N
\\9[.—5 - 3‘?/:)

A ToAiEyete

IRl

.

EURQPEAN ORGANISATION FOR NUCLEAR RESEARCH

CERN-PPE/91-31
20 February 1991

A Model Independent Observation of the
String Effect using Quark Tagging at LEP

The OPAL Collaboration

Abstract

Quark and gluon jets in 3-jet events from hadronic Z° decays are identified through use of the
semi-leptonic decays of charm and bottom quarks. This tagging method allows geometrically
symmetric or transposed configurations of the quark and glnon jets to be sclected, permitting
a study of the asymmetry in the population of pariicies in the regions between jets, commonly
called the string effect, which avoids restrictions present in previous stndics. In particular, our
demonstration of a population asymmetry is performed without nse of a model. Onr results
imply that dynamical differences exist between quarks and glions or between quark-antiquark
and quark-gluon jet systems with respect to their particle production propertics.
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1 Introduction

The string effect in e*e” annihilations was first introduced as an experimentally tractable
observable to test the mechanism for the transformation of partons into hadrons (fragmen-
tation) {1]. Consider a 3-jet quark-antiquark-glnon (¢gg) event from e*e™ annihilation as is
illustrated in fignre 1 (a). In the string fragmentation model of the Lund group {2}, a one
dimensional confinement field or “string” connects the quark and antiquark with the gluon, as
shown by the dotted lines. This leads to an asymmetry by which regions A and B in figure 1 (a)
obtain larger relative populations of hadrons than does region C. In contrast, in the indepen-
dent fragmentation model [3, 4], the fragmentation of each parton is independent from that
of all others. There is no dynamical mechanism, except differences in the propertics of quark
and gluon fragmentation, to generate an asymmetry in the particle populations between the
different inter-jet regions. It has been shown [5] that an asymmetry in the particle population
between jets in 3-jet events, which is qualitatively similar to that predicted by the Lund model,
also arises directly from perturbative Quantum Chromodynamics (QCD): here it is necessary
to invoke local parton hadron duality [6] to relate the QCD predictions to the obscrved hadron
spectra. In the case of the perturbative calculations, the asymmetry ariscs from interference
among the soft gluons radiated from the ¢, § and g (coherence). In this paper “string effect”
is used to indicate the experimental obscrvation of an asymmetry in the particle population
between jets and not to imply a particular interpretation, be it Lund strings, quark-gluon
differences, coherence or some other phenomenon.

The string effect was first observed by the JADE Collaboration [7] at V4 = 34 GeV, who
measured a population asymmetry in agreement with the predictions of the Lund model. Sim-
ilar asymmetries were subsequently observed at /s ~ 30 GeV by the TPC/2v [8], TASSO [9]
and MARK?2 [10] experiments. For all these studics, the gluon jet was identified by assuming it
was the lowest energy jet in the 3-jet event. As a kincinatical consequence, the angle between
the quark and antiquark jets (¢ in figure 1 (a)) was larger (nsually rmuch larger) than the an-
gles between the quark and gluon or between the antiquark and gluon jets (14 and Yip): thus a
geometric asymmetry was present between the different inter-jet regions. To demoustrate that
the string effect was not artificially introduced because of this geometric asyminetry, the inde-
pendent fragmentation model was used or else the g7g events were compared to QED radiative
g3y events with similar event kinematics. It was shown that the independent fragmentation
model did not yield a significant asymmetry, even when differences between quark and gluon
fragmentation were included, which led to the interpretation that the measured asymmetry was
of dynamical origin.

Recently it has been suggested [11] that a new generation of the independent fragmentation
model, with a more careful treatment of the transverse strncture of jebs [12], can reproduce
the published experimental data on the string effect including the ggg vs. ggy comparisons.
On this basis, Ballocchi and Odorico [11] have argued that there is no need for a dynamical
mechanism to explain the observed population asymunetries, but that they can be explained as
being a trivial consequence of the geometric asymmetry between the different inter-jet regions
inherent to the energy tagging method.

Here we report an experimental observation of the string cffect by the OPAL Collaboration
at the CERN e*e~ collider LED, which relics on the semi-leptonic decays of charm and bottom



quarks to separate quark and gluon jets in 3-jet events produced in hadronic Z° decays. This
method makes use of the fact that the principal known source of high momentum leptons in
e*e” hadronic annihilation events are the weak decays of charm and bottom quarks and that
these latter are produced almost in their entirety at the clectro-weak vertex: thus the gluon
jet in e*e™ — ggg evenis rarely contains a high momentumn lepton. The lepton tagging of
quark jets allows the selection of events for which the angle betsveen the quark and gluon jets is
essentially the same as that between the quark and antignark jets, corresponding to ¥ = ¢
in figure 1 (a), or else of events in two different samples which have the same event kinematics,
but with the gluon jet direction and energy transposed with those of the quark or antiquark
(see figure 1 (b) in comparison to figure 1 {(a)). The geometric symmetry in or between these
events makes possible a direct comparison of the particle populations in the different inter-jet
regions, with no need for the independent fragmentation model or a ¢y event sample as a
reference.

