0.17

-0.03
-0.05
-0.05

-0.28
-0.21
-0.21

-0.29
-0.30
-0.30

-1.08
-1.28
-1.25

To estimate the uncertainty of our results we look at the relative size of different contributions
and at the comparison with the exponentiated formulae. The main source of the uncertainty is the ap-
proximate treatment of the hadronic pairs. Another indefiniteness is coming from the sub—sub—leading
terms of the third order, which can be received neither by convolution nor by exponentiation, and from
the fourth order correction. Our rough estimate for the theoretical uncertainty due to pair production
in description of electron-positron annihilation is 0.02% for without returning to the Z-peak. For the
returning to the peak at LEP2 we estimate the uncertainty to be at the level of 0.1%.

4.13.2 ZFITTER development after v.6.21

There was a certain development of ZFITTER after version 6.21. On 13 December 1999 we released
ZFITTER v.6.23 with an improved treatment of the second order corrections to angular distributions and
AFB- The implementation relies on work done by A.B. Arbuzov and will be described in an extended
version of Ref. [144].

For this workshop we have created ZFITTER v.6.30, which should be the last version for LEP2.
It contains several new important user options.

A new option governed by a new flag FUNA is implemented, with:
FUNA=0 - old treatment,
FUNA=1 - new treatment.
This is a new treatment of the second order ISR QED corrections, in the presence of angular acceptance
cuts ANGO, ANG1, based on a new calculation by A. Arbuzov (to appear as hep-ph report). It is compatible
with the use of ICUT=1,2,3.

The meaning of flag INTF is extended in order to accommodate the new implementation of an
exponentiation of IFI QED corrections, also realized by A. Arbuzov (also to appear as hep-ph report):
INTF=0,l - old options,
INTF=2 - exponentiated IFI.

Further, final state pair production corrections are implemented (A. Arbuzov). The option is gov-
erned by a new flag:
FSPP=0 - without FSR pairs,
FSPP=1 - with FSR pairs, additive,
FSPP=2 - with FSR pairs, multiplicative.
For the FSPP corrections, the cut on the invariant mass of the secondary pair is accessible. In order to
accommodate this cut value, the variable SIPP of the
SUBROUTINE ZUCUTS (INDF, ICUT, AC0L, EMIN, S_PR, AN GO, ANG1, SIPP)
is now used. Therefore, the meaning of the variable SIPP has been changed. It has nothing to do with

323



cutting of ISPP; there is no possibility to cut secondary pairs for ISPP, where the primary pair invariant
mass cut should be equal to S_PR.

Finally, the new value of flag IPTO=-1 allows to calculate pure virtual pair contributions sepa-
rately.

ZFITTER v.6.30 should be used together with DIZET v.6.23. Two bugs are fixed in DIZET v.6.23.
A bug in the calculation of F\y is fixed (resulting in a 0.3% shift), and another one in the calculation of
running aem (of no numerical importance).

Further, an option to fit Vtf, is implemented to DIZET (D. Bardin, L. Kalinovskaya, A. Olshevsky,
March 2000). For this, a main program (interface) zwidthtb6_30. f has to be used together with a stan-
daside DIZET version 6.30; the argument list of that DIZET is changed to accommodate this possibility.

Some more small changes were implemented during this workshop in the result of tuned compar-
ison with KXMC. The range of variation of two flags was extended.

New value WEAK=2 allows to switch off some tiny second order EWRC which do not propagate
via DIZET and therefore can't be taken into account by the other codes which use only DIZET. It was
proved that the numerical influence of these terms at LEP2 energies is one order of magnitude less than
the typical precision tag.

New value C0NV=-l accomodates the choice aem(0) for the 7 exchange amplitude allowing the
calculation of the 'pure' Born observables, that was used for cross-checks of ISR QED convolution.

The interested reader may find further details on recent program developments at
/a fs /cern .ch/user /b /bardindy/publ ic /ZF6J30/
and at
h t t p : //www. if h. de/~riemann/Zf i t t e r / .

The most important conclusion which emerged from the tuned comparison with /C/CMC is that
at LEP2 energies it is not possible anymore to relay on a simplified treatment of EW boxes realized in
ZUTHSM branch of ZFITTER. EW boxes should be considered as a part of EW form factors and due to
their angular dependence the only way is to access them via ZUATSM branch of ZFITTER which was
already accessible in v.6.21 and was not specially updated during this workshop. However, one should
emphasize that the way of using of ZFITTER at LEP1 fails at LEP2 energies completely. In particular,
one should use C0NV=2 option allowing for running of EW form factors under the ISR convolution
integral. For more detail see Section 5.4.

Statement on the precision and the systematic errors:

See the other parts of this report, especially Sections 3, 5, and 6.

Statement on limitations:

ZFITTER should not be used for precision calculations of Bhabha cross sections. The correspond-
ing QED corrections have to be recalculated. The effective Born approximation for Bhabha scattering is
fixed to LEP 1 kinematics. It is relatively easy to improve the latter, but this has to be done yet.

ZFITTER should be used below it threshold. The implementation of the channel e+e~ —> tt is
underway.

4.14 Error specifications of ZFITTER

One should distinguish two main classes of sourses of theoretical errors. First are, so-called parametric
uncertainties, PU's, which are trivial: propagation of uncertainties of INPUT parameters results for an
uncertainties of the predictions. Here we present a study of PU's done with ZFITTER.

It seems reasonable to assume that the only PU's which are worth studying, are those due to
uncertainties in:
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• the running QED coupling a(s), due to errors in A a | a d for which we use

Aa5
had = 0.027782 ± 0.000254;

• the pole masses of b and c quarks, for which we adopt

Mb = 4.70 ± 0.15 GeV, Mb = 1.50 ± 0.25 GeV,

• the pole masses of the top quark, for which we take, PDG'98 value

Mt = 173.8 ± 5.2 GeV,

• Higgs boson mass, deserving more explanations.

(10)

(11)

(12)

Conventionally, we use in this report MH = 120 GeV as a preferred value. For its lower limit it is
reasonably to take MH « 100 GeV as the present lower limit established from direct searches at LEP1.
For upper limit we scanned the interval MH = 125 — 200 GeV, because the total (hadronic) cross
section shows up a non-monotonic behavior as a function of Higgs mass with a maximum at some value
from this interval. Parametric uncertainties due to MH variation are non-symmetric, since the value
MH = 120 GeV is chosen as the preferred value.

For the idealized quark observables we found the following largest variations (in per mil), when
we varied five above mentioned input parameters within indicated limits:

±0.05
±0.07 with negligible contribution from Mc

±1
+0.50 + - 0 . 8 5

L only
A a\ad, Mf,, Mc simultaneously
Mt only
MJJ only

One sees that parametric uncertainties due to Acc|arf, Mb, Mc, MH, Mt, do not exceed 1 per mil,
therefore the measurement of the total hadronic cross section at LEP2 will not contribute to further
improvement of top mass and of the upper limit for the Higgs boson mass.

Similar study for muonic idealized observables is summarized in two following tables.
Total cross-section (in per mil):

A a\ad, Mb, Mc simultaneously
Mt only

only

±0.4 with negligible contribution from Mc

±0.45
+0.40 + -0.60

Forward-backward asymmetry (in absolute units 10 3):

b, Mc simultaneously
only
only

±0.1 with negligible contribution from Mc

±0.15
+0.15 + - 0 . 2 1

For taus, one should expect similar estimates.

Given precision tag of LEP2 measurements, one shouldn't expect that they will add any improve-
ment to our knowledge of input parameters.
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4.15 Program GENTLE: tool for the 2-fermion physics

1) Author: Dmitri Bardin, Jochen Biebel, Michail Bilenky, Dietrich Lehner,
Arnd Leike, Alexander Olshevsky, Tord Riemann

2) Program: GENTLE/4fan v.2.11, June 2000

3) Can be obtained from /af s / ce rn . ch /user /b /bard indy/publ ic /Gent le2_l l /
h t t p : //www. if h. de /~r iemann/doc/Gent le /gent le . html

In this section we describe a new version of the code (GENTLE/4fan v .2 .11) , where several
features to extract effects of pair production in 2 / processes have been added. This version is an update
of the original GENTLE/4fan v.2.00 published in Ref. [182] (see also [183]). The results presented
in this section use intensively the approach of Ref. [184]. It was extended for a calculation of low-
invariant-mass fermionic pairs of the NC24 family. We remind first of all Feynman diagrams describing
this family. The NC24 process is a 4 / process

e+e~ /1/1/2/2 (13)

where /1

e.

e. There are eight diagrams of conversion type, or NC08 sub-set (Fig. 3):

h ^h
e+

h7,3 h

h

h

e.

h

h
Fig. 3: The NC08 sub-family of diagrams.

Next, there are eight pair-production-type diagrams (Fig. 4):

h /h h

h

Fig. 4: Second eight diagrams belonging to the NC24 process.

And finally eight diagrams obtained by interchanging /1 <-> /2 (Fig. 5):

Fig. 5: Third eight diagrams belonging to the NC24 process.

IPPS=1

IPPS=2
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There is one more diagram with the Higgs boson exchange which is termed the Higgs signal or
Higgsstrahlung contribution

Terminology, notation

These 24 diagrams may be considered as a 4 / background for a 2 / process. Their contribution to the
2 / signal could be naturally defined by imposing cuts on the four fermion state. Events surviving cuts
mimic the 2 / process.

To go further on, we have to provide several definitions.

The Born approximation for 2 / process is defined as

ISR convolution {e+e~ -» A / i } , (14)

i.e. an ISR convolution of a 2 / process with / i / i being termed as a the 'primary pair'.

Relative contribution of 4 / background processes, Figs 3-4, may be conveniently described in
terms of correction due to pair production (PP), which is defined by the ratio

_ ISR convolution {e+e~ —> /1/1/2/2}
pairs ISR convolution {e+e~-+/1/1}

In two last equations 'ISR convolution' stands for a rather standard approach

a(s) = / dxH(x, s)a[(l - x)s], (16)

where H(x, s) is a flux function and <r[(l — x)s] is a kernel (4 / or 2/) cross-section.

As far as /1 7̂  ji we have no questions which pair should be considered to be a 'primary' one
and which one — a 'secondary'. We may distinguish them by imposing different cuts Rcut and Pcut on
'primary pair', /1/1 and 'secondary pair' 72/210-

The invariant mass cuts are defined as

Mh
Rcut = > 0.01 inclusive, 0.7225 exclusive, (17)

s
M 2 -

Pent = —^ < 10~4 ,10-3 ,1(T2 , KT 1 ,1 all values.
s

From Eqn.(18) one sees that 'primary' pair is demanded to have large invariant mass, while 'secondary'
— small. We also present cut values which were used in this study. For Rcut we used two standard LEP2
values: 0.01 (inclusive selection) and 0.7225 (exclusive selection), while for Pcut we studied all allowed
range ranging from very tight cuts, 10~4, to a no cut situation, Pcut = 1.

We studied two processes with primary muon and hadron (quark) pairs:

e+e~ —» [J>+fJ<~, primary muons, (18)

e+e~ —> hadrons, primary quarks.
10Some question arises what to do if /1 = /2, say p. One may argue that one may distinguish them by requiring that one

pair has large invariant mass and another one small. Due to different cuts imposed the effects of Fermi statistics should be
negligible. Furthermore, GENTLE/4f an allows symmetric treatment of two pairs. Therefore, at least when all 24 diagrams are
included everything should be correct (modulo above mentioned interferences contributions) if one treats two muon pairs as
two pairs of different particles. Moreover, pfi is only one of eight 4f-channels in e+e~ —> yn/x. A similar problem occurs in the
consideration of the total hadronic cross-section, where five 4f-channels out of total 40 channels contain identical particles.
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Treatment of the secondary pairs deserves special discussion. We may describe them using
fermionic language similar for description of both 'primary' and 'secondary' pairs, i.e. sum up over
all fermion species:

e+e~,/ /+^~,r+r~,hadrons = u, d, c, s, 6-pairs. (19)

(NB: Neutrino secondary pairs are presently NOT included; they should and will be!)

This approach suffices, however, a serious drawback. As for primary pairs is concerned fermionic
language may be used without questions since pairs is requested to be hard. Even for inclusive selection
•^/l/i — O-2£7fceam > 38 GeV. On the contrary, secondary pairs are integrated from the production
threshold, 2mf, up to some typically large cut value 0.1 — 1. Therefore, we unavoidably cross the
region of low lying resonances where a description in terms of quarks fails completely. Fortunately, an
adequate language for the description of low-invariant-mass hadronic pairs using a parameterization for
the experimentally measured ratio R = cr{e+e~ —> hadrons)/<j(e+e~ —> muons) is elaborated in the
literature very well, see e.g. [181].

Virtual pairs

Virtual pairs have to be also added. There are ISR virtual pairs, see Fig. 6, FSR virtual pairs and initial-
final interference (IFIPP) virtual pairs. The latter are non-leading (see Ref. [92]) and not included in this
study.

Fig. 6: A typical example of virtual pair correction.

Feynman Diagrams (FD) and their selection with IPPS, IGONLY flags

In order to study relative contribution of various Feynman diagrams we implemented in the code a 'user
options' IPPS and IGONLY which allows to select sub-groups of diagrams:

IPPS=1 only ISPP is taken into account, see Fig. 3;
IPPS=2 only FSPP with the ordinary meaning of the 'secondary pair', Fig. 4 is included;
IPPS=3 only FSPP of Fig. 5 is accounted for; IPPS=4 all final pairs, both Fig. 4 and Fig. 5 together with
interferences among them are included;
IPPS=5 - IPPS=1© IPPS=2;
IPPS=6 - IPPS=1© IPPS=4;
IPPS=7 only real IFIPP is considered as a separate contribution;
IPPS=8 all three above sets of 24 diagrams are included;
IGONLY=1 only 7 exchanges everywhere;
IGONLY=2 the ordinary secondary pair is produced via 7 exchange;
IGONLY=3 all 7 and Z exchanges are allowed.
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4.16 Program GRC4f: tool for the 2-fermion physics

1) Author: J. Fujimoto et al.

2) Program: GRC4f v 2.1.39,
http://is2.kek.jp/ftp/kek/minami/grc4f/

A more complete references to the GRC4f program can be found in the 4-fermion chapter of this
report [183]. Here we address only the features relevant for the generation of a 4-fermion signal and
background sample for 2-fermion analyses, i.e. splitting the 4-fermion events in a sample representing
pair emission corrections to 2 fermions, and a true 4-fermion background sample.

The GRC4f Monte Carlo package allows the generation of 4-fermion events using Born-level
matrix elements (ME), convoluted with ISR photon radiation. It is possible to select the desired set of
Feynman diagrams for each final state fif i f2?2 by the user. The generation of a signal sample for
2-fermion pair corrections can be done in two ways:

A) Generating a 'signal diagram sample' using only those diagrams, which are considered as signal
in the respective definition, and applying the s' (and mass cuts) of the signal definition, to obtain a '4f
signal sample'. In addition a second sample with all non-signal diagrams (e.g. MP and ISS) is created,
which forms the '4f background sample' together with those events in the signal diagram sample which
fail the s' or mass cuts. In this method the (generally small) interferences between signal and background
diagrams are neglected in the background subtraction.

B) The '4f signal sample' is obtained from a set of Feynman diagrams, which is larger than the set
of signal diagrams. For each MC event a weight w is calculated with the help of the REW99 library [185],
which is given by the squared ratio of the matrix elements (ME) summed over all signal diagrams, divided
by the sum over all (signal+background) diagrams in the sample.

where s' or mass cuts can be included in the signal weight, by setting it to zero, if it fails the respective
cut. Using the weight ^background = 1 — ̂ signal one obtains a 4f background sample that accounts for
all interference effects between signal and background.

