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Abstract

The string effect in QCD is investigated using data from the OPAL detector at LEP. By
comparing the charged particle flow in three-jet multihadronic events with that in events
with two jets and a hard isolated photon, the sensitivity to particular models is reduced.
A comparison with various Monte Carlo models is presented. The difference in particle
flows in the interquark region is found to be well reproduced by a leading order calculation
of soft gluon emission, in the spirit of the Local Parton Hadron Duality hypothesis.
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1 Introduction

te~ annihilation experiments have provided

Previous studies [1,2] of three-jet events in e
evidence for a depletion of the particle flow in the region between the quark and anti-
quark jets relative to that between the quark and gluon jets. This has come to be known

as the “string effect”.

This effect is predicted by the Lund string model [3], one of the most successful models
of hadronization. The Lund model pictures a string stretched between pairs of partons of
opposite colour charge, and carrying the colour flux. In a qqg event, the doubly-coloured
gluon is a kink on the string connecting the q and ¢. Since the two string segments are
boosted away from the interquark region, hadrons are preferentially produced between
the q(q) and the gluon, resulting in the string effect.

In perturbative QCD, the depletion of particle flow in the interquark region has been
attributed to coherence effects due to soft gluon radiation from the colour dipoles formed
by the primary partons [4]. The hypothesis of Local Parton Hadron Duality (LPHD) [5],
which assumes that the angular distribution of final state hadrons reflects the flow of soft
gluons, then implies that this quantum phenomenon of interference is sufficient to explain
the string effect. Some Monte Carlo models also take this destructive interference into
account, for example, by imposing angular ordering (i.e. the branching angles decrease
as the shower evolves) or from azimuthal anisotropies in gluon radiation. These models
have been called coherent parton shower models.

The string picture for fragmentation and QCD coherence effects could be partially
complementary. Since one is forced to resort to parametrization in order to describe
the process of combination of coloured partons to form colourless hadrons, the relative
importance of the two phenomena is difficult to evaluate. It has been predicted that the
string effect quickly becomes dominated by the perturbative phase of the jet evolution as
the centre of mass energy increases [6].

The original method of demonstrating the string effect [1] is to compare the particle
flow in the event plane of three-jet events, after energy ordering of the jets, with sim-
ulations based on two types of Monte Carlo generators: those that incorporate string
fragmentation, and those that are based on independent fragmentation [7]. These studies
have been criticized [8] for having made use, in the case of independent jet fragmentation,
of the original simple Field-Feynman algorithm [9], with the conclusion that one could
not exclude a kinematical origin for the observed effect.

Here, we exploit the power of photons as probes of QCD [10], and report on a method,
first suggested by Azimov et al. [11], based on the comparison of charged particle flows in
three-jet events (qqg) to that in radiative two-jet events (qqy), produced in e*
lation at /s = Myzo. In the qqy sample, destructive interference should be absent, and
the string configuration is different from that in the qqg sample. The LPHD hypothesis

e~ annihi-



would then imply that, at the hadron level as well, one should find additional evidence
for the string effect, i.e. a reduced charged particle density in the region between the
two quark jets in qqg events, relative to the density between the two jets of qqy events.
The advantage of this method is that the interquark regions are compared directly, the
only difference being that the other hemisphere of the event contains either a gluon or a
photon. Unlike other methods [1], this one is not sensitive to possible differences between
narrow quark and broad gluon jets. Therefore, the dependence of the observed string
effect on Monte Carlo simulations is considerably reduced. In ref. [8], it has been pointed
out that the difference in invariant mass between the radiated photon and the gluon jet in
the two samples could account for the observed depletion in three-jet events. An attempt
to answer this criticism is made here.

Model-independent evidence for the string effect, using quark tagging in 3-jet events
with symmetrical quark-gluon jet configurations, has been reported by OPAL [2]. 1t
established the string effect in an original fashion, addressing criticism of the earlier work
in that quark and gluon jets were in symmetric configurations, and did not have the
problem of different jet masses between gluon and photon. The present analysis, with
qqy data, complements that study by using a different approach and can be compared to
analytical calculations based on simple models of soft gluon emission.