2 The OPAL Detector and Data Selection

The main features of the OPAL detector are presented clsewhere [13]. Here we give a brief
overview. The tracking of charged particles is performed with the central tracking detector,
which contains a vertex chamber, a jet chamber and a chamber for measurements in the z
direction, all enclosed by a solenoidal magnet coil {z is the coordinate parallel to the beam
axis). The principal tracking chamber is the jet chamber, which provides up to 159 space
points and close to 100% tracking efficiency for charged tracks in the region |cosf| < 0.92, with
§ the polar angle. Energy loss dE/dz mcasurcments from the jet charber arc used for the
identification of charged particles. Electromagnetic energy deposits (“clusters”) are measured
with the electromagnetic calorimeter, a detector of lead-glass blocks located in both the barrel
and endcap reginns, each block subtending 40x40 mrad?| for a total detector solid angle coverage
of 98% of 4m. Both the barrel and endcap electromagnetic calorimeters are instrnmented with
a presampler, composed of limited streamer chambers for the barrel and of thin multiwire
chambers for the endcap. The hadron calorimeter contains a barrel component. (|cosf| < 0.81)
with 9 layers of limited streamer tubes separated by 8 layers of iron slabs, and an endcap
component {0.81 < |eosf| < 0.91) with 8 layers of streaner tubes and 7 layers of iron. The
layers are grouped into projective towers which subtend approximately 7.5 in azimuth ¢ and
57 in polar angle. Signals induced on 4 mmn wide strips on each badron caloritneter streainer
tube chamber provide precise r — ¢ tracking information; r is the coordinate perpendicular
to the beam axis. The muon detector contains a barrel component of 4 layers of planar drift
chambers in the region |cosf| < 0.68 and an eadeap component of 4 layers of limited streamer
chambers in the region 0.60 < lcosf| < 0.98.

The trigger and event selection for hadronic events are described in [14]. Additional selection
criteria were applied for this analysis to rednce the small level of backgronnd and to obtain well
measured tracks and events. Charged tracks were accepted if they originated from within § cm
of the interaction point in the plane perpendicular to the beam axis. The minitnum transverse
momentum was sct at 150 MeV/c, the angle relative to the heam direction had to exceed 20° and
the track was required to have at least 40 measured space points. Electromagnetic clusters were
accepted if they had at least 100 or 300 MceV of energy, depending on whether they appeared
in the barrel or endcap. Each electromagnetic cluster was required to be spread over at least
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2 lead-glass blocks. Only those clusters not associated with a charged track were included. A
cluster in the barrel calorimeter was associated with a charged track if the extrapolated track
coordinates at the entrance of the calorimeter matched to better than 60 mrad in polar angle
# and to better than 80 mrad in azimuthal angle ¢ with the cluster position. For the endcap
calorimeter the matching criterion was 50 mrad for both # and ¢. Hadronic cvents accepted
for this analysis had at least 5 charged tracks and a direction for the thrust axis, defined using
the accepted charged tracks and electromagnetic clusters, which was at least 30" away from the
beam axis. Starting with an event sample of 140,189 multi-hadron events corresponding to a
luminosity of about 6.5 pb™', we obtained 116,953 events at c.m. encrgics between 88.3 and
95.0 GeV after these cuts. The mean c.m. energy value for the events is 91.3 GeV.

3 3-jet Event Selection

To select 3-jet events, we employ an invariant mass algorithm based on a modified version of the
JADE jet-finder [15]. In this letter, particles are defined to be charged tracks and unassociated
clusters which satisfy the criteria of section 2. Beginning with the assumption that all part:rlcs
in an event form a scparate jet, the 2 jets with the smallest scaled pair mass Yij = M’z/ i
are combined into a single jet if y;; is below a threshold value Yewe- Here F;, is the sum over
the energies of the parficles in the event. The combined jet is given an encrgy equal to the
magnitude of its 3-momentum. This recombination scheme, the so called “P scheme” [16}, yiclds
better resolutions for the final jet directions and encrgics, in the sense described below, than
do other available schemes. This process is continued until all jet pairs satisfy the resolution
criterion ¥;; > Y. For our analysis we choose the resolution value y.p = 0.03, corresponding
to an average jet mass of about 12 GeV: this is suflicicutly above the b quark mass value that
most decay products from heavy quark hadrons remain in the same jet while being small enough
to remain efficient for selecting events with prominent 3 jet structure.

Those events with exactly 3 reconstructed jets are retained for further analysis. Each particle
in an event is associated with one of the 3 jets by the jet-finding algorithin. The sum of the
angles between the 3 jets is required to exceed 3587 to climinate non-planar events. Each of
the 3 jets mnst contain at least 3 particles, have a visible energy larger than 5 GeV and a polar
angle with respect to the beam axis of at least 307, The jets are assigned a calculated energy
based on the angles between the jets, assnming massless kinemnatics.! The caleulated jet encrgy
is required to be larger than 5§ GeV while the fractional difference between the calenlated and
visible jet energy must satisfy '

calculated __ viashle
Es c- B

Et_:rrfrulatr‘d < 0.4 (1)

for each jet, where the multiplicative factor ¢ corrects the visible energy of a jet for the difference
between the mean values of the calculated and visible jet cnergy distributions; ¢ has a value of
1.16, 1.33'and 1.23 for the jet with the highest, the central and the lowest visible energy value.
This last cut climinates events for which there is a large difference between the calenlated and

'If jet @ is opposite region a in figure 1 (a), with a = /A, B or C, then its energy 15, is By = E. -
sinof(sing a4 + singp + singde).
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visible energies of a jet, which we assume to be due to imperfect jet reconstruction. In total we
obtain 22,721 3-jet events after applying these criteria.

