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Abstract

Three-jet events produced by e+e_ annihilation into hadrons at 34.6 GeV
c.m. energy were studied by comparing them with 2nd order QCD and two
different models of fragmentation, The distribution of low energy particles
in the é;ﬁet plane is found to be better described by the LUND color string
model than by the independent jet model. The opposite is true for more
energetic particles flowing between the 3 jets. The average transverse
momenta in jets can be described with values of Gq between 350 and 500 MeV/c

for the gluon jet.

Introduction

The two-jet dominance of the cne-photon annihilation process
e'e > hadrons can be understood as quark pair production e e -+ gqq and
subsequent jet formation. At c.m. energies above ~30 GeV, clearly resolved
3—jet events have been detected [1] with a rate of about 10%, They were
successfully explained [2] in the framework of perturbative QCD as arising
from hard non-cellinear gluon bremsstrahlung, e+e_ -+ q&g, and subseguent
fragmentation into hadrons. The lowest energy jet is expected to be the
gluon jet with ~50% probability. Thus, the 3-jet events constitute a
suitable laboratery to test different schemes of guark and gluon

fragmentation.

The Independent Jet {IJ} model [3] assumes that quarks and gluons
fragment independently of each other and that the axes of fragmentation are
the original parton directions. In contrast, the color string model
developed by the LUND group [4] assumes that the fragmentation occurs along
the color flux lines which connect the quark and the antiquark via the
glucen. The angular distribution of hadreonic energy in the qig plane differs
in the two models. The distinctive prediction of the LUND model is that the
angular region between the q and a directions is relatively depleted of
particles. Experimental analyses by the JADE ceollaboration [5] and, mere
recently, by the PEP-4 TPC collaboration [6] showed that the LUND model is
superior to the IJ model in describing the angular enerqy flow. The IJ
model cannot be tuned to simulate the "string effect”. It is interesting to
note that the QCD shower model due to Webber [7] which includes soft gluon
interference effects, is also able to reproduce this feature of the data {6,
8].

The important question of whether quarks and glucns fragment
differently has been investigated at high energy e+e_ and pﬁ colliders.
From e'e  » 3 jets, the JADE collaboratien [9] concluded that gluon jets
have wider transverse momentum and softer longitudinal momentum
distributions than quark jets, as predicted by the LUND model. Jats
produced with high transverse energy ET at the CERN pﬁ collider are expected
to consist mostly of gluon jets at the lower end of the measured jet energy

range. A first comparison [10] of quark jets from PETRA with high - ET
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jets from the UAL experiment revealed no striking differences in the
distribution of the scaled longitudinal momentum. The UA2 collahoration
presented evidence [11] that gluon jets have higher charged multiplicity
than quark jets. Their ET flow distribution is consistent with a QCD shower
model in which gluon jets are intrinsically broader than quark jets.

In the present paper, we investigate a selected sample of events of the
type e+e_ + 3 jets collected with the TASSO detector at c¢.m. energies around
35 GeV. In section 2, our method of selecting 3-jet events is described.

In section 3, we discuss the Monte Carlo models with which the data are
compared. The angular distribution of particles in the plane spanned by the
3 jets is studied in section 4 with the aim of differentiating between the
IJ and the LUND models. The influence which 4-jet events can have on our
results is also discussed. In section 5 we deal with the question of
whether quark and glucon jets differ in average transverse momentum. Qur

conclusions are given in section 6.

2. Selection of J-jet events

The data were taken with the TASSO detector at the e+e_ storage ring
PETRA at center-cf-mass energies W between 33 and 36.6 GeV, the average
being W = 34.6 GeV. The selection of multihadronic annhihilation events is
identical to that described in [12]. From the information on charged
particles a total of 21 484 events are accepted. In addition, three further
cuts are made: (a) events are removed for which the sum of the particle
mementa Z|pl exceeds 2W; (b) the angle BS between the sphericity axis and
the beam direction is required to satisfy |cos le < 0.85; (c) the angle B
between the normal to the event plane and the beam direction has to satisfy
fcos BN] > 0.1 in order to reject badly reconstructed events and events with
a hard photon radiated from the e or e’. The number of events remaining
after these cuts is 18 346.