Similar analyses have been reported at lower energies [12-14] and in Z° decays at
LEP [15]. In the present analysis, systematic effects are investigated, and predictions that
the dependence on out-of-plane momentum is reduced at LEP energies [6] are tested.

2 The OPAL Detector and Event Selection

The OPAL detector and trigger system are described in ref. [16]. For the purposes of this
study, the principal components are the central detector and the electromagnetic calorime-
ter. The first consists of a silicon microvertex detector [17], a vertex detector which is a
precise drift chamber covering the range | cos | < 0.95 (where § is the angle relative to
the beam direction), a large volume jet chamber which provides tracking and ionization
energy loss (dF/dx) information, and z-chambers which measure the coordinates, parallel
to the beam, of charged tracks leaving the jet chamber within the range |cos 8| < 0.72.
The barrel electromagnetic calorimeter is made up of lead-glass blocks, arranged on the
surface of a cylinder of radius 2.45 m, and covers the angular range |cos 8| < 0.82. Each
block of lead-glass is 24.6 radiation lengths deep and points towards the interaction point,
subtending a solid angle of about 40 x 40 mrad®. The endcap calorimeters cover the range

0.81 < |cosf| < 0.98.

For this analysis, approximately 2 x 10° multihadronic events from the OPAL data
recorded between 1990 and 1993 were first selected as in ref. [18]. In addition, charged
tracks were required to have more than 40 out of a maximum of 159 reconstructed hits in



the jet chamber, a momentum transverse to the beam direction pr > 250 MeV/c, and a
minimum distance of less than 5 cm in the transverse plane and 30 cm in the longitudinal
direction from the nominal interaction point. For about 4% of the events, charged tracks
had a reconstructed momentum which was unphysically high: in this case, the whole event
was rejected. Electromagnetic clusters were used if they had at least 250 MeV deposited
in at least one block in the barrel region, or with more than one block in the endcap
region. Only events with at least five charged tracks and seven electromagnetic clusters
were kept for this study.

Events containing a final state photon were selected from the multihadron sample as
follows (for details see ref. [19]). The photon candidates were required to be in the region
|cos §] < 0.72 and to have an energy greater than 7.5 GeV. They had to be isolated in
the sense that no track or additional electromagnetic cluster was present inside a cone
of half angle 15° around them. Clusters were required to be contained in fewer than 16
blocks and to have an energy-weighted width of less than 30 mrad. The shape variable
for the cluster, defined in ref. [19], was used as a criterion to reject background from
neutral hadrons, especially 7° mesons. The residual background from neutral hadrons
was estimated to be 7% [19].

For events which passed the multihadron selection criteria, jets were formed from the
charged tracks and electromagnetic clusters using the Durham [20] algorithm based on
the relative transverse momentum squared of particle clusters. A reference value for the
jet parameter, y.,,= 0.007, was chosen. For the qqvy sample of final state photon events,
the photon was removed from the event before the remaining tracks and clusters were
subjected to the jet clustering algorithm, but the calculated visible energy included the
photon energy. The photon was then reintroduced and treated as a third jet. The event
was rejected if the effective value of y.,; between the photon and either of the other two
jets fell below 0.007, i.e. the event was required to be reconstructed as a three-jet event
with the photon considered to be a separate jet. Only three-jet events (qqg) or radiative
two-jet events (qqvy) were accepted. Reconstructed jet energies were corrected according to
a parametrization procedure for double counting of momentum and energy obtained from
the jet chamber and electromagnetic calorimeters. Fvaluation of their energies from the
interjet angles assuming massless kinematics was also used, but no significant difference
was observed on the measurement of the string effect. Because of the difference in the
masses of the photon and gluon jets, direct experimental measurement of the jet energies
is likely to be a less biased method.