4.17 Program KORALW: tool for the 2-fermion physics

1) Author: S. Jadach, W. Ptaczek, M. Skrzypek, B.F.L. Ward and Z. Was

2) Program: KORALW 1.42.3

3) Available at: http://hpjmiady.ifj.edu.pl/programs/programs.html

4) Main references: [186]
[187]
[188]

KORALW allows generation of 4-fermion events. It is described in more detail in the 4-fermion
chapter of this report [183]. Here, only the features relevant to 2-fermion pair corrections will be ad-
dressed.

It is possible to select in KORALW the desired set of Feynman diagrams for each final state fif i
f2?2 by the user. For the moment various approximations of the matrix element have been introduced in
KoralW for the t̂/xr-f and partly for np.ee channels only. These approximations can be activated with the

329



dip-switch ISWITCH in the routine amp4f in the file ampli4f. g r c . all/amp4f. f The available settings
are:

• 0: CC03 (old option for WW final states),

• 1: all graphs,

• 2: ISNS7+z,

• 3: FSNS7+z rf pair to ee —* fip,,

• 4: ISNS7 +FSNS7 rf pair to ee -> pp..

• 5: ISNS7 rf pair.

• 6: FSNS7+2 fip. pair to ee —> rf,

• negative value: matrix element is calculated for all values of ISWITCH that are declared (set to
1) in ISW4f data statement. The appropriate weights are in this case available as wtset(40+i)
with i=l,...,6 as above (note that these weights will be modified along with the principal weight by
Coulomb correction and naive QCD, whenever applicable).

For other channels the approximations of matrix element can be introduced in a similar manner in the
file ampli4f. gr c. a l l / g r c4 f _ in i t / s e lg r f . f Some demo programs are available in the demo. p a i r s
directory, see README file for more information.

Note that the above described extensions of ISWITCH and demo . p a i r s directory are not included
in the distribution version 1.42.3 but will be provided as a separate file at the same h t t p location or can
be requested from the authors.

5 PHYSICS ISSUES AND DEDICATED STUDIES ON THEORETICAL ERRORS

In the present section we concentrate on two related subjects: the so-called 'tuned comparisons' of
the codes done by the authors of the given codes which are critical for the data interpretation at LEP2
energies. At the same time in these comparisons there is some leading 'physics precision theme', in other
words they have in mind to clarify a certain aspect of the theoretical errors, like for instance the question
of the IRS<S>FSR interference, or secondary pair corrections. The collections of these studies partly
represents what we really wanted to be discussed and partly represent the availability of the volunteers
who had the time and interest to provide them.

In this section we gather all studies of the above kind except for material on the secondary pair
contributions, to which we dedicate the next two sections, although they represent the same class of the
workshop activity.

In the section on tuned comparisons of JCKMC and ZFITTER some numerical results on the
importance of the electroweak boxes is included. We regret that it was not possible to include a more
complete numerical study of the electroweak boxes. In order to compensate for that at least partly, we
start the present section with a small section explaining what these EW boxes are and what are their
properties.

Since most of the studies in the present section concentrate on QED effects, the second small
subsection is devoted to methods of QED calculations and then we proceed to two sections which present
the tuned comparisons of /C/CMC and ZFITTER and a dedicated study on IRS0FSR interference, also
prepared by the JOCMC and ZFITTER teams.
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5.1 Electro weak boxes

The one-loop the non-QED or purely weak corrections may be represented as the sum of dressed 7 and
Z exchange amplitudes plus the contribution from weak box diagrams, i.e. ZZ and WW boxes, see
Fig. 7. The ZZ boxes are separately gauge-invariant.

p+ (Z, A) 7
* frA/WWVW» J«

> 4/wwwwi >„
e- (Z,^) /

W6« f/WVWWv\> 4

u

W u

Fig. 7: Full collection of QED and EW boxes.

If external fermion masses are neglected, then the complete one-loop amplitude (OLA) can be
described by only four scalar functions and by the running electromagnetic constant ctfer(s). Using
notation of Refs. [75,172,172] one may represent the dressed amplitude in terms of four scalar form
factors, Fij(s,t):

e2/(3)j(3)

J , t)

, t) lflFQQ{s,t)\;

where the xz (
s) denotes the Z boson propagator

(21)

(22)
a-M\+iaYzjMz '

The £-dependence is due to the weak boxes. On top of the A°L/\ there is the corrected 7-exchange

amplitude, which contains, by construction, only the QED running coupling a fe r(s):

The above electroweak boxes are numerically negligible below the WW threshold. At very high
energies, ~ 1 TeV they are known to be numerically very large, as was discussed recently in several
papers [189-192] in the context of the (im)possible exponentiation of the electroweak corrections (so-
called Sudakov double logarithms) in the non-Abelian theories with the spontaneous symmetry breaking.
They are therefore part of a rather interesting physical phenomenon. At LEP2 the EW boxes are just
rising from nothing to a few per cent level, see later in this section.

EW box corrections are well known and they are theoretically under good control. The only
possible issue is the technical precision of their implementation in the MC and other codes. It would
therefore be good to make additional tests of the existing codes in this direction.
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5.2 Selected aspects of QED calculations

Structure function approach
The basic principles and also details of the structure function approach used in the presented programs
are described in Ref. [102] for NUNUGPV and in Refs. [85-87,90] for LABSMC. The main goal of
these approaches is to use the exact matrix element for the given process and one (two ...) extra photons
and appropriate phase space whenever they are available and combine them into single prediction using
the LL structure function approach for fixing normalizations.

Parton shower approach
The QED radiative correction in the leading-log (LL) approximation can also be obtained using the
Monte Carlo method instead of the analytic formulae of the structure function. The details of this method,
QEDPS, can be found in Ref. [95]. Here we recall that the algorithm can maintain the exact kinematics
during the evolution of an electron. This specific feature of the QEDPS allows us to apply the QEDPS to
radiative processes, avoiding a double-counting problem. If one needs to know the precise distributions
of the hard photon(s) associated with some kernel process such as neutrino pair-production, one has to
use the exact matrix-elements including hard photon(s) with the soft-photon correction. Since the QEDPS
can provide complete kinematical information about the emitted photons and the virtual electrons, it is
easy to separate the soft photons from the parton shower not to go into the visible region. In addition
to this simple phase-space separation, the ordering of the electron virtuality is also required. During
the evolution of an electron the virtuality is monotonically increasing, which is realized naturally in the
QEDPS algorithm. A further condition must be imposed on the virtuality of the electron in the matrix-
elements after emitting the photon: It should be greater than the virtuality of the electron in the last stage
of QEDPS. This careful treatment to avoid the double-counting problem allows us precise predictions of
radiative photons.

Exponentiation
The exponentiation of QED and its realization in the form of the Monte Carlo is explained already in
detail in literature, see Sections 4.5, 4.3 and 4.1 for references; in the following let us concentrate on
relatively novel, and essential for establishing the precision required by experiments, subject of initial-
final-state interference.

5.3 QED ISR&FSR interference in cross section and charge asymmetry

Authors: AXMC and ZFITTER teams.

We start this section with characterizing the ISR<g>FSR interference (IFI) and listing/characterizing
the relevant literature and existing tools/codes for calculating IFI. The principal two subsections contain
comparisons of fCKMC and ZFITTER for the muon channel with ISR+FSR, with and without ISR0FSR,
for the total cross section and charge asymmetry. Finally we discuss the uncertainty of ISR0FSR, as
compared to LEP2 precision targets.

5.3.1 Overview of properties of the ISR®FSR interference

At LEP2 the QED ISR<g)FSR interference (IFI) is an order of magnitude bigger than at LEP1 because it is
not suppressed any more by the factor Tz/Mz- On the other hand the experimental errors are bigger, so
its importance has to be measured in terms of the target precision requirements defined in Section 2.1. All
main characteristics if IFI can be understood looking at the leading term in its the first order expression

9) = AQeQf° I n | ^ - I n i ^ | (24)
7T Eb 1 + COS 8

(which is also the 0 dependent part of the YFS/Sudakov form-factor). The above factor multiplies the
Born differential cross section. We see immediately that:

• IFI is growing for stronger cuts on maximum photon energy i?max —•• 0.
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• IFI always contributes to AFB, however, not necessarily to the total cross section, unless the Born
differential cross section is asymmetric itself. This is true at LEP2, where all muon and quark
asymmetries are large.

• IFI is proportional to the charge of the final fermion Qf, and consequently it is smaller for quarks
than for muons. In addition, for quarks the contributions from different channels tend to cancel
each other.

• It does not contain logs of fermion masses.

The above facts are illustrated in a more quantitative form in Table 12, where we show the values of the
IFI contributions to the /x— and q-pair channels at two LEP energies. They are calculated with K.KMC
for unrestricted cos# and a simple cut on the fermion pair invariant mass11 Mfj = Vs7- As we see,
the IFI contributions to AFB are the smallest for d, twice as large for u with an alternating sign, and
are the largest for /x. They increase for stronger cut on photon energy. Since AFB ~ 0.6 for all quarks
and /J,, consequently the magnitude of the IFI contribution of a shows the same pattern. For the typical
Z-exclusive vmax = 1 — s'min = 0.2, looking more closely into numbers, we find for the cross section
for muon pairs that the IFI contribution is about 2.4% of cr^, that is 6 times bigger than the precision tag
0.4% of Section 2.1. For quarks it is 0.5% of ah, that is two times bigger than the precision tag of 0.2%
listed in Section 2.1. For the Z-inclusive vmax = 0.9 we have the IFI of 0.4% of a^ versus the 0.4%
precision tag of Section 2.1 and 0.03% of ah versus 0.2% precision tag of Section 2.1. There is therefore
no doubt that IFI is important for LEP data analysis.

Table 12: The quantitative illustration of the main properties of IFI for q- and /i-pairs at two LEP energies.
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-0.0452 ±0.0010
0.0188 ±0.0007

-0.0423 ±0.0010
0.0193 ±0.0007

-0.0110 ±0.0008
0.0552 ±0.0017

0.0152 ±0.0065
-0.0242 ± 0.0060

0.0149 ±0.0065
-0.0239 ± 0.0058

0.0151 ± 0.0065
-0.0051 ± 0.0062

0.0457 ± 0.0071
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0.0090 ± 0.0006

-0.0178 ±0.0009
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-0.0050 ±0.0007
0.0239 ±0.0014
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-0.0104 ± 0.0047

0.0070 ± 0.0051
-0.0102 ± 0.0046

0.0071 ± 0.0052
-0.0024 ± 0.0049

0.0198 ±0.0050
ISR®FSR, i w , = 0.30, 189GeV

0.0066 ± 0.0006
-0.0163 ± 0.0008

0.0076 ± 0.0006
-0.0143 ± 0.0008

0.0079 ± 0.0006
-0.0040 ± 0.0007

0.0195 ± 0.0013

0.0055 ± 0.0049
-0.0086 ± 0.0045

0.0059 ±0.0049
-0.0085 ± 0.0044

0.0059 ±0.0049
-0.0020 ±0.0047

0.0161 ± 0.0048
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0.0008 ±0.0002
-0.0023 ±0.0003

0.0010 ± 0.0002
-0.0021 ± 0.0003

0.0008 ± 0.0002
-0.0003 ± 0.0002

0.0042 ± 0.0006

0.0016 ±0.0012
-0.0040 ± 0.0014

0.0018 ± 0.0012
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ff('<w)[pb], on,ax = 0.0.1. 206GeV
0.0194 ±0.0009

-0.0442 ± 0.0012
0.0191 ± 0.0009

-0.0423 ± 0.0012
0.0203 ± 0.0009

-0.0114 ±0.0010
0.0564 ± 0.0021

0.0153 ±0.0084
-0.0247 ± 0.0074

0.0152 ±0.0084
-0.0251 ± 0.0071

0.0149 ±0.0083
-0.0057 ± 0.0078

0.0482 ±0.0085
ISR®FSR, omax = 0.20, 206GeV
0.0079 ± 0.0008

-0.0193 ±0.0011
0.0078 ± 0.0008

-0.0181 ±0.0011
0.0087 ± 0.0008

-0.0057 ±0.0009
0.0238 ±0.0017

0.0071 ± 0.0066
-0.0102 ± 0.0057

0.0070 ±0.0066
-0.0109 ± 0.0056

0.0068 ±0.0066
-0.0025 ± 0.0061

0.0208 ±0.0061
ISR®FSR, iw< = 0..30, 206GeV
0.0061 ± 0.0008

-0.0163 ±0.0010
0.0067 ±0.0008

-0.0148 ±0.0010
0.0073 ±0.0008

-0.0048 ± 0.0009
0.0194 ± 0.0016

0.0060 ± 0.0063
-0.0085 ± 0.0054

0.0060 ± 0.0063
-0.0092 ± 0.0054

0.0057 ± 0.0063
-0.0021 ± 0.0058

0.0172 ± 0.0058
ISR®FSR, i-max = 0.90, 206GeV

0.0006 ± 0.0002
-0.0027 ± 0.0004

0.0005 ± 0.0002
-0.0025 ±0.0004

0.0009 ±0.0002
-0.0006 ±0.0003

0.0043 ± 0.0008

0.0017 ±0.0015
-0.0042 ± 0.0018

0.0017 ±0.0015
-0.0041 ±0.0018

0.0015 ±0.0015
-0.0007 ±0.0016

0.0070 ± 0.0026

"For realistic cuts the IFI contributions will be slightly smaller, by a factor ~ 0.8.
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5.3.2 Exponentiation oflFI

In the pure O(a1) calculation, see Eq. (24), it has been well known for a long time that the ISR&FSR
in the integrated cross section and in the charge asymmetry goes to infinity for the strong cuts on photon
energy Emax —*• 0, clearly an unphysical result. Furthermore, the angular distribution close cos# = ±1
gets singular behaviour of the kind ln((l - cos0)/(l + cos#). It is also well known for a long time
[38,193] that summing up properly the soft photon contributions cures both of these problems. This can
be schematically demonstrated as

l + * I F I ( c o s 0 ) - e
5 l F W ) . ( 2 5 )

What kind of practical consequence may we expect? For the typical experimental Z-exclusive cut s' >
0.80s and | cos 6 < 0.95| the effect of the exponentiation will be rather small. Most probably it is equally
or more important to convolute properly the ISR0FSR with the O(L2a2) ISR.

If Z radiative return is included in the phase space then the situation is more delicate. One hard
photon is necessarily emitted and from the real-photon C(a1) matrix element we know only that the
ISR<g>FSR is suppressed close to and across the Z-peak in s' distribution. Exponentiation in this case
means adding into the game a second and more real photons and the O(a2) virtual corrections. These
additional O(a2) and higher corrections are not exactly known/available, and in practice we can only
add them in the soft photon approximation. This is probably good enough for the LEP2 precision tag.
Such a scenario is already realized in the KKMC, see below.

5.3.3 Older works on IFI

In the older literature a rather complete treatment of IFI can be found in Ref. [136], where it is discussed
in the soft-photon approximation (no very hard photons), in exponentiated form12, including Z-resonance
and Z-radiative return (not too far from Z). Later works, at the beginning of LEP1 era, see Refs. [59,115,
116,194,195], see also LEP1 proceedings [79] have concentrated mainly on adding hard photons in the
game and removing certain approximations in the virtual corrections.