The ewvent plane (nz, n3) is found by diagonalizing the momentum
tensor [13] yielding eigenvalues Ql < Qz < Qé and corresponding eigenvectors

nl, nz, n Only the charged tracks are used in the analysis. The method

3

of generalized sphericity [14] is used to resolve each event into 3 non-
overlapping sets of particles and to determine the jet axes. This method
uses only the components of momentum projected into the event plane and
requires the sum of the reduced sphericities

2 2
i (P o) 7/ i Pinlk w

to be a minimum where k runs over the particles of jet j. Here, pin is the
particle momentum projected into tfe event plane and Py in is the component
of Pin transverse to the jet axis kj of the jet to which the particle is
assigned:

Pin "0 " Proue ' Pran T "Pin TP

in
Here, p is the modulus of the particle momentum, pT out is the component
perpendicular to the event plane and p|| is the component parallel to the

jet axis kj:

Pp gyt = 15 . ;1|; P[| = l; . l:3-|-

The jet axis ;j associated with each -jet j is defined as the direction
in the event plane for which the quantity Epi in / Epfn is a minimum. The
relative angles between the jet axes are denoted by Gij = éi - Qj whera Qi
is the azimuthal angle of jet i in the event pPlane. The definition of
variables is illustrated in Fig. la.

Given the 3 sets of particles, we select 3-jet event candidates by
energy-angle cuts:

(1) Each jet has to have a visible scaled energy L > 0.12, where
o= Evis/Ebeam and Evis is the sum of the particle energies
assuming the particles to be pions. ‘This cut corresponds
roughly to Evis > 2 GeV, reducing the data sample to 11 787

events. No cut on the jet multiplicity was made. The fraction



of jets consisting of only one track is 2.6% in the final

sample.
(ii) To ensure good separation of the jets we require I¢ijl > 55°,
This cut leaves 3507 events.

(iii} 1I£ a line in the event plane exists such that all 3 jets are on
one side of this line, then the ewvent represents momentum
imbalance and is rejected. 3240 events survive this cut.

(iv} Under the assumption of massless jets and neglecting radiation

in the initial state, the angles ¢ij are used to reconstruct the

scaled jet energies

A e o 2 sin ¢jk / {sin ¢12 + sin @23 + sin ¢3l) (23

= E /[ E

i rec i j,x =1,2,3 and cyclic

beam

Each jet is then required to satisfy x,
i rec

corresponding to more than 4 Gev¥ of energy.

> 0.24,

The 3-jet selection cuts {(i)-{iv) are satisfied by N3je
or 12.5% of 18 846 hadronic events.

£~ 2361 events,
It is seen that cut (ii} has the
strongest effect. The results presented in this paper do not depend on the
precise values of the cuts (i), (ii) and {(iv). Since the number of jets is
fixed to 3 by the method of generalized sphericity, events with 4 or more

jets in the final state may also pass the selection cuts (i)-{iv). This

will be discuyssed in sect. da.

3. Model Calculations

In crder to interpret the experimental distributions, they are compared
with Monte Carlc model calculations., The Monte Carlo models include
radiative effects in the initial state [15], perturbative QCD to an order
in as [16, 17], fragmentaticn, decay of unstable particles and a detailed
detector simulation. The mocdel events are subjected to the same cuts as the

real data. Several large samples of Monte Carlo events (60 000 accepted

R R

hadronic events each) were gernerated using the LUND string model [18] and

several variants of the IJ model to describe fragmentation. The most

)

+ .
important parameters of these models have already been determined [19] by
Table 1 summarizes the variants of the IJ
In medel 2, the gluon is

The transverse

fitting to all hadronic events.
model together with the parameter values used.

assumed to fragment like a light quark {IJ g=q).
{longitudinal) momentum distribution in a qglucn jet is varied through the
parameter o

9,9 _
splitting g * qq & la Altarelli-Parisi {model 6}, and changing the

(ag), see madels 1, 3, 4 (medel 5). We also consider glucn

fragmentation functions of both quark and giuon jets (model 7). The
possible influence on our results of the specific procedure to enforce
overall energy-momentum balance (we use the Lorentz boost method as
described in [22]) is studied by generating an event sample in which

energy-momentum is conserved only on average (not event-by-event).