Selection criteria were applied to the jets. They were required to consist of at least four
particles (charged tracks and electromagnetic clusters). As it will be assumed in section
3 that the lowest energy jet in the qqg sample is the gluon jet, events were rejected if
the least energetic jet fell outside the region | cos 6] > 0.72, so that the gluon jet selection
was analogous to the photon selection. (It was verified that this last cut had a negligible
effect on the measurement of the string effect.) Finally, only events in which the third jet
had an energy below 28 GeV were used, since there were no photons above that energy
in the qqvy sample: only qqy events where the photon was less energetic than both of the

6



jets were kept. A coplanarity condition based on the angles between jets was imposed:
2izj 0i; > 358°. In order to minimize the effect of jets with poorly reconstructed energy,
events where the two highest energy jets had an opening angle below 120° were rejected.
After all these cuts, the radiative two-jet sample (qqy) consisted of 1280 events and the
three-jet hadronic sample (qqg) of 285,400 events.

3 Measurement of the String Effect

The jets of the qqg and qqy samples were ordered in decreasing energy. An event plane
was defined as the one spanned by the two eigenvectors of the sphericity tensor [21] which
correspond to the two largest eigenvalues. The charged particle flow in this event plane
was then constructed as a function of the azimuthal angle, starting from the highest
energy jet (jet 1) and continuing in the direction of the jet with the second highest energy
(jet 2). The third, least energetic jet, has a high probability of being derived from the
gluon (see below).

Fig. 1la shows the resulting charged particle flow. The histogram is normalized to
represent the number of charged particle tracks per accepted event per angular bin. No
correction for detector effects is applied. The angular region of interest is between the
most energetic jet, by definition at azimuthal angle ¢ = 0°, and the second most energetic
jet, mostly found around 160°-170°. The gluon jets are seen as a hump above 180°. (The
position of the hump depends on the value of y.,+ used.) It is seen that the density of
particles between jets 1 and 2 is markedly smaller in the case of qqg events (open points)
than in the case of the qqy events (solid points): this difference in the particle densities
of the two event types is the string effect, which is thus clearly observed in our data.

For the purposes of discussion of systematic effects and the comparison to model cal-
culations it is useful to quantify the observed string effect. First, the “reduced angle”
X = ¢i_j1/pj1-j2 is defined, as in ref. [12-14], as the ratio of the azimuthal angle of
charged tracks ¢ between jets 1 and 2, to the angle between the directions of the two
highest energy jets, calculated event by event. The ratio R of charged particle density in
three-jet to two-jet radiative events, in the range 0.3 < X < 0.7, will serve as a measure of
the string effect. From the reference case of fig. 1a, the histogram of fig. 1b is constructed,
yielding a value

| ngge(0.3 < X < 0.7)

= 0.71 £ 0.03
nqqy (03 < X <0.7)

where the error is statistical. This ratio is expected to be insensitive to detector effects
in first order since they are common to both numerator and denominator. The size of
the effect is about the same magnitude as was observed at around 30 GeV centre of mass
energy [12-14].



3.1 Systematic Effects

Several possible sources of systematic error were studied. In particular, the sensitivity of
the results to the gluon jet identification technique was examined, as well as the effect of
the kinematic differences between qqg and qqv events and the jet clustering algorithm.
The results are summarized in table 1.