5.3.4 KORALZ Monte Carlo for IFI

The KORALZ [55] Monte Carlo offers the most solid benchmark for the O(a1) IFI without exponentia-
tion. The O(a1) part/option of KORALZ is an improved version of the program of Ref. [80] (exact 7-Z
boxes are added). It was well tested to a precision < 0.1% against analytical calculations in Ref. [59],
also far away from Z-resonance. It was also compared with the calculations of Ref. [116]. KORALZ
was already used in the first experimental studies of IFI at LEP1, see Refs. [196,197].

5.3.5 IFI from KKMC

The IFI is now implemented in the exponentiated form in the new MC event generator KKMC [49], see
Section 4.5. From the IFI point of view KKMC represents the complete O(a1) in exponentiated form
(Coherent Exclusive Exponentiation), however with some important extensions: (a) it convolutes IFI with
the second order ISR (and FSR) and (b) it does have for IFI the exact second order 2-7 matrix element.
It misses second order exact virtual corrections relevant for IFI (double boxes), but not completely, they
are included in the soft photon approximation.

The IFI numerical results from KKMC were already debugged/tested in Ref. [66] by comparing
them with the results of O(al) KORALZ without exponentiation (see above for more details). It was
found that the IFI correction to the total cross section and charge asymmetry from KKMC and O(a1)
KORALZ is about 2% and agrees to within < 0.2% for the common examples of Z-exclusive cuts, even
without a cut on cos#. One step further was also made in Ref. [66]: the KKMC results without the

I2The authors of this paper point out the Yennie-Frautschi-Suura [38] work as a prototype for IFI exponentiation.
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ISR0FSR were combined with the ISR0FSR of KORALZ ©(a1) ISR13. This kind of 'hybrid' KKMC
+ISR<g>FSR1_st.ord. result was compared with the exponentiated IFI of standard CEEX over the wide
range of photon energy cuts, for the total cross-section and charge asymmetry. Typical agreement of
< 0.2% was found for both Z-exclusive and Z-inclusive cuts. The biggest discrepancy was noticed to be
0.4% for the charge asymmetry for a Z-inclusive cut and for the cross section for certain values (far from
the experimental ones) for the Z-exclusive cut.

In Ref. [66J a preliminary comparison was also made for ISR0FSR between KXMC and ZFIT-
TER 6.11. Similar patterns of agreements and disagreements were found. This is not surprising, as
ZFITTER is also combining the ISR^FSRi-^.o^. without exponentiation with the rest of the calcula-
tion. The authors of Ref. [66] conclude that there is definitely room for improvement of our understand-
ing of ISR0FSR, especially for the Z-inclusive acceptance, but there is no emergency situation14.

5.3.6 Exponentiated IFI from ZFITTER

The recent version of ZFITTER includes ISR0FSR exponentiated according to Greco et al. [193]. We
call it in short ZFexp. This option will be available in the future edition of ZFITTER. The first version
which we tried in this comparison featured some numerical problems but after extensive tests it now
agrees rather well with KXMC. Note that if the ISRcgiFSR is correctly implemented in both programs
then we expect the agreement of order 0.1% for any Z-exclusive cuts, in particular the difference between
them should not increase for a strong cut.

5.3.7 Semianalytical estimate of soft limit

Before we come to numerical comparisons let us present a simple semi-analytical estimate of the IFI
contributions to cross-sections and charge asymmetry in the soft limit, in the case of the exponentiation of
IFI. The purpose is two-fold: (a) such expressions are useful in quick testing more complicated programs
like /C/CMC and ZFITTER, (b) they give non-trivial insight into higher orders. The IFI correction to total
cross section is

a _ a NolFl ! ^2.
SiFl{vm&x) = - ^ ^ i = 1 - 2AFBn In wmax + K2 In2 vmax I - + — ) + const, (26)

O~RXr> ^ ̂  t> /

NoIFI

'exp

where K — A^QeQf, ApB is Born asymmetry, and vmax — 1 - s'min/s ~ E&ax/Ebeam limits the
maximum energy of all soft photons. The constant part is related to non-IR parts of QED boxes. The
absence of big mass-logs along with In vmax in this formula is not an accident, this is the rigorous result of
the proper exponentiation of IFI to infinite order. This gives an argument for the lack of big enhancemet
factors like In .Emax/'Ebeam in the IFI corrections. Without such enhancement factors IFI at higher orders
will always be small, for instance at O{a2) it is of order K^ In ^ , that is ~ 0.05%. Similarly, one may
estimate the IFI correction to.

5AfB(Vl) = -K\nvm3X M21n(2) + | + 2AFBj + O(K2In2vmBX) + const. (27)

The precision of the above two formulas is 1%. It is enough to test the correctness of the soft limit. Later
on in the relevant figures results of the above formula are represented as an additional curve of black
dots.

13This method was described in Refs. [196,197] using KORALZ (^(a1) and KORALZ/YFS3, and used to estimate higher
orders to IFI at Z peak.

14The more complete summary/discussion on these tests can be also found in the presentation of S.J. at the June 1999 meeting
of LEPEWG, see transparencies on http://home.cern.ch/jadach
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5.3.8 Comparisons of KKMC and ZFITTER including IFI

The material of the present section, on tuned comparisons of /C/CMC and ZFITTER with IFI switched
on, will be continued later in Section 5.4 for the case when IFI is switched off, and can thus be regarded
as its extension. All presented numerical results will be for the muon channel with the cut on the effective
mass of the muon pair M^j = \fs', and no restriction on cos 6. The scattering angle 6 is defined15 as an
angle of yT with respect to e~. We shall discuss results for the total cross section first and for the charge
asymmetry later on16.

5.3.9 IFI in the cross section

As a warm-up exercise we present in Fig. 8 the comparison of /C/CMC and ZFITTER for IFI switched off
and on. Making the comparison for IFI switched off makes sense because in Section 5.4 the distribution
of Mfj = \fs' was not affected by FSR, and now it is. As we see in Fig. 8(a), in the case of no IFI
we recover the same level of agreement among /C/CMC, /C/Csem and ZFITTER at the level of 0.2%
as before. Encouraged by this, we switch on IFI and find in Fig. 8(a) that /C/CMC and two versions
of ZFITTER with and without exponentiation. The latter ZFITTER without exponentiation, let us call
ZFstd. As we see, all curves depart for /C/Csem (which has no IFI) by ~ 2% for Z-exclusive cuts and
~ 0.4% for Z-inclusive, and they agree fairly well to within ~ 0.2-0.3%. In the soft limit (the first point
in the curves is for s'max = 0.99s) ZFstd diverges by 4% from the /C/CMC and ZFexp.
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In the next Fig. 9(a) we look closer into the IFI effect in /C/CMC and ZFITTER, i.e. into the
difference due to switching on IFI in each program (version). In Fig. 9(a) we view the same results
plotted as the differences ZFITTER - /C/CMC. As we see, the difference ZFstd-/C/CMC is within 0.4%
for a wide range of the cuts, including typical Z-exclusive and Z-inclusive cuts, while the difference
ZFexp-/C/CMC is twice smaller, about 0.2% only, again for a wide range of the cuts. In the figures we
also show (black dots) the analytical estimate of the IFI exponentiated distribution. The estimate should
be valid to within 1% and its main aim is to test the soft photon limit. As we see the soft limit is correctly
reproduced for both /C/CMC and ZFexp, and their difference at s'max = 0.99s is also below 1%.

l5This angle definition makes little sense for Z radiative return at LEP2 energies where muon pair is very strongly boosted,
but we keep it for historical reasons.

16However, we should always keep in mind that IFI contributes primarily to AFB and secondarily to a, as already explained.
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5.3.10 IFI in the charge asymmetry

In Fig. 10(a) we show the comparison of KXMC and ZFITTER for the charge asymmetry, in the case
of IFI switched off. The agreement is within 0.25%, and it should be < 0.20% in view of the fact
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that /C/Csem and KXMC agree17 for AFB to within 0.1%, see Ref. [66]. The quality of the test is also
limited by MC statistics.

In the next plot of Fig. 10(b) we look into the IFI effect in the /C/CMC and in ZFITTER, that is into
the difference due to switching on IFI in each program (version). In Fig. 10(c) we view the same results
plotted as the difference ZFITTER — ICfCMC. As we see the the difference ZFstd—/C/CMC is within
0.4% for a wide range of the cuts, including typical Z-exclusive and Z-inclusive cuts. The difference
ZFexp—KXMC is smaller, about 0.25%. This agreement is within the required precision tag of 0.4%-
0.5% for AFB in Section 2.1. As for cross sections, we have also included in these plots the analytical
estimate of IFI contribution to asymmetry in the soft photon approximation. Results of /C/CMC agree
well with the analytical estimate in the soft limit. And what is also important the exponentiated version
of ZFITTER is much closer to /C/CMC than the older one.

Finally, we include also in Table 13 in a digital form, as a reference benchmark for further studies,
a subset of results which were presented visually in Figs. 9 and 10.

Table 13: Cross-sections and asymmetries from K.KMC, fCfCs&m andZFITTER at 189 GeV. The QEDISROFSR
interference is switched on/off. No cut on cos 6. We define v = 1 — s'/s.

v < 0.01
v < 0.10
v < 0.20
v < 0.30
v < 0.40
v <0.50
v < 0.60
v < 0.70
v < 0.80
v < 0.90
v < 0.99

v < 0.01
v < 0.10
v < 0.20
v < 0.30
v < 0.40
v < 0.50
v < 0.60
v < 0.70
v < 0.80
v < 0.90
v < 0.99

(a) /C/Csem Refer. (b) orask (c) ZF IFIoff (d) C V K (e) ZF IFIon (f) ZF IFIexp
abi+n-), PRIMITIVE, at 189GeV

1.6714 ±0.0000
2.5200 ± 0.0000
2.8484 ± 0.0000
3.0618 ± 0.0000
3.2284 ± 0.0000
3.3748 ± 0.0000
3.5215 ±0.0000
3.7223 ±0.0000
6.7047 ±0.0000
7.1472 ±0.0000
7.6171 ± 0.0000

1.6717 ±0.0022
2.5195 ±0.0026
2.8472 ± 0.0027
3.0608 ± 0.0028
3.2271 ± 0.0028
3.3743 ± 0.0029
3.5213 ±0.0029
3.7227 ± 0.0029
6.7127 ±0.0032
7.1564 ±0.0032
7.6320 ± 0.0032

1.6737 ±0.0000
2.5209 ±0.0000
2.8478 ± 0.0000
3.0602 ± 0.0000
3.2262 ± 0.0000
3.3722 ± 0.0000
3.5188 ±0.0000
3.7199 ±0.0000
6.7016 ±0.0000
7.1422 ±0.0000
7.6172 ± 0.0000

1.7706 ±0.0027
2.5987 ±0.0031
2.9160 ± 0.0032
3.1214 ±0.0033
3.2812 ±0.0033
3.4228 ±0.0034
3.5649 ± 0.0034
3.7618 ±0.0034
6.7410 ±0.0037
7.1849 ±0.0037
7.6599 ± 0.0037

1.8520 ±0.0000
2.6180 ±0.0000
2.9214 ±0.0000
3.1206 ±0.0000
3.2773 ±0.0000
3.4162 ±0.0000
3.5567 ±0.0000
3.7515 ± 0.0000
6.7287 ±0.0000
7.1701 ± 0.0000
7.6445 ± 0.0000

1.7819 ±0.0000
2.5955 ±0.0000
2.9124 ±0.0000
3.1190 ± 0.0000
3.2811 ± 0.0000
3.4241 ± 0.0000
3.5682 ± 0.0000
3.7667 ± 0.0000
6.7470 ±0.0000
7.1880 ±0.0000
7.6628 ±0.0000

AFB{ti+fi-), PRIMITIVE, at 189GeV
0.5656 ± 0.0000
0.5666 ± 0.0000
0.5678 ± 0.0000
0.5694 ± 0.0000
0.5715 ±0.0000
0.5745 ± 0.0000
0.5791 ±0.0000
0.5864 ±0.0000
0.3513 ±0.0000
0.3103 ±0.0000
0.2850 ±0.0000

0.5651 ±0.0015
0.5658 ±0.0012
0.5668 ± 0.0011
0.5678 ± 0.0010
0.5690 ±0.0010
0.5706 ± 0.0010
0.5722 ± 0.0009
0.5724 ± 0.0009
0.3372 ± 0.0005
0.3068 ± 0.0005
0.2866 ± 0.0004

0.5658 ±0.0000
0.5669 ±0.0000
0.5679 ± 0.0000
0.5688 ± 0.0000
0.5699 ± 0.0000
0.5712 ± 0.0000
0.5728 ± 0.0000
0.5735 ± 0.0000
0.3383 ± 0.0000
0.3064 ± 0.0000
0.2839 ±0.0000

0.6113 ±0.0018
0.5923 ± 0.0014
0.5874 ± 0.0013
0.5851 ±0.0012
0.5839 ±0.0012
0.5835 ±0.0011
0.5836 ±0.0011
0.5823 ±0.0011
0.3450 ± 0.0006
0.3139 ±0.0005
0.2930 ±0.0005

0.6492 ±0.0000
0.5991 ±0.0000
0.5899 ±0.0000
0.5859 ±0.0000
0.5839 ±0.0000
0.5830 ±0.0000
0.5828 ± 0.0000
0.5819 ±0.0000
0.3434 ± 0.0000
0.3110 ±0.0000
0.2879 ± 0.0000

0.6165 ± 0.0000
0.5912 ±0.0000
0.5868 ± 0.0000
0.5851 ± 0.0000
0.5844 ± 0.0000
0.5844 ± 0.0000
0.5849 ± 0.0000
0.5844 ±0.0000
0.3457 ±0.0000
0.3134 ±0.0000
0.2904 ±0.0000

5.3.11 Conclusion on the uncertainty of IFI

We have done the same at 206 GeV and all results are practically the same, because IFI depends on CMS
energy only very weekly (logarithmically at most).

Summarizing, for the /x-pair total cross section, the uncertainty of the IFI is ~ 0.2% well within the
precision target Sa^/a^ = 0.4% of Section 2.1 for both Z-inclusive and Z-exclusive cuts. For the /x-pair

I7We could not include KXsem in the present comparison for AFB because the agreement fCK.se.ra - /C/CMC was obtained
for the 6 definition in the Z rest frame [66]. Unfortunately ZFITTER cannot use such an angle, and we are forced to the CMS
definition of 6.
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charge asymmetry the uncertainty of the IFI is < 0.3%, also within the precision target 5ApB ~ 0.4-
0.5% of Section 2.1 for both Z-inclusive and Z-exclusive cuts.

As seen in Table 12, the IFI corrections is a factor 4-5 smaller in the hadronic ah than for <rM,
so by scaling down the ~ 0.2% uncertainty of the crM, we get something like ~ 0.05%, well below the
precision target Sah/ah = 0.1-0.2% of Section 2.1 for both Z-inclusive and Z-exclusive cuts.

5.4 Tuned comparison of ZFITTER 6.30 and /C/CMC 4.14

Authors: /C/CMC and ZFITTER teams.

The main aim of this section is to compare /C/CMC and ZFITTER for hadronic total cross sections.
In order to speed up calculations and make it easier to tune both programs, we have switched off the
ISROFSR interference. We included the muon channel in all tests, just as a reference calculation.