The jet energy and angular resolution valucs are a measure of the guality of the jet recon-
struction. Our experimental demonstration of the string effect, presented in section 5, does not
employ a model, but we use the Jetset parton shower model {17}, version 7.2, after processing
through the OPAL detector simulation program [18], to estimate these resolution values for
informational purposes. This model, with its principal parameters adjnsted to describe global
event shape measurements by OPAL [19], provides a good description of the relevant exper-
imental distributions after being subjected to the same reconstruction, selection and analysis
procedures as the data. Those simulated events which satisfy the 3-jet event criteria given
above are examined al the parton level: the P-scheme jet-finder with y.,e = 0.03 is applied to
the underlying parton states. About 10% of the events do not have 3 jets at the parton level
for Yeus = 0.03; most of these cvents (= 80%) fall just outside the 3-jet class at the parton level
and enter that class for y.,, values in the range from 0.02 to 0.04. For the 10% of the events, we
therefore apply the jet-finder at the parton level such that exactly 3 jets arc always found. The
3 parton jets in the Monte Caslo events are associated with the 3 hadron jets by finding the
combination which minimizes the sum of the angnlar differences between them. The jet energy
resolution is taken to be the difference between the energy of a parton jet and the calculated
energy of its associated hadron jet, normalized by the former, and has a RMS value of 8.1%,
11.4% and 22.1% for the hadron jet with the highest, the central and the lowest calculated
energy value, respectively. The angular resolution valnes are the RMS differences between the
hadron and associated parton jet directions and arc 2.6°, 3.9° and 10.6° respectively. The
difference between the mean values of the calculated hadron jet energics and the energies of
the associated parton jets is about 5% or less in all cascs.

4 Semi-leptonic Jet Tagging

Muon candidates are identified within the 3-jet event sample by associating tracks reconstructed
in the central tracking detector with track segments reconstructed independently in the hadron
calorimeter strips and muon detectors. The muon identification is performed in the polar angle
region |cosf| < 0.9. More details are given in [20].

Electron candidates in the multi-hadron cvents are identified by requiring that a track
reconstructed in the central tracking detector be associated with encrgy clusters in the pre-
sampler and electromagnetic calorimeter. The clectron identification is restricted to the range
|eosB| < 0.7. A charged track is associated with a presampler cluster for the purposes of electron
identification if its extrapolated coordinates at the entrance of the presampler natch to better
than 40 mrad in polar angle  and 60 mrad in azimuthal angle ¢ with the cluster coordinates;
the corresponding matching criteria for the calorimeter are 60 and 20 mrad. The energy de-
posit in the associated presampler cluster is required to be at least 1.25 times larger than that
expected for a non-showering relativistic particle. The associated electromagnetic calorimeter
cluster must be spread over at least 2 lead-glass blocks, with 90% of the cluster energy con-
tained in either 2 or 3 blocks. The value of energy loss, dE/dz, measured in the jet chamber for
the track is required to be consistent with the clectron hypothesis (9 to 12 keV/cm), while the
(E/p} ratio, which is the encrgy of the associated clectromagnetic calorimeter cluster divided
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by the momentum value from the tracking chambers for the electron candidate, must satisfy
0.8 < (E/p) < 1.2. A secondary vertex reconstruction algorithm is applied to remove ete”
pairs arising from photon conversions.

For the subsequent analysis we employ events from the 3-jet sarple for which there is a muon
candidate with momentum p larger than 3.0 GeV or an electron candidate with p larger than
2.0 GeV. We study two distinct event samples for which quark and gluon jets can be separated
with high efficiency, using the lepton tags. For the first sample, a single lepton candidate is
tequired to be present and it must be in one of the two jets with lower encrgy. The association
of a lepton with a jet is taken from its jet-finder assignment. For this “single-tag” sample, the
highest energy jet is assumed to be a quark or antiquark jet: this is justificd because the gluon
jet rarely has the highest energy in e*e™ — gg events. The jet with the lepton candidateis the
other “quark-tagged” jet; the remaining jet is the “gluon-tagged” jet. In this letter we often
refer to the antiquark jet as a “quark jet” since there is no discrimination between quarks and
antiquarks in our analysis. The energy difference between the highest energy and gluon-tagged
jets is required to exceed 8 GeV to remove the ambiguous region (if the two jets without a
lepton are close in energy, there is little information on which is the quark and which is the
gluon jet). In total we obtain 1,311 events for this single tag sample: 933 with a muen and 378
with an electron tag. For the second sample, a lepton is required to be present in two of the
three jets. The two jets with leptons are the quark-tagged jets; the jet without the lepton is the
gluon-tagged jet. Thus the gluon jet is sometimes the highest energy jet in the evenls of this
sample. In total there are 258 events in the double tag sample: 123 with a double muon tag,
30 with a double electron tag and 105 with one muon and onc electron. Table 1 summarizes
the event selection efficiencies for the single- and double-tag samples.