3.1.1 Gluon Jet Identification

The energy ordering technique does not provide perfect discrimination between gluon
and quark jets. As a consequence, the apparent depletion of particle flow between quark
jets in qqg events is reduced by the misidentification of quark and gluon jets. In an
attempt to estimate the importance of this misidentification, Monte Carlo events with
full detector simulation were used. With the ERT O(a?) matrix element calculation [22],
as implemented in JETSET [23], with parameters tuned to OPAL measurements of event
shapes in [24], the gluon jet was defined as the one closest in direction to the primary
gluon, once generated events with two or four primary partons (~ 20% of the events) had
been rejected. From this model, for events which pass the selection criteria, the purity
of the gluon identification using the lowest energy jet was estimated to be 80.1 0.2 %
(statistical error). Fig. 2 shows the charged particle flow in three-jet events as predicted
by the ERT model. The solid histogram shows this flow when the lowest energy jet is
taken to be the gluon jet, as for the data, and the dashed histogram when the Monte
Carlo generator information is used to tag the gluon jet, as described above. Based on
this method of gluon jet identification, and to the extent that the matrix element Monte
Carlo with string fragmentation gives a good representation of the data, the ratio of these
two qqg particle flows, 0.7240.03, is seen as a correction factor for gluon jet identification
to be applied to the ratio R defined above. This result suggests that the impurity in the
gluon jet identification acts to dilute the string effect.

This conclusion is supported by a second method which uses data to enrich the purity of
the gluon jet sample. Lepton-tagged qqg events were used as a reference sample where the
gluon-jet identification was high. FEnergetic leptons originate mostly from semileptonic
b decays. Therefore, as in ref. [2], if an electron or muon was identified in one of the
two lower energy jets, the gluon jet was considered to be the untagged lower energy jet.
The lepton tagging was based on a procedure described in ref. [25], with the additional
requirement that the electron should have a minimum momentum of 2 GeV/c, and a
muon a minimum of 3 GeV/c. By the method based on O(a?) matrix element Monte
Carlo described above, the purity of the gluon tag was estimated to be 91.1 £ 1.2%. The
measured ratio of these two qqg particle flows in this case is 0.85 4+ 0.01.



3.1.2 Kinematic Effects

e To first order in « or «y, the angular distribution of a radiated photon from a
massless quark is the same as that of a radiated gluon. However, because of higher
order effects in QCD, the non-zero mass of the gluon jet, initial-state radiation,
event selection criteria or other detector effects, the distribution of opening angles
between the two quark jets may not be identical in the qqg and qqv samples causing
biases. Fig. 3 shows a detailed view of the angle of the second jet with respect to
the first. For the case considered, y.,= 0.007, it is seen that the difference in the
mean quark jet opening angle is negligible: 0.35°.

e As has been remarked in ref. [§], the difference in invariant mass between the gluon
jet and the photon leads to a different energy scale for the two types of events
considered, given the same topology. This may raise questions on the validity of the
comparison. The argument, however, is expected to become weaker at LEP energies
than around 30 GeV because of the larger jet energies. Note that in the perturbative
approach, Dokshitzer et. al. [4,26] claim that, because of colour conservation, the
interjet angular distribution is insensitive to the masses of the jets. The kinematic
difference between the two samples of data is illustrated in fig. 4, which shows the
mean of the summed energy of the first two jets as a function of their opening angle,
for each of the two samples. With the same opening angle, the sum of the quark jet
energies is on average about 4 GeV (or 6%) larger in the qqy data than in the qqg
data. Such a difference in energy increases the multiplicity of a jet by about 4% [27].
This was confirmed by Monte Carlo simulation study, without detector simulation,
where the centre of mass energy of the qqg sample was artificially raised to correct
for this kinematic difference. This is clearly insufficient to explain the ~ 30% string
effect observed.

With the representation in terms of the reduced angle, X, one can evaluate the possible
sensitivity to kinematic effects by constructing histograms for restricted ranges of energy,
8-14 GeV and 14-28 GeV, for the photon and for the gluon jet. This is shown in fig 5. The
two different ranges of energy for the third jet (either “gluon” or ) yield R = 0.60 4+ 0.03
and 0.73 + 0.04, respectively. Thus, the string effect is present in both energy ranges.
It is larger for events with a soft third jet (or photon). Apart from possible kinematic
conditions, the higher purity of gluon-jet identification for events with a soft third jet
(92% and 74% in the two intervals, according to the model of estimation of sect. 3.1.1,
and calculated correction factors 0.83 and 0.70 respectively) constitutes an explanation
of this observation.