Both of the programs ZFITTER [75] and /C/CMC [49] use the same library of electroweak form-
factors (EWFF) DIZET [74]. The advantage is that we can, by comparing these programs, check very
well the technical precision of the implementation of EW corrections and the interplay of the EW and
QED corrections. However, for these comparisons we can draw little knowledge on the uncertainties of
the pure EW corrections in DIZET. For this, one may consult the section on ZFITTER in this report.
In the process of comparing /C/CMC and ZFITTER we have found out that the simple semianalytical
program /C/Csem is very useful, because it agrees always with /C/CMC but is, of course, much faster.
The implementation of EW corrections in /C/Csem is very similar to that in /C/CMC, that is it uses the
same look-up tables of s- and ^-dependent EWFFs18. We can use /C/Csem also because in this section
we restrict ourselves to the simplest possible cut vmax = 1 — s'min/s on the invariant mass of the fermion
pair, or the propagator-mass, no cut on cos 9.

5.4.1 The importance of the EW boxes and of running couplings

Let us begin with emphasizing the fact that the character of the electroweak corrections at LEP2 energies
changes dramatically with the onset of the so called 'EW-boxes', that is to say box diagrams with the
exchange of the W and Z bosons, see Fig. 7. These genuinely quantum-mechanical contributions, which
were negligible on Z resonances, are above 2% in the hadronic cross section at the highest LEP2 energies!
That is far bigger than the combined LEP2 experimental error, almost as big as typical QED effects. This
point is illustrated by Fig. 11 where we plot the cross section from /C/Csem and ZFITTER with EW boxes
switched off and from ICfCMC in which EW boxes are switched on19 (IBOXF=1 in DIZET). As we see,
at 206 GeV, for the typical Z-exclusive cut vm3X ~ 0.2, the EW boxes are the biggest for the ti-quark,
almost 4%, and after averaging over the five quarks20 they contribute slightly above 2%. For the muon
it is about 1%. We have also checked that at 189 GeV the contribution of the EW boxes is a factor 2
smaller, both for quarks and muons. Most probably the effect of EW boxes is slightly smaller for cross
sections with the cut on cos 0.

We would like therefore to stress that the proper implementation of the EW boxes is of paramount
importance for the interpretation of the hadronic total cross section and its energy dependence at the
LEP2 energies.

On the other hand, Fig. 11 represents also a nice technical cross-check of the implementation of
convolution of the QED ISR structure functions with the effective Born cross section in ZFITTER and
/C/Csem together with the use of DIZET for IBOXF=1. In both programs we used the SFs of Ref. [83]

18However, the effective Born distribution dajd cos 6 is programmed in AXsem independently and slightly differently, using
a subprogram from KORALZ and not the Kleiss-Stirling spinors of K.KMC.

19We could of course switch on EW boxes in ZFITTER and switch them off in /C/CMC - the plot is just byproduct of one of
our several tests.

20The discrepancy for 6-quark and Z-inclusive cut timax ~ 0.9 is most probably due to simplified implementation of QCD
FSR in KXsem

339



with the O(L3a3) corrections included. We also checked, by playing with the input flags of ZFITTER,
that changing from factorized SFs of Ref. [83] to the additive style of Ref. [198] and Ref. [143] (keeping
O(L3a3)) has very little influence (typically < 0.01%) on the cross section. The same exercise was done
at y/s = 189 GeV and 206 GeV, and (apart from slight discrepancy for the b-quark for the Z-inclusive
cut, which seems to be understood) the agreement was always consistently better than 0.2%.
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Fig. 11: Electroweak boxes are OFF for ZFITTER and /C/Csem and ON for /C/CMC. Cross section from ZFITTER,
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corrections are included.

5.4.2 All quarks channel by channel and muons, IFI switched off

In the next exercise we switch on EW-boxes and examine the difference between ZFITTER and K.KM.C
for quarks and muons. We keep also JCfCsem all the time in the game - this has proved to be very useful,
because at all stages of our comparisons we could often substitute the comparison among ZFITTER and
/C/CMC by faster comparison among ZFITTER and /C/Csem, profiting from the fact that the CPU time-
consuming comparisons between /C/Csem and /C/CMC were already done. The resulting comparison at
y/s = 206 GeV is shown in Fig. 12 and some extract of it also in a numerical form in Table 14. The
agreement is very good < 0.2%, for any value of the cut on propagator mass, for each quark, all quarks
and the muon (except for the 6-quark, Z-inclusive cut, see remarks above). The same kind of agreement
we observed for 200 GeV and 189 GeV, see Fig. 13 with the maximum discrepancies for hadrons < 0.2%
and for muons < 0.3% (a smaller statistical error is needed).

As we have learned during the process of comparisons, the agreement of Fig. 12 was not possible
to achieve without setting up properly the user options (flags) of ZFITTER. Flags which were good for
LEPl can not be used at LEP2, in particular one should not use the options for approximate treatment of
EW boxes (ZUTHSM interface). One should use instead the ZUATSM interface together with C0NV=2
standing for running electroweak couplings.
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On the /C/CMC //C/Csem part these problem did not arise, as they use only one method of imple-
menting EW boxes: through s- and ^-dependent EWFFs plugged in directly into spin amplitudes, before
squaring them.
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Table 14: The same results as in Fig. 12, for four values of the cut on the propagator mass, vm a x = 1 — smm/s-
The QED and QCD FSR corrections are included in both calculations.

/

d
u
s
c
b

all

d
u
s
c
b

all

d
u
s
c
b

all

d
u
s
c
b

all

(a) KfCsem \") V(a JCEBx (c) Zfitter 6.x (b-a)/a (c-a)/a
f r (w)[pb] , t w = 0.10, 206GeV

2.4763 ± 0.0000
4.0358 ± 0.0000
2.4763 ± 0.0000
4.0355 ± 0.0000
2.4887 ± 0.0000

15.5127 ±0.0000
2.3363 ± 0.0000

2.4755 ± 0.0024
4.0307 ± 0.0032
2.4763 ± 0.0024
4.0346 ± 0.0032
2.4862 ± 0.0024

15.5033 ± 0.0138
2.3370 ± 0.0018

2.4758 ± 0.0000
4.0340 ±0.0000
2.4758 ± 0.0000
4.0340 ± 0.0000
2.4888 ± 0.0000

15.5083 ± 0.0000
2.3400 ± 0.0000

-0.0003 ± 0.0010
-0.0013 ± 0.0008

0.0000 ± 0.0010
-0.0002 ± 0.0008
-0.0010 ±0.0010
-0.0006 ± 0.0009

0.0003 ± 0.0008

-0.0002 ± 0.0000
-0.0004 ± 0.0000
-0.0002 ± 0.0000
-0.0004 ± 0.0000

0.0000 ± 0.0000
-0.0003 ± 0.0000

0.0016 ±0.0000
o('Wx)[pb], vmm = 0.20, 206GeV

2.6991 ±0.0000
4.3887 ± 0.0000
2.6991 ± 0.0000
4.3884 ± 0.0000
2.7122 ± 0.0000

16.8875 ± 0.0000
2.5372 ± 0.0000

2.6984 ± 0.0025
4.3840 ± 0.0033
2.6993 ± 0.0025
4.3872 ± 0.0033
2.7090 ± 0.0025

16.8778 ± 0.0142
2.5381 ±0.0019

2.6986 ± 0.0000
4.3867 ±0.0000
2.6986 ± 0.0000
4.3867 ±0.0000
2.7124 ±0.0000

16.8831 ± 0.0000
2.5413 ±0.0000

-0.0003 ± 0.0009
-0.0011 ± 0.0008

0.0000 ± 0.0009
-0.0003 ± 0.0008
-0.0012 ± 0.0009
-0.0006 ± 0.0008

0.0004 ± 0.0007

-0.0002 ± 0.0000
-0.0004 ± 0.0000
-0.0002 ± 0.0000
-0.0004 ±0.0000

0.0001 ± 0.0000
-0.0003 ± 0.0000

0.0016 ±0.0000
o{vm^)\pb], vmax = 0.70. 206GeV

3.5101 ±0.0000
5.4587 ± 0.0000
3.5100 ±0.0000
5.4581 ±0.0000
3.5169 ±0.0000

21.4538 ±0.0000
3.0802 ± 0.0000

3.5087 ±0.0027
5.4533 ± 0.0035
3.5098 ±0.0027
5.4572 ±0.0035
3.5137 ±0.0027

21.4427 ±0.0150
3.0805 ± 0.0020

3.5098 ± 0.0000
5.4557 ±0.0000
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3.0853 ± 0.0000

-0.0004 ± 0.0008
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-0.0002 ± 0.0000
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15.5333 ± 0.0038
15.0976 ± 0.0042
15.5324 ± 0.0038
15.0886 ± 0.0042
15.2043 ± 0.0038
76.4561 ± 0.0198
5.8975 ± 0.0022

15.5050 ± 0.0000
15.0760 ±0.0000
15.5050 ± 0.0000
15.0740 ±0.0000
15.2771 ± 0.0000
76.4371 ± 0.0000

5.9010 ± 0.0000

0.0014 ± 0.0002
0.0009 ± 0.0003
0.0014 ± 0.0002
0.0010 ± 0.0003
0.0013 ± 0.0002
0.0012 ± 0.0003
0.0009 ± 0.0004

-0.0004 ±0.0000
-0.0006 ±0.0000
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0.0000 ±0.0000
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0.0009 ± 0.0000
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Fig. 14: Illustration of importance of running EWFFs. Plotted is the relative difference of DIZET cross-section
with the running of EWFFs switched off and /C/Csem with the running of EWFFs switched on.
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Finally, in Fig. 14, we would like to point out the importance of the running of EWFFs. The effect
is at most 0.1% for Z-exclusive cuts, but is very sizeable ~ 1-2% at the Z radiative return! It is a trivial
effect but it should not be forgotten. Of course, the running of EWFFs was unimportant at LEP1.

Summarizing, the main result of this section is that of Figs. 12 and 13. It was highly nontrivial to
get agreement at the level of ~0.2% of two large codes. These comparisons test strongly the procedures
in which pure EW corrections are combined with the QED in both programs and also the reliability of
the QED ISR. In particular results of these test do not invalidate the claim of JCK.MC authors that their
program controls ISR at the level of 0.2% for total cross section, both for Z-exclusive and Z-inclusive
acceptances. The ISR0FSR was excluded from the tests of the present section. They are done in another
section of this report dedicated entirely to this type of QED correction.

5.5 Pair effects

Let us concentrate in the present section on another class of corrections which is important for the sub-
percent precision tag as demanded by experiments: the pair corrections.

Real and virtual secondary fermion pair f2?2 corrections to primary 2-fermion fif i final states
constitute non-trivial problems, both experimentally and theoretically. The basis of the problems for real
pairs is the existence of several classes of Feynman diagrams, all leading to the final state fif i f2?2 , but
not all suitable of being considered as a radiative correction to fif 1 production. The definition of which
part of these fif 1 f2?2 processes should be taken as a radiative correction to fermion-pair production is
ambiguous. The most useful guidelines for such a definition are therefore its simplicity and generality,
and the achievable accuracy of both experimental measurements and theoretical predictions. The preci-
sion aims, as discussed earlier in this report, are e.g. for hadrons (fif 1 =qq) of the order 0.2% for the
'exclusive' high s' selection, and 0.1% for the inclusive selection, in order to be negligible with respect
to the LEP-combined statistical error of these measurements. This subsection will first discuss basic
features of possible 2f+4f signal definitions, identify the most useful choices, and describe their real-
ization in experimental measurements in terms of efficiency determination and background subtraction
and their realization in theoretical predictions. Finally a comparison between different choices of signal
definitions and different theoretical predictions is performed.

In order to set up a general framework for the analysis of pair corrections we largely follow the
approach of Ref. [199]. The key point of the analysis is the separation of pair corrections into two
components: signal and background. We begin by dividing real secondary pair f2?2 contributions to all
primary pairs fif 1 except electrons into four groups: (1) Multi-Peripheral MP, (2) Initial State Singlet
ISS, (3) Initial State Non-Singlet ISNS and (4) Final State FS. We further subdivide groups (3) and (4)
into the subgroups ISNS7, ISNS^, FS7, FS^, where the subscript denotes whether the secondary pair
f2f 2 is produced via a (virtual) 7 or Z boson. If one drops the condition, that for the FS diagrams the
primary pair fif! has to be that from e+e~ annihilation, there are in addition two interchanged diagrams
which we will denote SF7 and SF^, depending again on the boson decaying to f2f2 . The group (2) is
subdivided into ISS7 and ISSz, according to whether the incoming e + and e~ exchange a 7 or a Z. This
nomenclature is summarized in Figs. 15 to 21.

A

Fig. 15: The multi-peripheral (MP) group of diagrams.
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Fig. 16: The eight diagrams of the singlet group ISS7 and
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Fig. 17: The subgroup ISNS7 of the NC08 sub-family of diagrams.
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Fig. 18: The subgroup ISNSz of the NC08 sub-family of diagrams.
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h

Fig. 19: The four diagrams of subgroup FS7 belonging to the NC24 process.

h

h

h

Fig. 20: The four diagrams of subgroup FS# belonging to the NC24 process.
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h n x h
Fig. 21: The eight diagrams of subgroup SF7 and SFz belonging to the NC24 process.

Of course, all of these real pair diagrams come together with their corresponding virtual pairs in
vertex corrections. For primary electrons fif i = ee similar sets of diagrams can be plotted (not shown
here). The main difference from the above diagrams is that the ISNS and FS pairs have now to be attached
to both s- and t-channel e+e~ scattering. The ISNS and FS corrections for t-channel Bhabha scattering
are thereby identical to the ISS diagrams in Fig. 16 with the replacement of f].f i by f2?2 . In turn, the
singlet ISS diagrams for the t-channel Bhabha process are identical to the MP diagrams in Fig. 15 when
the ff 1 pair is taken as e+e^", and e^ forms the primary pair with the incoming ej". To have the same
nomenclature for electrons as for other primary pairs, we keep in the following the terms ISNS, FS and
ISS for pair corrections to t-channel Bhabha scattering, even if the corresponding diagrams are identical
to the ISS and MP in Figs. 16 and 15, respectively. The pair corrections to the Bhabha process are further
discussed in Section 4.7.

Appropriate theoretical calculations for ISNS and ISS pair corrections to primary pairs other than
electrons are available in the literature [68, 90, 137, 142, 144] with the precision 0.1% in the LEP2
range [144], matching the required experimental precision. If no cuts are applied on final-state pairs
the real+virtual FS contribution can be largely absorbed by evaluating the photonic final-state correc-
tion 81 using aem(s) instead of a(0), leaving a tiny residual uncertainty of 0.002% of the 2-fermion
cross-section at LEP2 energies [181].

Concerning the definition of the 4f signal, there are basically two different approaches

1. Choosing few (sub)groups of Feynman diagrams as signal definition in such a way that cuts
on masses and energies of the secondary ^h pairs can be avoided
This is a very useful approach for theoretical predictions, since it avoids the calculation of multi-
differential cross-sections for the radiated f2?2 pair. It potentially poses problems for experimental
measurements since (sub)groups of Feynman diagrams often cannot easily be extracted from full
4-vector four-fermion Monte Carlos like KORALW or GRC4f, and interference of signal and
background is possible.

2. Choosing (nearly) all groups of Feynman diagrams and rejecting the unwanted part of phase
space by cuts on masses and/or energies of the radiated f2?2 pair.
If the chosen groups match with those of typical 4-fermion generators, this definition is easy to im-
plement in experimental measurements, but can mean considerable calculation and programming
work for theoretical predictions.