For informational purposes we again use Jetsct, with simulation of the detector and the
experimental selection criteria including the lepton tagging, to estimate for the single lepton
tag sample that the higher and lower energy quark-tagged jets are correctly identified as being
the quark or antiquark jets in 96 & 1% and 88 + 1% of the cvents, respectively, where the
errors ate statistical. The corresponding purity for the ghion-tagged jets is 84 £ 1%. For this
study, parton level jets are associated with hadron level jets using the algorithm described in
section 3. The gluon jet is the jet which does not contain the primary quark or antiquark
from the electro-weak vertex (there is a small background of 0.7% of the events for which the
primary quark and antiquark are assigned to the same parton jet). An analogous study for
the double tag sample yiclds the estimate that the quark-tagged jels have puritics of 96 £ 1%
and 87 + 2%, where the first value is for the quark-tagged jet with higher cnergy, while the
gluon-tagged jet has a purity of 84 & 2%. The main source of backgronud is estitnated to be
hadronic contamination, that is, charged hadrons which are misidentificd as leptons or clse
leptons from the decays of light-quark hadrons {20]. The puritics of the quark and gluon jets
are about the same for the single and double tag samples since, having identified the higher
energy quark-tagged jet correctly as a quark jet with close to 100% accuracy in both cases, the
probability for hadronic contamination in the lower cnergy quark-tagged jet is similar. The
same Monte Carlo events arc used to estimate that the favor composition of the events in the
single tag sample is about 47% bottom, 20% charm, 12% strange, 9% up and 12% down. The
corresponding estimate for the double tag sample is 70% bottom, 21% charin and 3% each for
strange, up and down. The large proportion of bottom and charm quark cvents, which is due
to the lepton tagging of the quark and antiquark jets, is not expected to hias our study of the
particle populations between jets as will be discussed in section 6. For the remainder of this
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letter we refer to the quark-tagged and gluon-tagged jets as simply the quark (or antiquark}
and gluon jets, respectively.

5 The String Effect at 91 GeV

5.1 Symmetrical Quark-Gluon Jet Configurations

To study the string cffect we begin with configurations for which the gluon and lower cnergy
quark jets are geometrically symmetric with respect to each other within an event. We thus
select events from both the single and double tag samples for which the angle between the
gluon and highest energy quark jet is approximately the same as that between the two quark
Jets, corresponding to the condition ¥4 = ¥¢ in figure 1 (a}. The 3 jets and particle momenta
in an event are projected into the event plane, defined by the 2 ecigenvectors of the sphericity
tensor [21] associated with the 2 largest sphericity eigenvalues. This projection represents only
a small correction for the jets since they have been required to be almost co-planar by the 3-jet
selection criteria. The azimuthal angles ¥4 and ¥ between the jets in the event plane are then
examined. Events are selected in two configurations: (I) ¥, = 150 £ 107, ¢¢ = 150 4 10° and
(II) ¥4 = 130 £ 10° 9¢ = 130 £10° In total we obtain 188 events for configuration (1) and 36
events for configuration (II} with the single and double tag samples combined. The number of
events, mean jet energies, mean angles between jets and estimated quark and ghuon jet purities
for these two samples are given in table 2. The puritics have been cstimated in the manmner
described in section 4. Other ranges of 14 and ¢ than those of configurations (I} and (II),
with symmetry within an event under transposition of the gluon and lower energy guark jet
‘energies and directions, do not contain significant event statistics and are not included in our
study.

The inclusive angular distribution of particles or “pdrti(lo flow,” (1/N) dn/dy, is presented
in figure 2 for the events of configurations (I) and (I1): 4 is the angle in the event plane between
a particle and the highest energy quark jet; N is the number of events in the configuration; dn
is the number of particles in a bin of width dy. The distribntions of figure 2 are at the detector
level, that is, no corrections have been applied to the data. The points with errors in figure 2
show the measured particle flow starting at the higher energy quark jet axis (3 = 0°), then
proceeding through the lower energy quark jet axis {1 = 150° for figure 2 (a) and ¢ = 130°
for figure 2 (b)) to the gluon jet (¢ = 210° and ¢y &~ 230°), back to the higher energy quark
jet (¥ = 3607). The histograms show the particle flow for the same data cvents, again starting
at the higher energy quark axis (3 = 0°) but this time proceeding in the opposite sense: first
through the gluon jet (¢ ~ 150° and ¢ =~ 130°} then through the lower enmergy quark jet
(¥ = 210° and ¢ = 230°). The distributions shown by the points with errors for 07 < 4 < 180°
are therefore the same as those shown by the h1sfogrmm for 360° > 44 > 180° and vice versa.
The errors are Statlstlcal only.