3.1.3 Quark Flavour Composition

It was verified using JETSET without detector simulation that no significant bias was
introduced by the fact that the quark flavour composition is different in qqg and qqvy
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events: the ratio of particle flows of a qqg sample generated with decays Z — bb only to
that from a sample consisting of a mixture of 7Z — qq decays was 0.986 + 0.030.

3.1.4 Jet Clustering

Associated with the choice of the y.,, value are systematic effects related to the jet defi-
nition and the event kinematics.

With the Durham jet clustering algorithm, as with other invariant mass jet algorithms
te~ collision physics, all particles are assigned to a jet. Thus, depending on
the choice of y.., interjet particle flow could be reconstructed as a third (or fourth)
jet in a qqy (or qqg) event, causing it to be rejected. It is expected that this will be
more likely in qqy events because of the larger particle density between the jets. This
would lead to a decrease in the observed string effect. This was tested by analysing a

sample of events where fourth jets found by the Durham algorithm were accepted, but

used in e

considered to be interjet particle flow, rather than as a separate jet, if they consisted of
four or fewer particles. The measurement of the string effect is enhanced in this case from

R =0.71+£0.03 to £ =0.67 £ 0.04.

As the value of y.,; is varied, the kinematics of the events are changed: because of the
isolation requirement of the photon, and the width of the intrajet flow, the distribution
of opening angles (fig. 3) between the quark jets may differ between qqvy and qqg events,
and particles belonging to the gluon jet may enter into the interquark region for values of
Yeur lower than that used in this analysis. More significantly, the efficiency of the energy
ordering method for the identification of gluon and quark jets varies with y.,; since the
energy distribution of the partons changes: the gluon purities, as estimated by the model
of sect. 3.1.1, decrease from 82% to 76% for y..; values of 0.005 to 0.025 respectively.

The observed magnitude of the string effect was found to have a weak negative corre-
lation with the value of y.,: used (see table 1). This weak dependence is dominated by
the gluon jet identification purity.

As a cross check, and to separate clearly between intrajet (within a single jet) and
interjet (between two jets) regions, a cone algorithm for jet clustering [28] was used.
Here, a jet is defined as a group of particles clustered spatially within a cone, and not all
particles are necessarily assigned to jets. Thus, the interjet particle flow does not enter
into the jet 4-momentum definition. For this study, the half-angle of the cone was taken
to be 0.7 radians, as recommended in ref. [28], while the minimum energy of the jet was
taken to be 7.5 GeV, in order to be consistent with the cut on the photon energy. A value
of R = 0.74 £ 0.04 is obtained when the cone algorithm is used with these parameters,
consistent with the reference value based on y.,;,= 0.007 for the Durham algorithm.
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3.1.5 Momentum Dependence

In previous studies at lower energies [1,13,14], it was found that the string effect was
enhanced when a cut was applied on p,,:, the charged particle momentum components out
of the event plane. This was predicted by the Lund model [3]. It is a simple consequence
of the Lorentz boost of the string fragments joining the gluon and the quarks, from
their proper frame to the centre of mass of the whole qqg system. In addition, massive
resonance decays are expected to contribute to charged particle density in the out-of-
plane region. For low p,,:, and at low centre of mass energies, the decay daughters do not
always follow the direction of the parent, and the string effect is diluted. The phenomenon
must therefore be more pronounced for particles with larger mass, or larger momentum
transverse to the boost direction.

For this study of momentum dependence, the selection of charged particles in the
qqg and qqy samples allowed transverse momenta pr > 0.15 GeV/c, but the particle
flow histograms were constructed only for particles having a given minimum value of
momentum p or out-of-plane momentum p,,;. As the momentum cuts of charged particles
were raised from 0.15 GeV/c to 0.5 GeV /¢, the ratio R of particle flows was found to vary
between 0.76 4+ 0.03 and 0.66 £ 0.03, but with correction factors for gluon identification
estimated to be 0.75 + 0.01 and 0.63 £ 0.02 respectively. Putting a cut on out-of-plane
charged particle momentum appears to enhance the effect less significantly: R = 0.71 +
0.04 for pyut > 0.3 GeV/c (with correction factor 0.66+0.02). These results are consistent
with the prediction of ref. [6], which states that there should be little enhancement of the
string effect for large particle momenta out of the plane, at LEP energies.