The discussions in this workshop and in the 2f-LEP2 subgroup of the LEP electroweak working
group converged to a proposal for a LEP-wide definition of a 2f+4f signal, which will be detailed below.
It is made in such a way that it can nearly equivalently be expressed in both approaches, the definition
by diagrams (1), and the definition by cuts (2). Differences between the approaches are below 0.1%,
and therefore negligible compared to the experimental accuracy This means that experimentalists could
perform a measurement within approach (2), and compare it to a theory prediction with approach (1).
The proposal is close to a procedure first used by the OPAL experiment [200], and will be detailed in the
following.
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5.5.1 2f+4f signal definition by diagrams

The diagram-based choice for a 2f+4f signal definition is

• DEFINITION 1: ISNS7+FS7

No cuts are applied to the mass of the f2?2 pair. For the case of ISNS7 the primary pair is required
to pass the cut s'/s > J?Cut> where typical values for jf?cut at LEP2 are 0.7225 for the 'exclusive'
high s' selection and 0.01 for the 'inclusive' selection. The treatment of FS7 depends on the
s' definition. If the s-channel propagator mass is taken s' = M 2

 op, which is possible only in the
absence of initial-final state interference (IFI), no cuts are applied to FS7 . If one chooses to include
IFI in the measurement, one has to define s' = M2^ , and apply Rcut also to FS7.

The reasoning for the above choice of diagrams is that the bulk of the phase space of all other diagrams
looks kinematically very different from 2-fermion events, and is therefore rejected in most 2-fermion
selections. It would make little sense to re-introduce it via efficiency corrections, especially since the
modeling of MP and ISS due to poles for forward electrons or positrons is more inaccurate than for other
fif 1 h^2 diagrams. In addition MP, ISS (comprising Zee) and ISNSz (comprising ZZ) cover different
types of possible new physics contributions, which would hamper the interpretation of 2-fermion cross-
section measurements, if they were included in the 2f signal21.

Predictions for the above signal definition with the definition of s' = MprOp- can be obtained
easily from (even old versions) of the semianalytical programs ZFITTER and TOPAZ0. For example,
in ZFITTER versions up to 5.15 the corresponding full 2f+4f prediction was obtained setting the flags
FOT2=3 and INTF=FINR=0. This old pairs treatment is still available in the actual ZFITTER versions
using ISPP = — 1. For ZFITTER 6.21 onwards the flag setting corresponding to the above definition is
INTF = FINR = 0, FSPP = 0, ISPP>2. In TOPAZ0, version 4.4 the recommended flag setting is ONP=I,
for older versions ONP=Y should be used. For both programs the effect of real+virtual pair corrections
can be obtained from the difference to flag settings that switch off pairs (ISPP=0 in ZFITTER or ONP=N
in TOPAZ0).

After convolution of photon and pair radiation, the s' cut represents a cut on the combined effect
of the two. Different s' cuts for photons and pairs would require a rather complicated definition of s1.
For the definition s' = Mprop_ only initial-state photons and pairs have to be modeled. For the definition
5' = M 2 j the FS7 process is needed explicitly, which is only available from ZFITTER 6.30 onwards,
and not available in TOPAZ0. The corresponding flag setting in ZFITTER is INTF=2, FINR=1, FSPP=2
(orl), andISPP>4.

In the diagram-based signal definition there are no pairing ambiguities for four identical fermions,
since the pairing is known. The only potential problem remains for the ISNS7 subprocess ee —> 7*7* —+
ff f'P when both pairs fulfil the s' cut. Such an event is a signal both for a primary pair fif 1 =ff and fif 1
=ff , which is per se not a problem. Only if cross-sections of several channels are summed up, like
for hadronic final states, can this lead to double counting e.g. the same uuss event could be counted as
signal for fif 1 = uu and fif 1 = ss in the theory prediction, while it is counted only once by experimental
measurements. The amount of such double counting for hadrons depends on the s' cut. Obviously there
is no double counting for all i?Cut > 0.25 due to phase space. An estimate using fully simulated GRC4f
qqqq events shows that at i?cut = 0.01 the double counting is still below 10~4 of the qq cross-section,
which makes it truly negligible. Double counting can be fully avoided by imposing an additional cut of
Mf 1 > Mf j 2 . It is, however, not possible to apply such a cut in ZFITTER or TOPAZ0, but only in full
4-fermion generators like GRC4f or KORALW.

21If an experiment nevertheless chooses to also include ISS7 in its signal definition, the measurement can be converted to the
above definition correcting for the contribution of ISS7, which can be obtained from TOPAZ0 [69] by selecting OSING='SP"
or from ZFITTER versions 6.21 onwards, calculating the correction from the difference between IPSC=3 and IPSC=0 with flag
ISPP=2
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5.5.2 2f+4f signal definition by cuts

The cut-based choice for a 4f signal definition is

• DEFINITION 2: ISNS+FS, with a cut Mf2?2 < Mmax

In this case the meaning of ISNS and FS is ISNS=ISNS7+ISNSZ and FS=FS7+FSZ+SF7+SFZ.
This definition corresponds to using all fif i f2?2 diagrams with the exception of MP and ISS.
Both pairs, if passing the s' cut, can be taken as the primary pair. In order to suppress e.g. the
unwanted contribution from ZZ final states, a mass cut on the secondary pair is added. It will
be shown below that due to a plateau in the pair cross-section between the 7* peak at low f2? 2
masses and the Z peak at high f2f 2 masses, the details of this mass cut don't matter, as long it is
stays far enough from the Z peak and large enough not to cut appreciably into the ISNS7 and FS7

processes. Suitable choices for a fixed mass cut are Mmax = 50-80 GeV, while for a fractional
mass cut M2-, /s < PCut e.g. the values Pc u t = 0.10 and 0.15 are leading to acceptable ranges
of Mmax = 51-65 GeV and 62-80 GeV for the LEP2 centre-of-mass energies between 161 and
206 GeV.

The advantage of summing many diagrams is that experimental measurements are able to use full 4-
ferrriion MC generators which include all these diagrams and their interferences22.

Making no distinction between the various diagrams in 4-fermion generators and even including
the interchanged SF group leaves no choice for the s' definition other than s' = M2? . Only events
which fulfil both the above cut-based definition and the s' cut are counted as signal.

Concerning the potential double counting problem the same remarks as for the diagram-based
definition hold. In contrast to the diagram-based definition, however, questions arise for four identical
fermions, since the correct pairing is usually not known (see also the discussion in the footnote of Sec-
tion 4.15). This effect is still an open problem, since especially the rejection of ZZ events via the cut
on Mf j depends on the chosen pairing. For estimating the size of the effect, we have calculated the
amount of cut-based real signal pairs using four different pairing algorithms for qqqq events, simulated
with GRC4f. The pairing was chosen to maximize or minimize certain masses or mass sums as detailed
in Table 15. For high s' events the maximum observed difference between any two algorithms is ranging
from (0.06 ± 0.03) x 10~3 at 189 GeV to (0.08 ± 0.04) x 10~3 at 206 GeV, whereas for inclusive
events these numbers are (0.4 ±0.1) x 10~3 at 189 GeV and (0.8 ± 0.2) x 10~3 at 206 GeV. Taking
this difference as an estimate for the effect of wrong pairing, it increases with centre-of-mass energy as
expected from the increasing ZZ cross-section, but stays below 1 per mil even for inclusive hadrons at
the highest energies. The uncertainty due to pairing ambiguities can in principle be largely reduced by
correcting for the difference of a given pairing algorithm to the true pairing, which can be obtained using
the weights of the REW99 library [185] for GRC4f events.

As will be shown in the next subsection, for obtaining the correct 2f+4f selection efficiency and
the correct background in experimental measurements, it suffices to separate the 4-fermion final states,
i.e. the real pairs, into two samples, which form signal and background, respectively. Virtual pair
corrections are signal, but their size is irrelevant for the experimental measurements in first order. Real
pair signal samples with the above definition can be obtained e.g. with GRC4f or KORALW. In contrast,
for obtaining a theoretical prediction the sum of real and virtual pair corrections are needed. Due to mass
cuts on Mf2j2, this is not possible with ZFITTER or TOPAZ0 for the above cut-based signal definition.

22Again one could even go for an additional inclusion of ISS7 and ISSz diagrams here, which the 4-fermion generators
KORALW and GRC4f offer. This question is of no relevance for large J?Cut values above 0.4 or so, since the ISS contributions
are negligible there. For small iicut values of the order 0.01 the ISS contribution is appreciable (some per cent of the 2-f
cross-section). While for ISNS and FS+SF the cut on Mf2j2 nearly exclusively selects the ISNS-, and FS^ contributions, this
is not obviously the case for ISS. This might lead to non-negligible differences between the cut-based definition above and
the corresponding diagram-based definition ISNS7+FS7+ISS^. Since none of the LEP experiments included the ISS (7*/Zee)
process in their signal definition so far, this question has not been quantitatively addressed in this workshop.
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A new version 2.11 of GENTLE/4fan is able to calculate both real and virtual pair corrections with
mass cuts, where the flag setting corresponding to our above definition is IPPS=6, IG0NLY=3, and
-Pcut = 010- Another possibility is to add real pair corrections obtained from KORALW (or GRC4f) to
the virtual pair corrections, which have recently been implemented in the new version 4.14 of /C/CMC.

Table 15: Real hadronic pair cross-sections qqq'q' in pb, and relative corrections in per mil, obtained from GRC4f
for the process e+e~ —> hadrons at yfs = 189 GeV and 206 GeV for four different pairing algorithms applied to
the case of four identical quarks in the cut-based definition (2).

qqq'q'
•^cut

algorithm
m i n (M f 2 f 2 )
max(Mfi!i - Mhh)
max(Mfifi)
max(Mfifi + Mf,?J
algorithm
min(Mf2?2)
max(M f i? i-M f2?2)
max(Mfi?i)
max(M f i ? i+M f ,7J

^Real rReal

0.7225

CTReal ^Real

0.01
189 GeV

0.0159
0.0173
0.0173
0.0173

0.74
0.80
0.80
0.80

0.585
0.548
0.564
0.589

6.07
5.69
5.85
6.11

206 GeV
0.0117
0.0130
0.0130
0.0130

0.68
0.76
0.76
0.76

0.568
0.509
0.541
0.575

7.30
6.54
6.95
7.39

5.5.3 Background subtraction and efficiency determination

The total 2f+4f signal cross-section has the form

,Born , ^Virt , ^Real
a = a (28)

where <7Born is the (ISR convoluted) 2-fermion cross-section, <jReal is the (ISR convoluted) cross-section
with real pair emission, and aVir t is the (negative) correction due to virtual pairs. The effect of including
a part of the 4f final states as pair emission correction is twofold. First, obviously only those 4f events
which are not counted as 2f+4f signal contribution are to be subtracted as background. (Subtracting
wrongly all 4-fermion events as background which pass the 2-fermion selection, can, depending on the
s' cut, easily lead to mismeasurements larger than one per cent.) Second, the influence of the real signal
pairs on the selection efficiency has to be taken into account. We call in the following

Born
_ °"vis

Real

e4f =
_ ^vis

a Real

(29)

(30)

where the subscript 'vis' denotes the part of the cross-section for the respective process which passes all
selection cuts. It is a very good approximation to assume that the vertex corrections don't change the
selection efficiency, since they lead to the same final state, so that the efficiency for the 'Born+Virt' part
of the cross-section is still €2f. This leads to a total selection efficiency for the 2f+4f process of

e = jVirt + jReal
(31)

(32)

(33)
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where the expression has been expanded up to O(S2) in the second line and to O{5) in the third line.
Since 8 ~ 0.01 it is fully sufficient to retain the first order in 5, which means that the experimental
measurements need only to know the fraction S^^ of real pair emission, and are completely insensitive
to the virtual pair correction JVirt.

Even more transparently one can write the efficiency correction Ae = e — £2f = 5Real(e4f — e^f)
which means that the efficiency correction is the product of the real pairs fraction and the difference in
efficiencies between events with and without pairs. Moreover, if events with very soft or low-mass pairs
have identical selection efficiencies to events without pairs, they need not be explicitly modeled, which
justifies cutoffs for soft or low-mass pairs in explicit 4-vector MC generation. Such cutoffs modify 5ReaX

and e4f in such a way that the same efficiency correction emerges.

To give a feeling for the size of the effect of pairs on the selection efficiency, we have listed
in Table 16 some typical numbers for pair corrections in hadronic and muonic selection efficiencies,
obtained from a real pair simulation with the GRC4f generator at -y/i = 189 GeV using the cuts-based
signal definition (2) and the hadronic event selection of the OPAL experiment. The effect for the other
LEP experiments is of similar size.

Table 16: Efficiency corrections Ae for the selection of hadrons and muon pairs due to pair emission corrections
for the OPAL experiment at ^/s = 189 GeV. The meaning of the variables is given in the text.

•Rcut

^2f

e 4 f

jReal

Ae

e+e —» hadrons
0.7225
87.9%
83.2%
0.006

-0.02%

0.01
87.4%
79.7%
0.022

-0.17%

e+e~ —> M+/U~

0.7225
89.8%
86.4%
0.005

-0.02%

0.01
79.1%
54.6%
0.015

-0.37%

For the high s' selection the small fraction <5Real and the small difference between the efficiencies
€4f and 62f results in a very small efficiency correction, well below one per mil. Both numbers are larger
for the inclusive selections, so that the relative efficiency changes due to pairs for inclusive hadrons is
about 2 per mil (—0.17% absolute) and about 5 per mil for muons (—0.37% absolute). Note, that to
obtain these efficiency corrections both ISNS and FS real pairs have to be generated explicitly, which is
possible e.g. with the GRC4f or KORALW programs.

5.5.4 Pairs in semianalytical and Monte Carlo tools

For most of the programs, the treatment of pair corrections has been described in Section 4 of this
report. We summarize here the essential points in a comparison of all programs. The Feynman diagrams
included in the programs, and the availability of possible mass cuts are summarized in Table 17. It
is obvious that with the existing programs a large variety of signal definitions would in principle be
possible, though many of them would be accessible with one program only.

For our diagram-based and cut-based signal definitions we list here the features needed for predic-
tions and measurements of pair corrections.

• Theoretical prediction of diagram-based definition 1:
Virtual pairs,_ISNS7, desirably with common photon-pair exponentiation. For all primary pairs,
apart from fjf i = ee, this is available in ZFITTER, TOPAZ0, GENTLE, and in the combination
/C/CMC+KORALW. For fifi = ee only LABSMC has virtual and real pairs for s- and t-channel
Bhabhas, yet without photon-pair convolution.
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• Experimental measurement of diagram-based definition 1:
Complete event generation of ISNS7 and FS7, separable from other diagrams. For all primary
pairs this is possible in KORALW or GRC4f.

• Theoretical prediction of cut-based definition 2:
Virtual pairs and possibility of mass cuts on secondary pairs for ISNS, FS, and SF, desirably with
photon-pair convolution. For all primary pairs, apart from fif i = ee, this is possible in GENTLE
and /C/CMC+KORALW. For fif i = ee no program with these features exists.

• Experimental measurement of cut-based definition 2:
Complete event generation of ISNS, FS,and SF separable from other diagrams. For all primary
pairs this is possible in KORALW or GRC4f.

Obviously, ISS is needed for none of the two signal definitions above. Initial-final state interference (EFI)
of pairs is completely negligible for any signal definition. Both are nevertheless listed for completeness
in Table 17.

In the following sections we will give a broad variety of numerical results on pair corrections from
several programs. The programs will then be compared for the two 4-fermion signal definitions discussed
above.

Table 17: Summary of pair corrections available in various programs. For Feynman diagrams the possibility
of mass cuts on the secondary pair is indicated by 'mass'. The convolution of photons and pairs in a common
exponentiation is listed in the row 7-pair conv. IFI stands for interference of initial- and final-state pairs. Note
that for LABSMC the singlet contribution listed under ISS is in fact the multi-peripheral (MP) diagram ee—»eeff,
and ISNS, FS and SF refer to both s and t-channel Bhabha scattering. The last four rows indicate for which signal
definition theoretical predictions (th) are possible, and for which signal definition a full 4-fermion signal and
background event sample for experimental measurements (exp) can be obtained. For the 2f+4f signal definitions
'real' means that only real pairs can be calculated, and have to be combined with another program calculating the
virtual part 'virt'.

