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Abstract

After a brief overview of the experimental status on colour coherence at LEP we will focus on
two recent approaches to the subject: the sub-jet multiplicities and the azimuthal correlations
between pair of particles.
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1 Introduction
The high statistics in Z0-* hadrons provided by the LEP collider gives us an opportunity
to look in more detail at jet physics. Jets of hadrons are described by a perturbative QCD
approach which uses the parton shower picture for multiparton final states [I]. Such a
leading logarithm approximation (LLA) is the basis of many analytical calculations as well
as MC models. Summing up all the relevant amplitudes associated with gluon radiation \
leads to destructive interference phenomena (coherence effects), which can be classified in j
two types. The first type deals with the angular ordering (AO) of soft parton emission j
within a jet, averaging in azimuth around the hard parton direction [2]. The other type j
-the string effect- deals with emission at large angle of soft gluons and is associated with
the whole jet ensemble when more than two hard partons are involved in the final state [3].
The main problem we have to face when testing QCD is related to the transition from the
confined partons to the observed hadrons. This transition which occurs at low momentum
transfer is not computable in perturbative QCD, so one has to rely either on some hypothesis
like local parton hadron duality (LPHD) [4] or one has to use hadronisation models (string,
cluster, independent fragmentation) [5]. LPHD assumes that hadronisation does not disturb
too much the partonic distributions. Thus, the hadron flow follows and is proportional to
the parton flow. Concerning the models, one will refer in the following to 'coherent' parton
shower models (ARIADNE, JETSET, HERWIG, NNLJET) which include some coherence
effects through AO, and to 'incoherent' models for which coherence effects are switched off
(JETSET) or are absent (COJETS). See [5] for details of these models.

Due to the limited space available for this report, only a brief overview of the experimental
situation is given, after which we will focus our attention on the more recent studies: the
sub-jet multiplicities and the azimuthal correlations.

2 Brief overview of the experimental situation

Shortly after the startup of LEP, the string effect [6] and single particle inclusive momentum
spectrum [7] were measured, continuing the studies done at PETRA and PEP [8]. Rapidly,
other approaches based on new analytical calculations have been developed to study co-
herence phenomena like the two-particle-momentum-correlations (TPMC) [9], the sub-jet
multiplicities [10] both related to AO, and azimuthal correlations [11] related to the string
effect.

Let us first illustrate coherence effects due to AO through the most recent measurement
of the A andE" momentum spectra as function of £ = In (l/xp), where xp - p/Ebeam. This is
shown on Fig.l with the K0 spectrum also. Destructive interference due to AO restricts the
phase space for soft gluon emission and, if LPHD holds, one expects to see some suppression
of low momentum particles. This explanation is supported by the quasi gaussian shape of
the measured distributions which is well predicted by QCD calculations [1, 12] (full curve
on the figure). The energy dependence of the maximum of the momentum spectra has also
been found in good agreement with the predictions [7]. Nevertheless, if coherence could



explain all measurements done at LEP for different kind of particles, one must note that
both incoherent and coherent models may describe the data very well.

Figure 1: TAe differential cross section (l/<rhaii)d(T/dÇ for K0, A and E"

The situation become less clear when we look at TPMC as measured by OPAL [9]. The
analytical calculation which includes next to leading order terms [12] is found to overestimate
the measurements. Indeed one may question the validity of the LPHD assumption, although
these correlations indicate the need for higher order correction terms. Qualitatively all the
models give a good prediction, but quantitatively coherent models are preferred.

In discussing the particle momentum spectra, we have noticed how coherence phenomena
are generally tested. Analytical calculations by themselves are not always sufficient and com-
parison of the data with MC models are normally necessary. Calculations give an indication
to what extent the LPHD hypothesis is valid and/or the size of higher order corrections.
With the MC models one has a way to estimate hadronisation effects for a given observable.