4 Comparison to Models

4.1 Monte Carlo Models

Using full detector simulation in all cases, the following models were studied:

e JETSET 7.3 [23] with the option of a coherent parton shower model and string
fragmentation, with parameters tuned to OPAL data [29].

e HERWIG 5.5 [30], a parton shower model, with full treatment of coherence, with de-
fault parameters also obtained by tuning to OPAL event shapes. The hadronization
proceeds from colourless clusters of quarks.

e ARIADNE 4.0 [31], based on a dipole model of gluon radiation and string fragmen-
tation.
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e COJETS 6.23 [32], which is based on an incoherent parton shower model with
independent fragmentation, but uses different fragmentation parameters for gluon
and quark jets.

o JETSET 7.3 [23] with the ERT matrix element option, and string fragmentation,
with parameters tuned to OPAL event shapes [24]. With this model, only qqg events
were generated.

The ratios of the two particle flows as a function of the reduced angle X for the various
models are shown in fig. 6 and summarized in table 2.

The string effect is well reproduced by JETSET, with coherent parton shower evolution
and string fragmentation. HERWIG shows a small, though significant deviation, possibly
due to the model of cluster fragmentation used. Of the above Monte Carlo models,
COJETS compares poorly with data, indicating that tuning of fragmentation parameters
to event shapes is insufficient to reproduce the string effect in a model with an incoherent
parton shower and independent fragmentation.

Having applied the same method of analysis to these samples of real and simulated
data, the systematic errors will be the same, to first order, in the comparison of the
various models. To quantify the measurements, the ratio R defined in sec. 3 is shown in
fig. 7. Again, it is clearly demonstrated that only the incoherent parton shower model
with independent fragmentation, COJETS, has a large disagreement with data. The same
figure shows the dependence on y,.,; for the data.

The relative importance of the perturbative and nonperturbative phases of the evolu-
tion of the hadronic events was investigated using Monte Carlo. For this purpose, qqg
and qqy events were generated using JETSET, but were not subjected to the detector
simulation. Four cases were investigated: (i) coherent parton shower, with string frag-
mentation, as had been used above with full simulation, (ii) incoherent parton shower,
with string fragmentation, using the tuned parameters of ref. [33], (iii) coherent parton
shower, with independent fragmentation, using the tuned parameters of ref. [34], and (iv)
incoherent parton shower, with independent fragmentation using the tuned parameters
of ref. [34]. The charged particle flow was calculated in each case, using cuts similar to
those applied to the data: only charged particles having pr > 0.25 GeV/c were used (but
jet reconstruction was based on all particles); the photon must have energy greater than
7.5 GeV, but less than either of the other two jets; a minimum of 4 particles was required
per jet; and the angular region of the third jet was restricted to |cos(f3)| < 0.82. The
resulting R ratios are shown in table 1. The first of these cases confirms that detector
effects are small, since the R ratio, with full detector simulation, was 0.76 + 0.03. On
the basis of these models, it is concluded that the observed depletion in particle flow
can be reproduced only if both interference effects in the parton shower development and
nonperturbative effects represented by string fragmentation are used. In the cases with
independent fragmentation, not only were the R ratios close to unity, but the absolute
density of particle flow in the interquark region was approximately 70% too high, meaning
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that the parameter tuning by fitting general event shapes does not succeed in reproduc-
ing the interquark valley. It was verified that the difference in the tunes, for the first two
cases, of the invariant mass cutoff of parton showers below which partons are not allowed
to radiate gluons or photons did not significantly change the R ratio.