Program

virtual pairs
ISNS7

ISNSz
FS7

FSZ

SF7

SFZ

ISS7

ISSz
IFI
7-pair conv.
definition 1 (th)
definition 1 (exp)
definition 2 (th)
definition 2 (exp)

ZFITTER
yes
yes
no

mass
no
no
no
yes
no
no
yes
yes
no
no
no

TOPAZO
yes
yes
no
no
no
no
no
yes
no
no
yes
yes
no
no
no

K.KMC
yes
no
no
no
no
no
no
no
no
no
no
virt
no
virt
no

KORALW
no

mass
mass
mass
mass
mass
mass
mass
mass
yes
yes
real
yes
real
yes

GRC4f
no

mass
mass
mass
mass
mass
mass
mass
mass
yes
no

real
yes
real
yes

GENTLE
yes

mass
mass
mass
mass
mass
mass

no
no
yes
yes
yes
no
yes
no

LABSMC
yes
yes
no
yes
no
no
no

yes (MP)
no(MP)

no
no
yes
no
no
no
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5.5.5 Numerical results and conclusions from GENTLE

Numerical results obtained with the use of the code GENTLE_4fan v.2.11 23 are presented in the tables
and figures shown below. They contain £pairs defined by Eq. (15) in Section 4.15 for two processes:
e+e~ —> muons and e+e~ —> hadrons for two cuts on invariant mass of the primary pair i?cut = 0.01
and 0.7225 and three c.m.s. energies: 189, 200 and 206 GeV. The wide range of the cut on invariant mass
of the secondary pair was studied, Pcut = 10~4 — 1. Results for several typical selections of groups of
Feynman diagrams (IPPS, IGONLY) are shown.

In Tables 18 and Fig. 22 we show <5pajrs(Pcut) for the process e+e~ —> muons for two P c u t and
three c.m.s. energies. We note drastic dependence on Rcuu moderate energy dependence and plateau-
like Pcut dependence in cases when Z exchange is not included. Solid lines show &pajrs(Pcut) when only
ISPP mediated by 7 exchange is taken into account. Adding on top of it the FSPP has practically no
influence for i?cut = 0.01 and gives almost constant negative shift for Pccut = 0.7225. For the latter case
^pairs(Pcut) are very flat, practically no P c u t dependence is seen. For Rcut = 0.01, <5pairs(Pcut) exhibits
some P c u t dependence. Allowing Z exchange we observe an interesting phenomenon which we called
Z opening. It occurs when two cuts allow resonance production of the Z boson. We emphasize that Z
opening has nothing to do with Z radiative return (ZRR). As seen from the last Fig. 22 it takes place in
the case when the ISR convolution is ignored. Z opening is expected qualitatively, and from the figures
we may easily see its quantitative size. Z opening rapidly grows with energy, reaching half a per cent at
206 GeV. Therefore, it is relatively important and one has to bother about cutting of such events. (Blind
use of P c u t = 1 may be dangerous.)

In Fig. 22 we also show by dots ZFITTER v.6.30 results, which are shown only at Pcut = 1
since ZFITTER doesn't allow for cutting of ISPP. The agreement between GENTLE and ZFITTER is
at the level half a per mil for Rcut = 0.7225 and — one per mil for Rcut — 0.01. (Note much better
agreement for the case when the ISR is ignored.) It is not surprising since GENTLE and ZFITTER
exploit very different approach for the ISR convolution. ZFITTER uses fully expanded, order-by-order
additive approach (see Section 4.13.1). As far as pairs is concerned this means:

a{QED) = a(photonic) + a(pairs O(a2)) + a(O(a3)) + a(O(a4)), (34)

with the two last terms computed in Ref. [144] in the LLA (Leading Logarithmic Approximation). The
term a(O(a3)) represents the lowest order QED correction to the Born O(a2) pair production.

In the framework of the GENTLE-like 'multiplicative' approach one computes a convolution in-
tegral from a 4 / kernel, which takes into account multiple photon emission. So, the 1 per mil or better
agreement between GENTLE and ZFITTER is far from being trivial. Given completely different treat-
ments of ISR convolution we may trade the difference, which arises after convolution, for a measure of
the theoretical uncertainty which is due to ISR convolution.

One should note that ISR convolution is very important. Even for Rcui — 0.7225 it reaches 10%
while for i?cut = 0.01 it changes the result by a factor of three. Here, however, the bulk of the effect
is due to ZRR which enhances the denominator of Eq. (15) reducing thereby the factor <5pajrs(Pcut)
drastically.

The quantities 5pairs(Pcut) f° r t n e process e+e~ —> hadrons are shown in Tables 19 and Fig. 23.
They are very similar to the case of the process e+e~ —*• muons behaviour and actually the same discus-
sion applies for them. We note that the size of the effect is nearly two times bigger as compared to the
muon case. This is due to the fact that pair emission contributes strongly to the return to the Z, which
has a much larger hadronic branching fraction than the mixture of virtual photon and Z in the s-channel
propagator at the full centre-of-mass energy. Another funny feature of <5pairs(-Pcut)'s for the process
e+e~ —> hadrons is much better agreement between GENTLE and ZFITTER leading to an impossibility

23 Accessible from: /afs/cern.ch/user/b/bardindy/public/Gentlel.ll
also from the Gentle/Zeuthen homepage: http://www.ifh.de/~riemann/doc/Gentle/gentle.html
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to see the difference in the case if ISR is ignored. Therefore, in this case the difference seen in the first
three figures of Fig. 23 is totally due to ISR convolution.

Table 18: GENTLEALfan v.2.11. Process e+e~ ". IPPS - IGONLYrows. Hadroniclanguage.
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The eight Tables 20-21 contain the partial contributions to <5pairs, i-e- separately 20 channels for
five primary <8> four secondary pairs for the process e+e~ —*• hadrons: d, u, s,c,b <S> hadrons, e, fj,, r,
for IPPS=5, IGONLY=2 - [Ecm = 189, 206 GeV] ® [Pcut = 1.0, 0.7225];
for IPPS=6, IGONLY=3 - [Ecm = 189, 206 GeV] <g> [Pcut = 0.1, 0.7225].
The difference between two sets with IPPS=5, IGONLY=2 and IPPS=6, IGONLY=3 is due to PCut.
which is small owing to the plateau-like dependence, and due to Z exchange, which is also small since
Z doesn't open yet for a Pcut at 0.10.

Finally, two Tables 22 contain four partial contributions to £pairs f° r the process e+e~ —> muons
for the same set of input parameters. However, we show here both 'ISR off' and 'ISR on' cases and only
IPPS=5, IGONLY=2 selection. The 'ISR on' is similar to the process e+e~ —> hadrons properties and
the same discussion applies in this case.
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we show <5Pairs(.Pcut) computed without ISR convolution.
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Table 20: LEP2: GENTLE_4fan v.2.11, e+e~ ~* hadrons. Partial contributions. 11 -primary pair, I2-secondary
pair. 11,12 = 0 — hadrons^ 1 — e, 2 — //, 3 — r, 4 — d, 5 — u, 6 — 5, 7 — c, 8 — 6. Cross-sections in pb, <J's in
per mil. The parameters (IPPS,IGONLY)=(5,2) correspond to the diagram-based signal definition with 5' =
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Table 21: LEP2: GENTLE_4fan v.2.11, e+e~ -* hadrons. Partial contributions. 11-primary pair, I2-secondary
pair. 11,12 = 0 - hadrons, 1 - e, 2 - fi, 3 - r, 4 - d, b-u, 6 - s, 7 - c, 8 - 6 . Cross-sections in pb, <J's
in per mil. The parameters (IPPS,IGONLY)=(6,3) together with Pcut = 0.10 correspond to the cut-based signal
definition.
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Table 22: LEP2: GENTLE_4fan v.2.11, e+e —> muons. Partial contributions. 11-primary pair, I2-secondary
pair. Cross-sections in pb, <Ts in per mil. Upper part ISR off, lower part ISR on.

E = 189 GeV, Rcut = 0.01, Pcut = 1.0, IPPS=5, IGONLY=2
11

to
 
t
o
 
t
o
 
t
o •12

0
1
2
3

total

cr B o r r L

3.36252
3.36252
3.36252
3.36252
3.36252

(7 R e a l

0.03595
0.05601
0.01391
0.00403
0.10990

_Virt
°ISR

-0.00339
-0.01131
-0.00159
-0.00020
-0.01649

_Virt
°FSR

-0.00339
-0.01048
-0.00159
-0.00020
-0.01565

JKeal

10.6901
16.6584
4.1376
1.1979

32.6840

rVirt
°ISR

-1.0086
-3.3633
-0.4732
-0.0591
-4.9043

rVirt
°FSR

-1.0086
-3.1155
-0.4724
-0.0591
-4.6557

C^total

8.6729
10.1795
3.1920
1.0796

23.1240
E = 189 GeV, Rcut = 0.7225, Pcut = 1.0, IPPS=5, IGONLY=2

to
 
t
o
 
t
o
 
t
o

0
1
2
3

total

3.36252
3.36252
3.36252
3.36252
3.36252

0.00434
0.01778
0.00217
0.00019
0.02447

-0.00339
-0.01131
-0.00159
-0.00020
-0.01649

-0.00339
-0.01048
-0.00159
-0.00020
-0.01565

1.2893
5.2876
0.6442
0.0564
7.2774

-1.0086
-3.3633
-0.4732
-0.0591
-4.9043

-1.0086
-3.1155
-0.4724
-0.0591
-4.6557

-0.7280
-1.1913
-0.3015
-0.0618
-2.2826

E = 206 GeV, Rcut = 0.01, Pcut = 1.0, IPPS=5, IG0NLY=2
2
2
2
2

0
1
2
3

total

2.78510
2.78510
2.78510
2.78510
2.78510

0.03069
0.04657
0.01175
0.00351
0.09253

-0.00297
-0.00959
-0.00138
-0.00018
-0.01411

-0.00297
-0.00890
-0.00138
-0.00018
-0.01342

11.0197
16.7229
4.2203
1.2611

33.2241

-1.0651
-3.4419
-0.4949
-0.0649
-5.0667

-1.0651
-3.1941
-0.4940
-0.0649
-4.8181

8.8896
10.0869
3.2314
1.1314

23.3393
E = 206 GeF, Rcut = 0.7225, Pc u t - 1.0, IPPS=5, IG0NLY=2

to
 
t
o
 
t
o
 
t
o

0
1
2
3

total

2.78510
2.78510
2.78510
2.78510
2.78510

0.00380
0.01508
0.00188
0.00018
0.02093

-0.00297
-0.00959
-0.00138
-0.00018
-0.01411

-0.00297
-0.00890
-0.00138
-0.00018
-0.01342

1.3646
5.4133
0.6755
0.0630
7.5165

-1.0651
-3.4419
-0.4949
-0.0649
-5.0667

-1.0651
-3.1941
-0.4940
-0.0649
-4.8181

-0.7655
-1.2226
-0.3134
-0.0668
-2.3683

E = 189 GeV, Rcut = 0.01, Pcu t = 1.0, IPPS=5, IG0NLY=2

to
 
t
o
 
t
o
 
t
o

0
1
2
3

total

7.72785
7.72785
7.72785
7.72785
7.72785

0.04296
0.08124
0.01732
0.00439
0.14592

-0.00588
-0.02296
-0.00289
-0.00029
-0.03201

-0.00588
-0.02104
-0.00288
-0.00029
-0.03009

5.5589
10.5132
2.2416
0.5682

18.8819

-0.7608
-2.9704
-0.3739
-0.0370
-4.1420

-0.7608
-2.7226
-0.3730
-0.0370
-3.8933

4.0374
4.8201
1.4947
0.4943

10.8465
E = 189 GeV, Rmt = 0.7225, Pcut = 1.0, IPPS=5, IGONLY=2

2
2
2
2

0
1
2
3

total

3.15567
3.15567
3.15567
3.15567
3.15567

0.00374
0.01605
0.00189
0.00016
0.02183

-0.00315
-0.01057
-0.00148
-0.00018
-0.01539

-0.00315
-0.00979
-0.00148
-0.00018
-0.01460

1.1853
5.0858
0.5984
0.0491
6.9186

-0.9987
-3.3492
-0.4694
-0.0581
-4.8754

-0.9987
-3.1014
-0.4685
-0.0581
-4.6267

-0.8120
-1.3648
-0.3396
-0.0671
-2.5835

E = 206 GeV, Rcut = 0.01, Pcu t = 1.0, IPPS=5, IG0NLY=2

to
 
t
o
 
t
o
 
t
o

0
1
2
3

total

6.34605
6.34605
6.34605
6.34605
6.34605

0.03674
0.06755
0.01466
0.00385
0.12280

-0.00501
-0.01912
-0.00244
-0.00025
-0.02683

-0.00501
-0.01755
-0.00244
-0.00025
-0.02526

5.7896
10.6447
2.3101
0.6064

19.3508

-0.7900
-3.0133
-0.3853
-0.0398
-4.2284

-0.7900
-2.7655
-0.3844
-0.0398
-3.9798

4.2096
4.8658
1.5404
0.5268

11.1426
E = 206 GeV, Rcut = 0.7225, Pcut = 1.0, IPPS=5, IGONLY=2
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5.5.6 Results on pairs from KK.MC and KORALW

There is an intriguing possibility to define and realize with /C/CMC+KORALW an alternative definition
of the 2 / signal: 2 / Experimental Signal = 2 / signal without any pairs realized by:

• Eliminating completely all 4 / background together with other backgrounds and detector efficiency
using KORALW.

• Eliminating virtual pair contributions ~ 1% together with the ISR*FSR interference using KKM.C.

• Switching off pairs in ZFITTER or TOPAZO.

The above scenario was usually not emphasized in the past, because of the potential technical
difficulties with the MC integration, and the cancellation of the mass singularities. On the other hand,
while constructing the KORALW program, this application was kept in mind [78] and the appropriate
coverage of phase space integration was ensured. Together with the recent upgrade of /C/CMC with the
virtual pair form-factors this opens the way to the first exercises in this direction. The cancellation of
fermion masses in KORALW+KXMC is expected to be technically and physically as good as in the
semi-analytical programs that are compared with them24.

Note that that the evaluation of the experimental efficiency and elimination of the background
requires running KKM.C and KORALW anyway, so complete elimination of the secondary pair effects
would come essentially as a byproduct of the above procedure, with little theoretical uncertainty. Before
the above scenario could be realized several technical points needed to be checked:

• Even though a lot of technical tests were already performed on KORALW in all corners of 4 /
phase space, also with untagged electrons, additional tests need to be (re)done. As an example of
such technical tests we show in Fig. 24 the comparison of KORALW with analytical result of [137]
for the /i/xrf final state as a function of vcut = 1 - Rcut for y/s = 189 GeV. The r mass is set
equal to /J, mass. The three histograms correspond to different approximations of matrix element
in KORALW: ISNS7 (ISWITCH=5), ISNS7+^ (ISWITCH=2) and complete 4f (ISWITCH=1). Apart
from the discrepancy at the Z peak due to finite binning size, the semianalytical and corresponding
Monte Carlo results agree within the statistical errors. Another possible test is the comparison with
the semianalytical program GENTLE. This comparison is currently under study.

• For the sake of comparisons the option of reducing matrix element of KORALW to ISNS7, FSNS7

etc. has been introduced, as described in Section 4.17 of this Report.