3 Sub-jet multiplicities

The motivation of such analyses is the understanding of the multiplicities in gluon jets as
compared to quark jets. Naively, one expects the ratio of the jet multiplicities to be the ratio
of their colour charges, i.e. CA/CF = 9/4, where CA ~ Nc = 3 for gluon jets and CF = {Nc

2-
I)IIN0 for quark jets, whilst N0 is the number of colours. An old measurement by HRS
collaboration, and previous results at LEP done by DELPHI and OPAL give a ratio close
to 1 with large errors [13]. A recent result by OPAL gives a more precise ratio of 1.27 ±
0.07 [14]. For all these attempts, the analyses are based on jet identification (energy ordering,
tagging method, etc.).



By studying sub-jet multiplicities in 2-jet and 3-jet events, L3 and ALEPH address the
same problem. A simple colour counting gives a ratio (2 Cf-+CU)/2 Cp= 17/8 for 3-jet to
2-jet events multiplicities. A recent analytical calculation by Catani et al. has been done
including next-to-leading-logarithm contributions (NLLA) [15]. Due to coherence effects a
suppression of the gluon jet contribution to the multiplicity in 3-jet events is predicted. It
is also notice that a complete resummation of NLL terms can be performed if one uses the
fcj algorithm to select the event-jet samples, avoiding kinematical complications [16]. (See
for example [17] for more details of jet algorithms.)
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Figure 2: M3JM2 as a function of the cluster resolution ya for yl = 0.01. The data points are
compared to the QCD-NLLA prediction (full curve), and to an analytical calculation where gluon
coherence is not taken into account (dotted line).

The measurements done by L3 and ALEPH [10] proceed in the following way: (I) 2- and
3-jet samples are selected using the kj algorithm and with a jet resolution ycut = y\, (2)
on each sample the same algorithm is reapplied with a cluster resolution j / 0 < yx, and the
mean multiplicity of the sample is calculated, (3) the variation of the mean multiplicities
M2 and AZ3 for the 2- and 3-jet samples (or the ratio M3JM2) is studied as function of y0

for the given Jf1. In Fig. 2 the ratio M3IM2 as obtained by L3 is shown for ^1 = 0.01 and
i/o decreasing from yi to 10~3. Starting from 1.5, this ratio decreases in good agreement
with the NLLA prediction. This agreement stays qualitative and becomes poorer when jet
resolution yx increases, due to large log contributions, a result confirmed by the ALEPH
study. The ratio is not found to increase with decreasing yQ as the incoherent model does
in contradiction with the data. The difference between the predictions indicates that the
effects of the coloured charge of the gluon are partly cancelled by gluon coherence. ALEPH
has also compared their results to many MC model predictions. To increase the sensitivity
of their measurements, they subtract the initial number of jets from the mean multiplicities.
The ratios (M3 - 3) / (M2 - 2) measured for — In yt = 3 and 5 are shown on Fig. 3. Some



disagreements are seen between models and data in the perturbative region i/o > 10 3, the
region studied by L3. For yo < 10~3 we enter the non-perturbative region where the hadro-
nisation washes out any difference at parton level between gluon and quark jets. Looking at
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Figure 3: Comparison of the ratio (M3 — S)Z(M2 — 2) to the prediction of Monte Carlo models for
jet resolution of a) yx as 0.007(-lnyx = 5.) and, b) yx « 0.05(-/^y1 = 3.).

Af2, the data agree with all the models (except COJETS) to within 5%. For M3 the predic-
tions are better with coherent models, however discrepancies which increase up to 30% when
increasing yx are found, thus questioning the treatment of soft gluon radiation by a hard
gluon in the models. Any discrimination between the models need further investigations, in
particular hadronisation effects have to be properly taken into account.

4 Azimuthal Correlations

By looking at correlations in azimuth between particles one can study coherence effects, sim-
ilar to the string effect, in 2-jet events which constitute the bulk of the data. On theoretical
grounds, correlations are expected to occur in qqgg events where the two radiated gluons
are soft. In this case the primary quarks are nearly back to back, and the correlation term
which appears in writing the cross section for the process is, at leading order [1, 18]:

cosy
2 CF \ cosh 7712 — cos</> (D

where <p is the relative azimuth of the two gluons projected on the plane perpendicular to
the qq axis, and r/12 = n2 - T]1 their relative pseudorapidity. At if = w/2, C = I, one has
no correlation (the cross section factorizes). When if = IT, the correlation term becomes
smaller than 1, the emission of gluons in opposite azimuth is suppressed. This destructive



interference is maximal when 7712 = O, where C = 7/16 is of the same magnitude as the string
effect in threefold symmetric jets [18].