4.2 Coherence and LPHD

It is interesting to go one step further in the comparison of data to theory, after making
simple assumptions. Azimov et al. [4] have calculated expressions valid to first order for
the angular distribution of soft gluons emitted in the interjet region for the case of qqvy
and qqg events. In the spirit of the LPHD hypothesis, the shape of the distribution of
recorded hadrons can be identified as that of soft gluons.

The analytic expressions of ref. [4] represent interjet flow of soft gluons projected into
the plane of a qqg or qqy event, as a function of the angles between the hard partons (or
photon). Gaussians centred around jet 1 and jet 2 were added to account for supplemen-
tary intrajet flow (within a jet):

f(qb) =P x A(qqg or qqﬁ)/) + Py x (N(07P3) + N(011]27P3))7 (1)

where A(qqg or qqvy) is the expression of Azimov et. al. [4] for the flow of soft gluons in
qqe or qqvy events, and N(u, o) is a normal distribution centred at y and with standard
deviation o. The distributions A are expressed as:

Alqqy) = 2Cpay_V(9,5) (2)
Alqqg) = NelagaV(¢,8)+a1_V(B,9)] 4+ (2CF — NJar_V(¢, 5).

The colour factor C'r and the number of colours N, are respectively 4/3 and 3 and

B 2 W—qb_w—ﬁ
Vie.8) = cos ¢ — cos 3 (sinqb sin (3 ) ’ (3)

where ¢ is the angle between the quark(+) and the soft gluon, [ the angle between the
soft gluon and the anti-quark(—), ¢ the angle between the hard gluon (1) and the soft
gluon, and where a;; = 1 — (n; - ng). The unit vector (m;) represents the direction of
parton i.

A fit of the three parameters P;, P, and Ps of equation 1 was made for the particle
flow between the quark jets in the range 10° < ¢ < 150°. The experimental curves were
corrected for detector effects and for gluon purity using, as correction factors, the ratios of
Monte Carlo particle flow distributions with and without detector simulation (JETSET
parton shower model) and distributions with and without gluon tagging (JETSET with
ERT model, without detector simulation, and with the requirement that the gluon jet be
the least energetic jet). To perform this fit, the distribution of angles between jets (or the
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photon) in the data samples of selected qqg and qqy data was used when calculating the
particle flow function F(¢). The parameter P; = 0.0244+0.001 (stat. error) is a coefficient
to the expression for the angular distribution of soft gluon emission, A, in the interjet
region. Since this expression is normalized in the same way for qqg and qqv events, P;
serves as a common scaling factor. The parameter P, = 1.9 £ 0.1 represents a number of
charged particles in the intrajet region, added to the general expression for the particle
flow, and P; = 0.22 4+ 0.01 represents a characteristic mean angular width of a gaussian
for this intrajet flow, in radians. Fig. 8 shows the form of the curves with the same values
for the parameters, obtained by fitting both distributions simultaneously. Based on the
quality of the reproduction of the shape and relative normalisation of the two curves, one
could conclude, as in ref. [4], that with the LPHD the string effect is largely explained by
simple coherence effects. This would be consistent with the predictions of ref. [6], but it
cannot be ruled out that the observed effect could be due to other sources as well.

5 Conclusion

The string effect has been studied by a method which allows direct comparison of the
particle flow in the interquark regions for two sets of data: three-jet multihadronic events,
and events comprising two jets and an isolated photon. It is demonstrated that, in the
former, there is a depletion between the two most energetic jets, assumed to be the quark
jets, relative to the latter. With the jet definition based on the Durham algorithm, and
a value of y.,= 0.007, the ratio R of charged particle flows in three-jet and two-jet
radiative events in a range of reduced angle 0.3 < X < 0.7 was found to be 0.71 + 0.03.
The magnitude of the ratio of particle flows is about the same as was observed previously
at lower energies, but the dependence on out-of-plane momentum is smaller, as predicted
by ref. [6]. Studies of systematic effects are summarized in table 1.