The events in figure 2 are kinematically and geometrically symietric under transposition of
the gluon and lower energy quark jets. Nonetheless a significantly larger population of particles
is present in the region between the gluon and higher energy quark jets than in the region
between the two quark jets, for both samples. This is illustrated by the excess in the histograms
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relative to the points with errors for ¢ =~ 80° in figure 2 (a) and ¢ &~ 707 in figurc 2 (b). This
asymmetry constitutes direct experimental evidence for the string effect at /s = 91 GeV. As
a quantitative measure of its statistical significance, we integrate (1/N) dn/dy over the region
37.5° < ¢ < 112.5° for figure 2 (a) and 32.5° < ¢ < 97.5° for figure 2 (b) and calculate
the ratio R of this integral from the quark-gluon to that from the quark-antiquark sectors.
These intervals in ¢ arc chosen because they correspond to the regions from 25% to 75% of the
distance between the jet pcaks and may be assutned to define the inter-jet regions. We find
R = 1.40 % 0.12 for configuration (I) and R = 2.46 &+ 0.44 for configuration {I1): the statistical
significance of the deviation from unity is thus 3.3 standard deviations (s.d.) in both cases.
Table 3 summarizes the values of R. The values of R calculated for charged particles alone and
for “energy flow” are also given. The energy flow (1/E) dE/dy is defined like the particle flow,
using charged particles and unassociated calorimeter clusters, except that cach particle entry is
weighted by its energy value and the normalization is such that the integral of the distribution
is one. :

We have checked that our asymmetry measurements are unlikely to be biased by the lepton
identification criteria by repeating our analysis with the additional requirement that a charged
track with momentum p > 3 GeV/c be present in the gluon jet. We find consistent results for
the asymmetries.

5.2 Transposed Quark-Gluon Jet Configurations

We next extend the study of section 5.1 to event configurations for which transposition of the
gluon and lower energy quark jet directions and encrgics is not symmetric within an event, but
for which such transposition yields a different sample of events which is also present in our
data at a statistically relevant level (see figure 1 (b) in comparison to figure 1 (a)). In one
configuration, events for which ¥, = 150+ 10° and 1 = 130:: 107 in figure 1 (a) arc compared
to events for which ¢4 = 130+ 10° and ¥¢ = 150+ 10°. The first of these samples contains 34
events and is designated configuration (I1la); the sccond contains 169 events and is designated
configuration (IIIb}. In the other configuration, the corresponding augles are 170 £ 10° and
150 & 10°, yielding event classes (IVa) and (IVb) with 55 and 210 cvents, respectively. Note
that in configurations (HIa) and (IVa) the gluon jet has considerably higher energy than the
lower energy quark jet, as summarized in table 2. Such configurations are disfavored compared
to (IIb) and (IVb) by the bremsstrahlung spectrum aud this accounts for the smaller statistics
and lower purity in configurations (IIla) and (IVa).

Figure 3 shows (1/N) dn/dy, defined as in scction 5.1, for configurations (I11) and (IV). The
distributions are at the detector level, as before. The points with crroxs in figure 3 (a) show the
measured particle flow for configuration (Ila}. The distribution starts at the highest encrgy
quark jet (¢ = 0°), proceeds first through the lower encrgy quark jet (¢ = 130°), then through
the gluon jet (3 ~ 210°). The histogramn shows the measured particle flow for configuration
(I1Ib): here the distribution proceeds first through the gluon jet (1 = 1307), then through the
lower energy quark jet (¢ = 210°). The distributions in figure 3 (b) are plotted in the same
way for classes (IVa) and (IVb). In contrast to the distributions of figure 2, the data points and
histograms in figure 3 are constructed from different data samnples and so are independent of
each other over the entire 1 range: thus independent tests of the string effect can be performed



for both the small (1 < 180°) and large (¥ > 1807) angle regions.

It is seen in the small angle regions, ¥ < 130°in figure 3 (a) and ¥ < 150°in figure 3 (b), that
the particle populations between the quark and antiquark jets (points with crrors) are lower
than those between the gluon and higher energy quark jets (histograms): this is especially
significant for fignre 3 (a). These asymmetries are analogous to those observed in section 5.1
for configurations (I) and (II) and constitute independent evidence for the string cffect. The
significance of the asymmetries can be measured by the ratio R introduced in section 5.1, calcu-
Jated for 32.5° < ¢ < 97.5° for configuration (III) and for 37.5° < ¢ < 112.5° for configuration
(IV): R =1.8640.29 and R = 1.220.15, respectively, for a statistical deviation from unity
of 3.0 and 1.5 s.d.

It is also secn in the large angle regions, ¢ > 210° for figure 3 (a) and v > 190° for figure 3
(b), that the particle population between the quark and antignark jets (histogram) is lower than
that between the gluon and higher energy quark jets (points with errors), which is yet further
independent evidence for the string effect. For these last two tegions we calculate the ratio R
between 247.5° and 322.57 for configuration (I11) and 232.5% and 317.5” for configuration (IV):
R = 1.56+021 and R = 1.53 4 0.21, 1espectively, implying a statistical significance of 2.7 and
2.5 s.d. deviation from unity.