Recent higher order corrections to (1) are found to be quite important, « 100% [19].
A method, based on the measurement of the energy-multiplicity-multiplicity-correlations
(EMMC) [18], was proposed to test these coherence effects. The measurement can be com-
pared to the analytical calculation and is supposed to avoid both any special selection of
events and also any particular definition of the reference axis. The study has been done by
ALEPH, DELPHI and OPAL, requiring the pair of particles to be in the same pseudorapid-
ity interval 1 < 71, T)2 < 2 [H]. The correlation at tp = K is measured to be about 0.80, a
value 15% lower than the prediction. The trend of the distribution is well reproduced by all
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Figure 4: Two-Particle-Azimuthal-Correlations. The data are compared to models (a) including
coherence effects and (b) those without coherence. The grey area represents the total systematical
errors. The bands given for 'incoherent' models correspond to a variation of the main parameters
of the models by plus or minus one standard deviation.

models, with a better agreement being found with coherent models. However, the method is
not very sensitive to coherence effects: at tp sa ir incoherent models give a lower correlation
by about 2 asy,t where o,y,t is the total systematic errors. More important is the fact that
the method by itself introduces the same kind of correlations in qq events with no radiated
gluons! To overcome this situation OPAL has developed a second approach in order to stay
close to the original idea of soft gluon emission [H]. Two-jet events are selected by a cluster
algorithm and the reference axis taken to be the sphericity axis. The two-particle-azimuthal-
correlations (TPAC) measured for the configuration in pseudorapidity, 0 < \q\\, |r/12| < 1
are shown on Fig.4. For this method no analytical calculation exists, thus comparison with
models has been done. One sees that models with coherence give a good description of the
data in the region tp > 7r/2, where hadronisation is only found to affect the distribution
weakly. At tp = JT, the prediction of models without coherence disagrees by more than 4



a3yst, indicating that TPAC are more sensitive to coherence effects than EMMC. For both
measurements hadronisation effects are found quite important in the low <p region where
at parton level the distributions are found to be highly distorted by the non-perturbative
cut-off. At high ip, the partonic distributions are little affected by the hadronisation.

5 Summary

With the LEP, studies on hadronic jets benefit from the high available energy, leading to
jets which are more collimated, and also from the high statistics provided by the Z0 decay
into hadrons. Since PETRA and PEP, an impressive number of measurements have been
done on coherence phenomena: string effect, inclusive momentum particles, multiplicities in
jets or in sub-jets, azimuthal correlations. Old studies have been refined and, stimulated by
theoretical works, new approaches have been developed.

Even if no strong conclusion can be given on gluon coherence, a general tendency seems
to emerge from all these studies taken all at once:

- In comparison of the data with models, a better agreement is often found with models
which include coherence effects. Differences in the treatment of sub-leading effects in coherent
models seem to be assessed by looking more carefully in sub-jet multiplicities. This would
give some clue on soft gluon emission by partons.

- The independent fragmentation scheme often fails to reproduce the data.
- Particle correlation studies like TPMC, EMMC, TPAC appear to be good probes for

testing soft QCD. The trend of the measured distributions are well predicted by analytical
calculations when they exist, but one needs to include important higher order corrections in
these calculations to obtain better quantitative predictions. We may also note that a clear
statement on the LPHD is far from obvious as the single inclusive momentum spectra would
suggest. Hadronisation effects are not always negligible and need further investigations.

- AU measurements considered can be well explained qualitatively by coherence effects,
despite some discrepancies between the predictions and the data. Up to now, no other reli-
able hypothesis is proposed which can give such kind of agreement and which is supported
by a firm theoretical ground.
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