The importance of the purity of the gluon jet identification was studied using lepton-
tagging and Monte Carlo methods for identifying the quark jets. As expected, the deple-
tion of the particle flow in qqg events relative to qqy events was found to be enhanced for
samples with higher gluon purity.

The kinematic differences between the two types of events, as discussed in ref. [8],
arising in particular from the mass of the gluon jet, have been shown to be insufficient
to explain the observed effect. Acceptance effects, as well as dependencies on the recon-
structed energy of the third jet are small. Systematic checks on the effects of different
schemes of jet clustering, and on different values of the jet-clustering parameter have been
performed.

The string effect is reproduced by coherent parton shower Monte Carlo calculations
with string fragmentation (or cluster fragmentation, as implemented in HERWIGQ), but is
poorly represented by incoherent parton shower models, even with tuned parameters. At
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generator level, the JETSET Monte Carlo suggests that angular ordering and azimuthal
asymmetries in gluon radiation contribute partly to the string effect, and that independent
fragmentation, with parameters tuned for general event shapes, does not reproduce the
particle flow in the interquark region.

The qualitative features of the string effect are found to be reasonably reproduced by
a model based on QCD calculations of soft gluon emission, under the assumption of the

LPHD hypothesis.
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Reference value
Yeur= 0.007 0.71+0.03

purity of gluon id
lepton-antitagging 0.6040.03
ERT with gluon id 0.51+0.03
ERT without gluon id 0.7140.03

energy of third jet
8- 14 GeV 0.60+0.03
14 - 28 GeV 0.73£0.04

jet clustering
Yeur= 0.005 0.71+0.03
Yeur= 0.010 0.73+0.03
Yeur= 0.015 0.76+0.03
cone 0.74+0.04
including fourth jet 0.6740.03
momentum dependence

p > 0.15 GeV/e 0.76+0.03
p> 0.5 GeV/c 0.66+0.03
Pout > 0.3 GeV/c 0.71£0.04

Table 1: Systematic effects on the ratio R of particle flows

Reference value

Data 0.71£0.03

Monte Carlo, with detector simulation
JETSET 0.76+£0.03
ERT (Data qqv) 0.71£0.03
HERWIG 0.82£0.02
ARIADNE 0.70£0.03
COJETS 1.0840.03

JETSET, without detector simulation
coherent, SF 0.73£0.03
incoherent, SF 0.91+£0.03
coherent, IF 1.0140.03
incoherent, IF 1.1140.03

Table 2: Ratio R of particle flows, compared to models
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Figure 1: (a) Charged particle flow in the event plane for two-jet radiative events, and
three-jet multihadronic events. Error bars for the qqg sample are smaller than the dots.
(b) Charged particle flow with respect to the reduced angle X.
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Figure 2: Particle flow in three-jet events with respect to the reduced angle X. Also
shown are the predictions of the ERT matrix element Monte Carlo, taking the lowest
energy jet to be the gluon jet, as for the data (solid histogram), and using the Monte Carlo
generator information to tag the gluon jet, as described in the text (dashed histogram).
The measurements from lepton-tagged data events, used to increase the gluon jet purity,
are also shown.
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as well as qqg data, with y.,; = 0.007. Note that the events were rejected if the angle
between the two highest energy jets was below 120°.
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Figure 6: Ratio of charged particle flows in three-jet and two-jet radiative events with
respect to the reduced angle X for various Monte Carlo models: JETSET coherent parton
shower with string fragmentation, HERWIG, ARTADNE and COJETS.

24



Ve = 0.007
Data e
JETSET ”
ARIADNE .
HERWIG -
ERT i

COJETS .

Ratio

Figure 7: Mean value of the ratio of charged particle flows in three-jet and two-jet radiative
events in the range 0.3 < X < 0.7, for data (band) and various Monte Carlo models, with
selection based on a fixed value of y.,,= 0.007. The error bars are statistical. For the
ERT model, the qqy sample used is selected from the data. Below the line are shown
ratios for data, for different y.,; values. 95
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