5.3 Combined Asymmetry Ratio 12

We now combine the signals from the 6 independent regions labeled (1)-(8) in figures 2 and 3
so as to minimize the statistical error. Comparing the values of R for these regions, given in
table 3, it is scen that all exhibit a positive asymmetry R > 1. The differences in the values
of R between the 6 regions can in part be attributed to the kinematical differences between
the configurations and in part to the different levels of purity for the quark and gluon jet
identification.

To combine the measurements, we re-calculate the particle flow (1/N)dn/dy for the 6
regions using the normalized angular variable ¥, where P = /4 for particles between the
gluon and higher energy quark jets and ¥ = /v for particles between the quark and antiguark
jets (see figure 1 (a)). Thus 0 < ¢ < 1: ¢ = 0 corresponds to the higher energy quark jet
peak while ¢ = 1 either corresponds to the gluon jet peak or to the lower cnergy quark jet
peak depending on whether it is a quark-glion or gqnark-antignark sector being cc msidered. The
combined asymmetry ratio R is:

(6)

z ['/:‘75 (dn/di])) (llj)]

regiont=(1} 25
(6)

3 ['/00'75 (rln/dt])) rhf)]

regioni=(1) 25

g
1

R= (2)

aq
i

where the numerator is calculated using the quark-ginon scctors and the denominator using the
quark-antiquark scctors. In table 4 we present the measured value of R: we find R = 1.6240.07
which differs from unity by 8.9 s.d. In table 4 the combined ratio value It for charged particles
alone and for energy flow are also given.
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6 Comparison with Models

Having established the cxistence of the string effect in our data without use of a model, it
is interesting to see how well a QCD model can reproduce the measured asymmetry. The
prediction of the Jetset72 [17] parton shower model for the combined asymmetry ratio R,
calculated after combination of the 6 independent regions (1)-(6) as in section 5.3, is presented
in table 4 in comparison to the data. Jetset includes a detailed simulation of soft gluon radiation
and interference, Lund string fragmentation and particle decays. The Monte Carlo events have
been processed through the OPAL detector simulation program and have been subjected to the
same reconstruction and selection procedures as the data, including the separation of quark
and gluon jets by lepton tagging. It is seen from table 4 that Jetset predicts a significant string
effect asymmetry which is in good agreement with the experimental valne.

It is also interesting to examine the predictions of QCD models at the event generator
level, that is without experimental cuts and effects of the detector. For this study we include
Jetset and the Cojets Monte Carlo, version 6.12 [4]. Cojets differs from Jetset in that it is
based on an incoherent parton shower and independent fragmentation. The fragmentation of
a gluon is the same as that of a d, u or s quark chosen randomly.? Therefore Cojets lacks a
dynamical mechanism - either interference effects in the perturbative phase (coherence), string
fragmentation or differences between quark and gluon fragmentation properties — to produce
a string effect asymmetry. Nonetheless Cojets has been shown to reproduce experimental
measurements of the string effect which are based on encrgy ordering for identification of
the gluon jets. The main feature of Cojets which permits this is a mechanism to suppress
soft hadrons having large angles with respect to the jet axes [11]: it is this feature which
distinguishes Cojets from previous independent fragmentation models. The parameter values
we use have been provided by the author of Cojets [22] and yield a good description of global
event shape distributions in hadronic Z° decays.

Table 5 gives the generator level value of R from Jetset and Cojets. The Monte Carlo events
for this table have been subjected to the 3-jet selection criteria given in section 3. We do not
apply lepton tagging to separate quark and gluon jets: instead, the gluon jet is identified as
the jet without the initial quark or antiquark from the clectro-weak vertex, using the technique
outlined in section 4. For Jetsct we obtain B = 1.54 & 0.02; Cojets yiclds R = 1.024 0.01 and
thus does not exhibit a significant asyminetry.

To test further the prediction of Cojets, we changed the values of the parameters which
control the suppression of soft hadrons having large angles with respect to the jet axes [22]. We
purposely chose values for these parameters so that Cojets reached the limit of compatibility
with our global event shape data, so that we were sure, in this sense, that we were testing
an extreme limit for this mechanism.? The asymmetry ratio R derived from Cojets with this
changed parameter set is R = 1.034+0.01, which is not much different from that obtained with
the default parameters. We also tested an even more extreme change in parameter values 1, as
given in table 5, and observed that the prediction of Cojets for R remained essentially stable.

2 As an option of Cojets, ghion [ragmentation can be made different from quark fragimentation.
3We changed FRALOG(6) and FRALOQ(86) from their default value of 0.0 to the value 1.0, with the other
parameters left unchanged: the x? value derived from 50,000 Mente Carlo events changed from 129 to 571 in

comparison to the 110 bins of experimental data presented in [19].
1FRALOG(6)=2 and FRALOQ(6)=2; this yiclds x* = 1,358 for the |10 bins of data in [19].
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This implies that suppression of large angle particle production, in the context of independent
fragmentation, is unlikely to be an adequate mechanisim to describe the population asymmetries
for our special geometric configurations. It is possible that Cojets would describe our data if
differences in the dynamics of quark and gluon fragmentation were allowed, however. We also
tested the independent fragmentation models contained in Jetset [17], for a wide variety of
parameter values and options for the perturbative and fragmentation phases. We were unable
to obtain a value of R which differed substantially from nnity. We thus conclude that our data
provide evidence for a dynamical origin for the measured asymmetrics, related to the different
color charges of quarks and gluons.