• The virtual ISNS7 and FSNS7 terms have been incorporated into K.KMC as described in Sec-
tion 4.5.4 of this Report.

With both programs updated, as an example of the numerical results, the correction to the process ee —>
fj.fl due to emission of one real pair has been calculated by KORALW with the following cuts:

1. mass of /Lt/2 pair with highest mass bigger than (A) 0.9^/5 or (B) 0 . 4 ^ (two cuts);

2. angle of muon from /zji pair with highest mass with respect to the beam: | cos 0 J < 0.95;

3. sum of transverse momenta of neutrina less than 0.3(v/i - ]T) Ev).
24This approach to pairs was already realized in the case of Bhabha scattering in the BHLUMI 2.30 of Ref. [201], where

multiple real pairs are generated within the full exclusive phase space and the virtual and real pair corrections cancel numeri-
cally.
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Fig. 24: Total cross-sections [pb] for ee —• MJ'TT from KORALW MC in various approximations of matrix
element: ISNS7+,g: (big open circles), ISNS7 (small open circles), complete 4f (big dots) and semianalytical
ISNS7 of Ref. [137] (small dots) as a function of vcut = 1 - Rcut for ,/s = 189 GeV. Note that mT is set equal to

The calculation is quite fast and numerically stable. The cuts (A,B) correspond for example to
(roughly) IAleph5, IAleph6. The additional cut on neutrino is based on the L3 realistic cut on secondary
pair (Section 2.4). Its aim is to reduce the W-pair production background by requiring transverse energy
imbalance to be smaller than 0.3E,,;s. Together with the virtual component calculated by K,KMC the
results are summarized in Table 23.

Table 23: Pair corrections to ee -> pp calculated by KORALW (real) and /C/CMC (virtual) for yfs = 189 GeV.
All quark and lepton pairs are included. Cuts (A) and (B) are denned in the text.

Cut
A
B

crtot\pb]

2.67
6.70

KXMC avirt [pb]
-0.025 ±.001
-0.070 ±.001

KORALW (7real[pb]
+0.020 ± .001
+0.497 ± .006

The following comments are in order here:

(a) The areai of KORALW is with complete 4 / matrix element for all fermions f = d,u,s,c,b,ix,T,v's
and not the ISNS signal of the signal definition proposal outlined in Sections 5.5.1 and 5.5.2.

(b) Masses nif are taken 0.2 GeV for / = d,u,s and PDG values for the rest. Changing nif of light
quarks by factor two induces only Savirt/a = 0.04%!

(c) ISR was switched off in KORALW and on in KXMC.

(d) The virtual pair correction is —0.9% with little dependence on the cut on M^.
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(e) The electron channel dominates in real pair contributions.

This project is at the moment unfinished. In particular we have not discussed here the issues related
to bremsstrahlung. It is instructive to note in this context that one of the reasons that makes possible
numerical cancellation amongst two separate Monte Carlo programs is the fact that bremsstrahlung in
both KORALW and /C/CMC is implemented in the same way, based on the YFS principle. As there are a
number of different ways of simulating photonic cascades in different Monte Carlo codes this issue may
be a nontrivial one in some cases.

The merits of the above definition of the 2 / signal are to be judged by LEP experimentalists. The
authors of /C/CMC and KORALW will provide the tools if there is an interest. Finally let us also stress
that the tandem KORALW+KXMC can be useful not only for implementing the scenario 'without pairs'
decribed in the beginning of this section, but also for implementing any other two-fermion signal and for
comparisons with any other semianalytical or Monte Carlo programs. It is an equally important role.

5.5.7 Results on pairs from TOPAZO

Here we briefly describe the implementation of pairs in TOPAZO 25. Since version 4.4 (April 1999)
TOPAZO [69] allows the additional value ONP = ' I ' , where an extension of the Kuraev-Fadin (KF)
approach [90] for virtual pairs and for soft and exponentiated ISNS7 pairs is used; the extension is also
applicable to hadron pairs, because one uses KKKS results [137] for (9(a2) and writes it in terms of
moments. Then one matches it to KF and generalizes KF to soft and exponentiated hadrons pairs [202].

Next, one uses the generalized KF-approach for virtual + ISNS soft pairs and cut to the same
s' value of IS QED radiation, s' being the centre-of-mass energy of the e+e~ system after initial-state
radiation of photons and pairs. This choice, however, is not strictly needed.

Finally, one includes soft pairs only up to some cut A that is compatible with £ > A » 2m,
where E is the energy of the incoming electron(positron). Above it one uses ISNS7 hard pairs according
to the KKKS formulation but not added linearly, KKKS in convolution with IS QED radiation. The
radiator used here is a LL one, with options ORISPP = ' S ' (second order) and ORISPP = "T (third
order).

An old comparison with MIZA in the JMS [142] approach gave a nice agreement for energies
around the Z peak, below 0.03 per mil from 88 GeV to 94 GeV.

ISS7 pairs [68], i.e. ISS-pairs where the t-channel exchange is only via a photon, can be included
by selecting OSING = 'SP'.

After some tuned comparison with GENTLE/ZFITTER, version 4.4 of TOPAZO has been slightly
upgraded26 to cure instability problems in virtual pairs and in real r-pair production for very low values
of the s'-cut.

A sample of results is shown in Tables 24-27 where 5 (in per mil) is the relative effect of pair
production, a(pairs)/«j. Pair corrections are shown in Tables 24 and 25 for e+e~ —> hadrons and in
Tables 26 and 27 for e+e~~ —> /i+/u~ for the two values of s'/s and for -^/s = 189 GeV. Results are
shown for all secondary pairs both virtual and real. When compared with GENTLE's predictions in
hadronic language in Table 20 for hadrons and Table 22 (IPPS,IGONLY)=(5,2), ISR on, for muons we
observe a nice agreement everywhere for virtual pairs, with a maximum deviation of 0.1 per mil. When
we neglect FS7 pairs, not implemented in TOPAZO and compare the real pairs for hadrons with Table 20
it follows that for the total contribution to the hadronic cross-section the differences range from 0.9 per
mil when the radiative return is allowed (s'/s > 0.01) to 0.6 per mil when the radiative return is inhibited
(s'/s > 0.7225). Inclusion of FS7 would increase this difference somewhat. A comparison of the total
corrections to the options without FS pairs in GENTLE and ZFITTER in Table 33 shows a maximal

25Authors of the report thank G. Passarino for providing numerical results.
26(http://www. to. infn/~giampier/topaz0_v44_rs8_220600.f)
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difference of 1.7 per mil for hadrons. For muons we have a similar 1.5 per mil maximal difference in
Table 34. Note also that GENTLE - ZFITTER agreement is 0.5 -r 1 per mil with ZFITTER closer to
TOPAZO, so that we see a 0.7 per mil maximal difference between TOPAZO and ZFITTER.

Table 24: TOPAZO predictions for virtual (V), real (R) and total (T) pair-production corrections to e+e" —*
hadrons at y/s = 189 GeV and for s'/s > 0.01. Results are shown for all secondary pairs. All <Ts are in per mil.

e+e~

T+T-
hadrons

all

y/s = 189 GeV e+e- -»hadrons, s'/s = 0.01
rV.ISR
Orp

-2.91
-0.35
-0.03
-0.71
-4.00

jrR.ISR
O*p

+10.37
+2.57
+0.72
+6.76

+20.42

<-T,ISR
0rp
+7.46
+2.22
+0.69
+6.05

+16.42

Table 25: TOPAZO predictions for virtual (V), real (R) and total (T) pair-production corrections to e+e~ —»
hadrons at y/s = 189 GeV and for s'/s > 0.7225. Results are shown for all secondary pairs. All o~'s are in per
mil.

e+e

T+T-
hadrons

all

y/s = 189 GeV e+e- -> hadrons, s'/s = 0.7225

-3.42
-0.48
-0.06
-1.03
-4.99

rK.ibK
Orp
+2.93
+0.37
+0.05
+0.66
+4.01

r'l'.lSK
Orp
-0.49
-0.11
-0.01
-0.37
-0.98

Table 26: TOPAZO predictions for virtual (V), real (R) and total (T) pair-production corrections to e+e~
at y/s = 189 GeV and for s'/s > 0.01. Results are shown for all secondary pairs. All <5's are in per mil.

e+e
fi+fj.-
T+T-

hadrons
all

y/s = 189 GeV e+e- -> fi+fi', s'/s = 0.01

-2.98
-0.38
-0.04
-0.77
-4.17

rK,lSK

oT+8.52
+2.04
+0.57
+5.30

+16.43

rT.lSK

oT+5.54
+1.66
+0.53
+4.53

+ 12.26
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Table 27: TOPAZO predictions for virtual (V), real (R) and total (T) pair-production corrections to e+e —>
at y/s = 189 GeV and for s ' /s > 0.7225. Results are shown for all secondary pairs. AH J's are in per mil.

e+e

T+T~

hadrons
all

y/s = 189 GeV e+e~ -> /*+//-, s'/s = 0.7225
Orp

-3.31
-0.46
-0.06
-0.99
-4.83

rK.lSK

+2.79
+0.34
+0.05
+0.61
+3.80

rT'.lSSlt

-0.52
-0.12
-0.01
-0.38
-1.03

There are unsolved problems that will constitute the bulk of next TOPAZO upgrading. They are:

1. double-counting of real pairs and pairing ambiguities in the realistic language of hadrons, i.e. not
at the parton level;

2. identical particles in primary and secondary pairs;

3. splitting of real pairs into different channels, i.e. how to define e+e"
to Bhabha? e+e~ pair correction to crhad? Background?

4. flavour misinterpretation;

e+e bb, bb pair-correction

5. extension to Bhabha scattering, i.e. implementation of pair corrections with realistic cuts, collinear-
ity and energy thresholds, instead of simple s'-cuts.

Cutting on secondary pairs is not a real problem once pairing-double-counting ambiguities are
solved in hadronic language via Rhad- The reason why this cut was never implemented is that hadron
pairs are easily constructed in the language of moments [137] which requires integrating over the defined
secondary pair. If one cuts on it the answer is at parton level and should be folded with i?had ar>d,
presently, there is no routine capable of giving i?had(s) for 0 < 5 < 200 GeV without doing some extra
work at very low s and around the thresholds [203].

5.5.8 Results on pairs for Bhabhas from LABSMC

With the default version of LABSMC (i.e. without the multi-peripheral contribution) the sum of vir-
tual+real pair effects was determined for the Bhabha observables listed in Table 28. The corrections
were calculated with respect to the cross sections, where all other types of RC have already been applied.
There is a simple dependence of the size of corrections on the applied cuts. The strongest cuts on real
emission are there, the largest (and most negative) effect is coming out. The largest corrections are found
for some idealized observables, where also the final-state corrections do give a lot.

Concerning the multi-peripheral two-photon corrections, there are visible contributions only for a
few observables. The only large correction is for IOpal3 because of the wide range of allowed collinear-
ity and a very low energy threshold for electrons (1 GeV). For all other observables, not listed in Table 29,
the multi-peripheral reaction is cut away.

The accuracy on the above numbers can be estimated to be about 20%, which is mainly coming
from the uncertainty in the description of secondary hadronic pairs.

5.5.9 Comparison of results for hadrons and muons

In the following we shall compare the results of the different signal definitions obtained from various
programs for primary hadrons and primary muons. The Bhabha process will be discussed in the next
section.
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Real pairs

As explained above, only the amount of real secondary ISNS plus FS pair faf̂  emission enters the
experimental measurements of 2-fermion cross-sections. For all primary pairs apart from fjfi = ee
this contribution can be calculated in GENTLE, KORALW, and GRC4f. Since the checks of the new
KORALW code were not completely finished at the time of writing this report, we compare in the
following GRC4f and GENTLE, using the cut-based signal definition (2), which is realized in GENTLE
via IPPS=6, IG0NLY=3, and P c u t = 0.10. The GRC4f prediction has been obtained with method (A)
described in Section 4.16. Using method (B) gives consistent results. The result of the comparison
for qqf2?2 corrections to the process e+e~ —» hadrons at v

/s=189 GeV is listed in Table 30 and 31.
Comparisons at other centre-of-mass energies result in similar numbers.

Table 28: LABSMC corrections due to pairs in per mil of the cross-sections for the respective observables.
obs. 189 200 206 [GeV]

realistic observables
Aleph3
Aleph4
Delphi3
LT4
LT5
LT6
LT7
LT8
Opal3
Opal4
Opal5

-2.133
-2.281
-2.197
-2.618
-1.871
-0.887
-0.482
0.206
0.131

-2.626
-1.635

-2.180
-2.286
-2.228
-2.660
-1.894
-0.920
-0.668
0.150
0.014

-2.699
-1.669

-2.130
-2.287
-2.257
-2.684
-1.924
-0.889
-0.728
0.184
0.072

-2.706
-1.669

idealized observables
IAleph3
IAleph4
ILT4
ILT5
ILT6
ILT7
ILT8
IOpaB
IOpaI4
IOpalS

-5.846
-6.774
-5.322
-1.867
-0.885
-0.481
0.206
0.131

-2.716
-1.628

-6.009
-6.925
-5.427
-1.890
-0.918
-0.666
0.150
0.014

-2.691
-1.662

-5.994
-6.967
-5.451
-1.920
-0.887
-0.725
0.184
0.072

-2.699
-1.662

Table 29: LABSMC pair corrections due to multi-peripheral two-photon processes.

obs.
Delphi3
IOpal3
IOpal4
IOpal5

189
0.105
2.336
0.070
0.423

200
0.106
2.359
0.069
0.426

206 [GeV]
0.107
2.370
0.069
0.428

364



Table 30: Real pair cross-sections in pb, and relative corrections in per mil, obtained from GRC4f and GENTLE
for the process e+e~ —> hadrons at yfs = 189 GeV for high s' events of Rcut — 0.7225 according to the cut-
based definition (2). The last column lists the difference between GRC4f and GENTLE in per mil of the hadronic
cross-section. The errors given are statistical only.

flfl f2f2

qqee
qqfifj, + TT
qqqq
total qqf2f2

.,-Real
°GRC4f

0.090 ± 0.002
0.013 ±0.002
0.016 ±0.002
0.119 ±0.003

-Real
^GENTLE

0.073
0.010
0.018
0.100

xReal
°GRC4f

4.2 ±0.1
0.6 ±0.1
0.7 ±0.1
5.5 ±0.2

rReal
"GENTLE

3.4
0.4
0.8
4.6

A<5 R e a l

+0.8
+0.2
-0 .1
+0.9

Table 31: Real pair cross-sections in pb, and relative corrections in per mil, obtained from GRC4f and GENTLE
for the process e+e~ —> hadrons at ̂ /s = 189 GeV for inclusive events of i?Cut = 0.01. The last column lists the
difference between GRC4f and GENTLE in per mil of the hadronic cross-section. The errors given are statistical
only.

flfl f2f2

qqee
qq^/u, + TT

qqqq
total qqf2f2

-Real(TGRC4f
1.16 ±0.01
0.35 ± 0.01
0.58 ± 0.03
2.09 ± 0.03

,-RealaGENTLE
0.97
0.29
0.59
1.85

xReal
°GRC4f

12.1 ±0.1
3.6 ±0.1
6.0 ±0.3
21.7 ±0.3

jcReal
"GENTLE

10.1
3.0
6.1
19.2

A£Real

+2.0
+0.6
-0.1
+2.5

The results show that for secondary lepton pairs GRC4f has about 20% more real pairs than GEN-
TLE, though the difference is not statistically significant for /i/x and TT in the high s' sample. For
hadronic pairs there is perfect agreement, despite the fact that GENTLE uses a pure hadronic approach
(in terms of i?had) to obtain qqqq, while GRC4f calculates partonic corrections (where we have used
quark masses of mu = m& = 0.14 GeV) which have been a posteriori corrected for the effect of the low-
mass hadronic /?had r a t i° a nd of the running a e m via re-weighting of the GRC4f events (not available in
default GRC4f). These latter corrections have only a small impact on the comparison, since they tend to
cancel each other, if aem(s) has been used in the generation of the events, resulting in a total correction
of -0.001 pb and -0.01 pb for crgff^(qqqq) for Rcut = 0.7225 and 0.01, respectively.

The total real pairs difference between GRC4f and GENTLE in terms of the corresponding hadronic
cross-section is 0.9 per mil for the high s' selection and 2.5 per mil for the inclusive selection. A possi-
ble source of this difference is the more sophisticated treatment of common photon and pairs emission
in GENTLE while GRC4f simply attaches a photon radiator function to the 4-fermion matrix element.
Note that the agreement for qq pairs depends on the choice of quark masses in GRC4f.

Comparing with Table 16 it is evident that even in the worst case (inclusive muons) a 20% error
on #Reai means a relative error of 0.1% for the combined 2f+4f efficiency. One can therefore conclude
that GRC4f is adequate to calculate the influence of pair emission on the efficiency to better than 0.1%.

Comparison between signal definitions

Since the virtual pair corrections are identical for the above diagram-based (1), and cut-based (2) signal
definitions, the total difference between the definitions is given by the difference in the amount of real
pairs. Repeating the above calculations with the diagram-based signal definition (1), using the same s'
definition [i.e. IPPS=5, IGONLY=2, P c u t = 1.0 (no cut on secondary pairs) in GENTLE] results in
Table 32 of differences in real pair cross-sections.
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Table 32: Differences between diagram-based definition (1) and cut-based definition (2) for real pairs in per mil of
the hadronic cross-section, obtained from GRC4f and GENTLE for the process e+e~ —» hadrons at y/s = 189 GeV
for high s' events with i? c u t = 0.7225 and inclusive events with Rcat = 0.01. For Rcut = 0.7225 no significant
difference was observed within the statistical errors of the comparison in both programs. For qqee the diagram-
based definition was not available for GRC4f.

fifi f2fa
-Rcut
qqee
qq^fj, + TT
qqqq
total qqf2f 2

A rRealiA0GRC4f

0.7225

<0.1
<0.1

-

0.01

0.02 ±0.12
0.31 ±0.33

-

AJfReal
^ " G E N T L E

0.7225
< 0.0001
< 0.0001
< 0.0001
< 0.0001

0.01
0.04
0.07
0.18
0.29

This comparison shows that for inclusive hadrons the difference between the two definitions, as
predicted by GENTLE, is of order 10~4 for each class of pairs listed, amounting to a total of 2.9 x 10~4.
The results of GRC4f are consistent, though their sensitivity is limited by the statistical error of some
10~4. For high s' hadrons no difference between definitions 1 and 2 is visible even on the level of 10~7

in GENTLE.

Comparison of real+virtual pairs

In the following we compare as a typical example the sum of virtual and real pair corrections for primary
hadrons and primary muons at \ / (s) = 189 GeV for four different definitions of the secondary pair
signal:

A Diagram-based definition (1) with s' = Mprop

B Diagram-based definition (1) with s' = M?m

C Cut-based definition (2) with s' = M£v and PCut = 0.15

D Cut-based definition (2) with s' = M?m and PCut = 0.10

Table 33: Relative virtual + real pair corrections in per mil of the total cross-section for the process e+e —>
hadrons at y/s = 189 GeV for different signal definitions. A — means that this definition is not accessible in the
respective program.

Definition
•Rcut

A) diagram, 5' = M^ rop

B) diagram, s' - M?m

C) cuts, P c u t = 0.15
D)cuts, P c u t = 0.10
<*B — ̂ A

<̂ B — <5c
&B — <5D

G E N T L E ZFITTER TOPAZ0
0.01

14.72
14.74
14.64
14.45
0.02
0.10
0.29

15.76
15.82

0.06

16.42

-

GENTLE ZFITTER TOPAZ0
0.7225

-1.13
-1.45
-1.45
-1.45
-0.32

< 0.0001
< 0.0001

-0.92
-1.20

-0.29

-0.98

-
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+ eTable 34: Relative virtual + real pair corrections in per mil of the total cross-section for the process e+e
at yfs = 189 GeV for different signal definitions. A — means that this definition is not accessible in the respective
program.

Definition
Rcut
A) diagram, s' = M*
B) diagram, s' = Mfnv

C) cuts, P c u t = 0.15
D)cuts, Pcut = 0.10
#B - <̂ A

5B — 5c
5B — <fo

GENTLE ZFITTER TOPAZ0
0.01

10.73
10.84
10.72
10.57
0.11
0.12
0.27

11.73
11.96

0.23

12.26

-

GENTLE ZFITTER TOPAZ0
0.7225

-1.37
-2.58
-2.58
-2.58
-1.21

< 0.0001
< 0.0001

-1.00
-2.05

-1.05

-0.98

-

From these tables several conclusions can be drawn. The comparison between GENTLE, ZFIT-
TER, and TOPAZ0 for the diagram-based definition with s' = Mprop (A) reveals maximum differences
of 1.7 (1.5) per mil for inclusive hadrons (muons) and 0.2 (0.4) per mil for high s' hadrons (muons)
between any two of the programs. Differences between cut-based and diagram-based signal definitions
are between 1 and 3 x 10~~4 for inclusive selections for P c u t in the range from 0.10 to 0.15 (compare also
Table 32), and below 10~7 for the high s' selection, as long s' is defined as M?nv everywhere. Whereas
for the inclusive selections the difference between s' = Mprop and s' = M^ v is at most 0.2 per mil, it is
about 0.3 (1.1) per mil for high s' hadrons (muons). Compared to the LEP-combined statistical precision
of the measurements all these differences are small. Even the 1.7 per mil difference between GENTLE
and TOPAZ0 for inclusive hadrons is only about half of the expected LEP-combined statistical error,
summed over all centre-of-mass energies, and is thus not far from the precision tag of 1.1 per mil.

5.5.10 Results for Bhabhas

There is only one program, LABSMC, which is able to calculate virtual+real pair effects for s+1 channel
Bhabha scattering for the signal definition given above. Therefore a comparisons like the one performed
above for hadrons and muons cannot be done for primary electron pairs. We just state here that the pair
corrections for idealized observables range from +0.2 per mil for ILT8 to —7.0 per mil for IAlepb.4.
Largish corrections between 5 and 7 per mil occur only for observables which cut hard on M-mv. For
them a relative accuracy of 20-30% would be needed to meet the experimental precision tags, which are
between 0.13 and 0.21% for the cross-sections. All other corrections are below 3 per mil so that for them
a 50% pair correction accuracy would suffice. The author of LABSMC estimates a relative accuracy of
20% for pair corrections, which would mean that all experimental precision requirements are met. Yet, it
would be very valuable if the pair corrections in LABSMC could be cross-checked against another code.

5.5.11 Conclusions for pair effects

Shortly before and during this workshop a lot of new code for pair corrections at LEP2 was developed.
Before 1999, essentially only the diagram-based pair correction with s' = Mprop, i.e. inclusive FS pairs,
could be calculated by ZFITTER and TOPAZ0 for all primary pairs apart from electrons. Common
exponentiation of initial-state photons and ISNS7 pairs for energies away from the Z-peak as well as
optional ISS7 pairs were implemented in both codes in 1999. ZFITTER has now been upgraded to
include explicit FS7 with the possibility of mass cuts. The new GENTLE/4fan offers even more options
with mass cuts on all pairs and inclusion of pairs from virtual Z's and swapped FS diagrams. Finally a
new powerful combination of KKMC and KOR ALW is being developed which contributed first numbers
to this document. This makes a whole variety of options for pair treatment available.
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The main achievements of the pair study described above are:

• A proposal for a signal definition which can be, to better than 0.1% accuracy, defined either based
on (experiment oriented) cuts or on (theory oriented) diagrams.

• The determination of efficiency corrections using full event generators has been checked for GRC4f
to a precision of 0.1%, from a comparison of real pair cross-sections with GENTLE.

• Double counting of hadronic events has been studied with GRC4f and found to be smaller than
10-4.

• Problems of pairing ambiguities for four identical fermions become increasingly important with
the larger ZZ cross-sections at high energies, especially for inclusive measurements with the signal
definitions adopted here. From varying pairing algorithms, a worst-case difference of 0.8 per mil
was found for inclusive hadrons at 206 GeV.

• Differences for pair corrections between s' definitions via the propagator or primary pair mass in
the diagram-based approach have been determined. GENTLE and ZFITTER both find them to be
about 0.3 (1.1) per mil for high s' hadrons (muons).

• Maximum differences for the diagram-based pair correction of 1.7 (1.5) per mil for inclusive
hadrons (muons) and 0.2 (0.4) per mil for high s' hadrons (muons) between any two of the pro-
grams GENTLE, ZFITTER and TOPAZ0 have been found.

• A first complete calculation of pair corrections for Bhabhas has been done by LABSMC.

We conclude that for the proposed signal definition sufficient comparisons have been performed
to be confident that the above numbers are limitations of the theoretical uncertainties. With the exception
of the 1.7 per mil difference for inclusive hadrons, which is slightly above the respective precision tag of
1.1 per mil, all theoretical uncertainties are well below the experimental precision tags. For other signal
definitions, however, uncertainties have not been checked systematically. Some more information is
present from the tables presented in this section. It is in any case not advisable to chose a signal definition
for pairs that can be calculated by one program only. Especially for the case of Bhabha scattering it would
be highly desirable to have more than one code predicting the effects of secondary pairs. Improvements
are still expected in GENTLE, TOPAZ0 and KXMC+KORALW.

6 SUMMARY

In this report we have addressed the question of uncertainties of the predictions of theoretical calculations
for quantities measured in LEP2 experiments (LEP2 observables). We also have studied uncertainties in
relating measured quantities to theoretical predictions, via signal definitions and acceptance corrections,
especially for the effect of secondary pair radiation, and to a lesser degree wide angle Bhabha scatter-
ing. The calculations were contributed by several theoretical groups and are implemented using various
techniques and approaches embodied in most cases in Monte Carlos, but also in semi-analytical codes -
most of them are already in use in all LEP2 collaborations. We tried to cover all two-fermion processes:
production of quark-, muon- and tau-pairs, the Bhabha process. Considerable effort was also invested
in the processes with (additional) tagged single and double photons. The neutrino channel and Bhabha
channel are of course the most important in this class. The whole analysis of the theoretical prediction
was done for the rather complete list of LEP2 observables, which we tried to have as close as possible
to the ones used by LEP experiments. Most of the collected theoretical predictions are for simplified
experimental acceptances (so called idealized observables), but we also tried, not without some success,
to produce and discuss theoretical predictions for realistic LEP2 observables.
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Already from the beginning of the work of our two-fermion group it was expected that for the full
LEP2 statistics the most important issues in the evaluation of the theoretical uncertainties would be:

1. production of secondary pairs,

2. QED initial-final state interference,

3. precise cross-checks of QED initial-state radiation and multi-photon effects,

4. numerical cross-checks of the electroweak corrections.

The QED parts of the calculations have turned out to be under very good control; the biggest and
most important contributions from the initial-state radiation (which is up to 200%) is now under control
down to 0.2-0.4% (final-state radiation included) in most cases.

The initial-final state interference, which is ~ 2%, is now controlled down to 0.2%.

The above is true for the ordinary two-fermion LEP2 observables, which do not require the pres-
ence of one or two visible (tagged) photons. In the case of tagged photons the achieved precision varies
with the type of the cut and is typically 4% for the vv^ observables, 3% for Bhabha and 1% for /x+/x~7,
or T + T ~ 7 . The initial-final state interference has turned out to be rather important for the observables
with tagged photons.

For the Bhabha process the QED bremsstrahlung was found to be one of the main sources of
uncertainties for the end-cap observables. For the LEP2 observables relying on the data from the barrel
(wide angle) detector only, there is a sizeable contribution from the electroweak part of the calculation.
We were unable to explore this subject before the end of the workshop.

In the work of our group we did not have a chance to scrutinize once again the pure electroweak
corrections. To some extent it was already done in the earlier LEP workshops, so one could say that it is
not really necessary, on the other hand it is always necessary to cross-check the codes like ZFITTER and
/C/CMC used by LEP2 experiments once again, on every possible aspect. We clearly recommend that it
should be done in the near future.

As a collorary of the tests of ZFITTER and /C/CMC we have noticed that the numerical contribution
from the so-called electroweak boxes, which is negligible at LEP1, and is still rather small at lower CMS
energies of LEP2 like 189 GeV, is, however, already quite large ~ 2% at higher LEP2 energies like
206 GeV. In other words, as far as electroweak phenomena are concerned, the LEP experiments at the
LEP2 top energies start to be in the same situation as the future Linear Colliders!

The production of the secondary pairs was at the top of the list of priorities of this workshop. We
have come up with a proposal for a 2-fermion signal definition including pair radiation, which is simple
and equally applicable to all final-state fermions, from electrons to hadrons, and to all s' cuts. This
signal definition comes in fact optionally as a diagram-based or as a cut-based definition, where the one
best suited for the given experimental or theoretical setup can be chosen. All definitions are numerically
identical within 0.3 per mil for hadrons and 1.1 per mil for muons for any s' cut.

For this set of signal definitions we have performed a broad variety of comparisons and tests, start-
ing from effects like pairing ambiguities, double counting, and efficiency corrections, eventually leading
to a comparison between different theoretical codes for computing real and virtual pair corrections. Un-
certainties and biases resulting from these studies were found to range from below 0.1 per mil to at
most 1.7 per mil of the 2-fermion cross-sections. This corresponds to up to 20% relative uncertainties
on the pair corrections. Some theoretical codes have provided results also for other definitions of pair
signals, which are however often calculable by one code, only. This situation is expected to improve
with forthcoming upgrades of GENTLE, TOPAZ0 and /C/CMC+KORALW. For the Bhabha scattering
process, only one theoretical calculation of pair effects is available for the proposed signal definition.
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In the immediate future after the present workshop we would most urgently recommend cross-
checks for the purely electroweak corrections, especially for wide angle Bhabha, and for secondary pair
corrections for the Bhabha process.

There seem to be few unresolved problems as far as QED is concerned, except for certain observ-
ables with the tagged photons e+e~ —> vv^j and (to a lesser degree) for wide angle Bhabhas, where
further improvements of the theoretical precision by a factor 4-10 are necessary.

Table 35: Comparison of the typical theoretical uncertainties with the typical experimental precision tags

class of observables
e+e- -» qq(j)
e+e~ —> /x+/i~(7)
e+e~ — » T + T ~ ( 7 )

e+e~ —> e+e~(7) (endcap)
e+e~ —> e+e~(7) (barrel)
e+e~ —>e+e~7
e + e - _»J+J- 7

e+e~ —> v£7

theoretical uncertainty
0.26%
0.4%
0.4%
0.5%
2.0%
3%
1%
4%

experimental precision tag
0.1%-0.2%
0.4% -0.5%
0.4% -0.6%

0.13%
0.21%
1.5%
1.5%
0.5%

We tried to summarize all of the above information once again in Table 35, where we list the
theoretical precisions attained in our study for the LEP2 observables defined in Section 2 in comparison
with typical ultimate experimental requirements for combined LEP2 data.
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