The QCD models provide a convenient means to study whether the population asymmetries
depend on the quark flavor produced at the electro-weak vertex and thus whether our results
are affected by the large proportion of bottom and charm gquark cvents in our data sample.
Table 6 gives the value of the asymmetry ratio R calculated from Jetset for samples of events
for which the parton showers are initiated either by dd or bb pairs, for the 6 independent
regions used for our string effect measurements (cf. table 3). For this study, full simulation
of the detector has been included. Our standard 3-jet cvent sclection has been applied except
the gluon jets have been identified “perfectly” using the Monte Carlo information, as for the
samples of table 5. It is seen that the dd events yicld the somc asymmetry values R as the bb
events within the statistical errors, from which we conclude that our results are not strongly
affected by the mixture of quark flavors, e.g. by such considerations as the properties of b quark
fragmentation or B hadron decay.®

7 Discussion and Summary

An experimental observation of the asymnetry in particle population between different inter-
jet regions in ete™ 3-jet events, or the string effect, has been presented for /s =~ 91 GeV.
The quark and gluon jets in the 3-jet samples have been separated through observation of
the semi-leptonic decays of heavy (¢ and b) quarks. This lepton tagging method allows the
selection of a gluon jet whose energy is the same or larger than that of a quark jet in the
same event, in contrast to previous studies of the string effect where enecrgy ordering was
used to separate quark and ghion jets. The energy ordering results in a geometric asymmetry
between the different inter-jet regions which considerably complicates the interpretation of the
asymmetries, a restriction not present for our analysis. In contrast to these previous studies,
our analysis does not require a model or QED radiative ¢qgy event samnple as a reference. Use
of leptons from heavy quark decays has long been advocated as a means to separate quark and
gluon jets in ete™ annihilation 3 jet events (see for example [5]): to our knowledge our study
1s the first experimental analysis to ecmploy this technigque. In addition, we have introduced the
idea of using 3-jet events for which a symmetry exists nnder interchange of the gluon jet energy
and direction with those of a quark jet. Such a technique could also be applied to the direct
study of quark-gluon jet differences.

From a total of 1,569 3-jet events with a single or double lepton tag and for which the

5Tn perturbative QCI) there 1s also no difference expected lor the population asyminetrics between jels in
light and heavy quark cvents, for the angular conligurations sclected for our analysis, see [23].
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event-by-event separation of the quark and gluon jets is possible with a high (= 80%) reliabil-
ity, we have selected 692 events from four special geometric classes whose symmetry permits a
simple and direct comparison of the different inter-jet particle densitics. We perform 6 inde-
pendent comparisons of the particle population between a quark and gluon jet relative to that
between a quark and antiquark jet which have the same energies and which are embedded into
a geometrically almost-identical event configuration. In all 6 cases we obscrve that the particle
density between the quark and gluon jets is larger than that between the quark and antiquark
jets: when the 6 signals are combined this leads to an asymmetry which differs from unity
by 8.9 s.d. Because of the symmetry of the events in our study, it is difficult to see how an
independent fragmentation model based on identical fragmentation properties for quarks and
gluons could explain our data. We have verified that the independent fragmentation model of
Odorico, which has been shown to reproduce the qualitative features of previous string effect
measurements, does not predict an asymmetry for our special geometric event classes, even for
an extreme set of parameter values to suppress large angle soft particle production (if equal
properties for guark and gluon fragmentation are assumed). Our asymmetry measurements
imply that dynamical differences exist between quarks and gluons or between quark-gluon and
quark-antiquark systems {(or both) with regard to their particle production properties. These
differences could be explained by coherence in perturbative QCD (assumning local parton hadron
duality), string models for fragmentation or possibly by differences between quark and gluon
jet fragmentation.
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Table 1: Summary of event selection efficiences. For the double 'ta.g sample, the first particle
type in the hyphenated expressions refers to the lepton-tagged jet with the higher cnergy.

Total Nr. of multi-hadron events | 140,189
Nr. after containment cuts 116,953
Nr. of 3-jet events 22,721

Nr. of 3-jet events with 1 lepton 2,992
lepton not in highest energy jet 1,471
8 GeV jet energy difference cut 1,311

Nr. of 3-jet events with 2 leptons 258
Single Tag sample:
Total N1. events 1,311
muon tags 933
electron tags 378
Double Tag sample:
Total Nr. events 258
muon-muon tags 123
muon-clectron tags 56
clectron-muon tags 49
electron-clectron tags 30

Table 2: Event statistics, mean angles between jets, mean calculated jet energics and estimated
quark and gluon jet purities (with statistical errors) for the 6 data samples in our study; ¢l
and 2 refer to the quark or antiquark jet with higher and lower energy, respectively.

Event Ni. [ <Ya> | <tg> | <lq > | <> | <ly> Py I, P,

sample | events | {deg.} | (deg.) (GeV) (GeV) | (GeV) | (%) (%) (%)

M 188 | 150.7 | 1520 | 426 209 | 239 |98+ 1 |81£3|78:+3
(11) 36 1321 | 135.4 37.4 97.7 2.4 | 8346|8545 | 7047
(ITIa) 34 150.2 133.6 4.5 20.8 30.3 972 | 7145|6816
(Utby | 169 | 1299 | 152.3 40.2 11.8 192 {9541 |90+£2]|87+2
(TVa) 55 164.6 149.8 43.8 16.8 30.7 98 £ 25174847
(IVh) 210 148.1 165.5 13.8 32.0 15.5 991 [ 86+2 ) 8642
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Table 3: Values of the asymmetry ratio R for the 6 independent regions (1)-(6) in our study.

The deviation of % from unity is given in units of standard deviation (o).

statistical only.

(1) Configuration (I} (37.5° < ¢ < 112.5°)
All particles | 1.4040.12 (3.3 7)
Charged only | 1.50 £ 0.16 (3.1 o)
Energy flow {1.30+0.14 (2.1 0)

(2) Configuration (II) (32.5° <. ¢ < 97.59)
All particles | 2.46 £ 0.44 (3.3 7)
Charged only | 2.42 4+ 0.59 (2.4 o)
Energy flow | 2.56 +0.58 (2.7 o)

(3} Configuration (III) (32.5” < ¢ < 97.5°)
All particles | 1.86 4 0.29 (3.0 a)
Charged only | 2.05 + 0.43 (2.4 o)
Energy flow | 1.6440.32 (2.0 7)

(4) Configuration (III) (247.5° < ¢ < 322.5°)
All particles { 1.56 £ 0.21 (2.7 o)
Charged only | 1.71 4+ 0.28 (2.5 o)
Energy flow | 1.4740.25 (1.9 o)

(5) Configuration (IV) (37.5” < ¢ < 112.5°)
All particles | 1.22 +0.15 (1.5 o)
Charged only | 1.21 £ 0.18 (1.2 o)
Enecrgy flow | 1.2540.19 (130)

(6) Configuration (IV) (232.5° < ¢ < 317.5°)
All particles | 1.53+£0.21 (2.5 )
Charged only | 1.62 4+ 0.28 (2.2 o)
Energy flow | 1.4440.23 (1.9 o)

Table 4: Values of the combined asymunetry ratio R for data and Monte Carlo.
Carlo values include simulation of the detector and the same analysis procednres as the data.
The errors are statistical only.

The errors are

The Monte

All particles

Charged Only

Energy flow

Data
Jetset72

1.62+ 0.07 (8.9 7)
1.6740.07

1.66 + 0.09 (7.3 o)
1.65 : 0.08

1.68 £0.09 (7.6 7)
1.78 £ 0.09
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Table 5: Values of the combined asymmetry ratio R for Monte Carlo samples at the event
generator level, with perfect gluon jet identification. The errors are statistical only.

Jetset72 1.54 £ 0.02
Cojets612 1.024 0.01
Cojetsb12 1.03%0.01

(FRALOG(6)=FRALOQ(6)=1)

Cojetst12
(FRALOG(8)=FRALOQ(6)=2)

1.04 4+ 0.01

Table 6: Values of the asymmetry ratio R from Jetset, with perfect gluon jet identification and
including simulation of the detector, for dd events and bb cvents. The errors are statistical only.

Region | dd events Wb events
(1) |1.64+0.10| 1.48%0.09
(2} 1.77+0.1811.99£0.19
(3) |1.95+£0.16|1.7240.13
(4) 2.15+£0.17{ 2.11+0.16
(5) 1.50+0.12 | 1.304+0.12
(6) 1.63+0.15| 1.80 4+ 0.18
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Figure Captions

Figure 1. (a) A 3-jet event in e*e~ annihilations. In the Lund string model for fragmentation,
string segments span the region between the quark g and gluon g and between the antiqnark
7 and gluon, as shown by the dotted lines. (b) A 3-jet event with the gluon and antiquark jet
directions and energies transposed relative to the event of (a}.

Figure 2. Particle flow distributions (1/N)dn/dy for event configurations {I) and (II). No
corrections have been applied to the data. The points with errors show the flow from the high
energy quark jet to the low cnergy quark jet then to the gluon jet; the histogram shows the
measured particle flow {or the same events, again starting at the high energy quark jet but then
proceeding in the opposite sense. The dashed lincs show the regions used for calculation of the
asymmetry ratios R.

Figure 3. Particle flow distributions (1/N) dn/dy for event confignrations (II1) and (IV). No
corrections have been applied to the data. The points with errors show the flow from the high
energy quark jet to the low energy quark jet then to the gluon jet, for samples (1I1a) and (IVa);
the histogram shows the flow from the high energy quark jet to the glnon jet then to the low
energy quark jet, for samples (I{Ib) and (IVb). The dashed lines show the regions used for
calculation of the asymmetry ratios K.
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