The parton configuration is generated according to 2nd order QCD
including virtual corrections (Extended FKSS [17, 19]). The cut-off
procedure applied to 3- and 4- parton events is of the Sterman-Welnberg type
with parameters € = 0.20 and § = 400, i.e. the energy of each partcen has to
exceed 0.20 E

° beam
407, Note that our experimental cuts (ii) and (iv) are of the same type.

and the angle between any pair of partons has to esceed

For the stronyg coupling constant we have chosen us = 0.155 (0.205) in case
of IJ {LUND) fragmentation, which are median wvaluei over various methods of
determinaticn {19]. After applying cuts {i}-(iv) to the Monte Carlo events,
the percentages of q&, qag and qiqg + qéqa events are 6%, 71% and 23% (3%,

69% and 28%) for the IJ (LUND) models respectively. The fracticn of

+} The fitted value of aq cccurring in the primordial fragmentation function

(T - z)aq of light gquarks is 0.61 (C.42) for the IJ (LUND) mcdel, where z
is defined in [19].
[20] is taken. The fitted value of the transverse momentum parameter
Gd,q for quark jets is o.gs (0;32) GeV/c for the I1J g=g (LUHD) modfl.
The production ratio of J = 0 mesons to the sumof J =0 and 1

mesons is set to 0,42 in both medels [21].

For heavy quarks {(c and b} the parametrization of
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hadronic events passing these cuts is 13.3% (13.5%) for the 1J (LUND)
nodels, to be compared with 12.5% for the data.

The distributions of the variables xvis’ min @i and x on which the

cuts (i), (ii) and (iv) have been applied, are displiyed inrsigs. 2a, b, ¢
for the selected 3-jet event sample. OCD is seen to provide a good
description of the jet angle and energy distributions, independent of the
fragmentation scheme used. The contribution from gluon jets is drawn as

dotted line in Fig. 2c showing gluon enrichment at the lower jet energies.

The Monte Carle simglation can be used to estimate the experimental
resolution of the jet angle determination. For this purpose we select
events generated as q&g without an initial state photon. The reconstructed
jets are compared with the original parton directions. The r.m.s.
reselution of the jet angle ¢ {(or the jet energy x_ ) is 15° (0.12) near

rec

= 0.30 and decreases to 6° (0.06) near Xpee = 0-95. The main sources

X
rec e
of these errors are the fluctuation of the charged particle comporent of the

jets, detector effects and uncertainties of the jet analysis.

4. Test of Independent Jet wversus String Fragmentation

As originally suggested in [23], the particle distribution in the event
plane in 3-jet events constitutes a sensitive area to discriminate
experimentally between the IJ and the LUND models. The 1J model assumes
that the partons q, q and g of a 3-jet event fragment independently of each
other in the center-of-mass system of qig. The partcn directions are taken
as the axes of fragmentation. In contrast to this, the LUND model assumes
that the fragmentation takes place in the rest systems of two independent
color strings which are stretched between g-g and between g—i. A similar
prescription exists for q&qg events. The produced hadrons are
Lorentz-boosted with respect to the qag rest system because of the motion of
the strings. Consequently, the particle density in the middle of the q—&
angular region relative to the densities in the g-g and g-i regions is
considerably smaller (by a factor ~2.5 or mote, depending on the kinematics)

than in the IJ model. This asymmetry, which will be studied in sect. 4a, is

-8 -

however diminished in practice because the gluon jet can be positively
identified through energy ordering in only ~50% of the cases.

In sect. 4b, we present another way to test the predictions of the LUND
model. Correlations between angle and momentum of particles within a jet
are studied. In the LUND model, the soft particles preferentially point
towards the gluon direction while the hard particles approximately keep the
original parton directioms. In IJ models, all particles point on average
into the direction of the partons from which they were emitted. Deviations
from this alignment may arise from effects of overall energy-momentum
balance,

4a. Azimuthal Particle Flow

In this section we study the distribution of the azimuthal angle § of
charged particles projected into the event plane. The measured jets are
ordered according to their energy, xl rec > xz rec > x3 ree' and the event
is oriented as shown in Fig. la. The most energetic jet (#1) defines =0,
According to QCD, the least energetic jet (#3) has the highest chance to be
a gluon jet: the jets 1, 2 and 3 are gluon jets in 15%, 31% and 57% of the
cases, respectively, almost independent of the fragmentation model. Note
that due to the presence of q&gg events, these percentages sum up to more
than 100%.

It is convenient to eliminate the effect of the event-to-event
variation of the éngles ¢ki between jets by introducing the reduced
azimuthal angle (5}

I
P, = — i,i.k = 1,2,3 and cyclic (3)
j o - b,
k i
where the particle under consideration is located between jets i and k
(¢i < < @k). The angles wj therefore run from 0 to 1. The index j
denctes the angular region opposite to jet j, see Fig. la.
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The exparimental distributions of wz, wl and ¢3 are shown in Fig. 3a,
for all particle momenta. The density is highest near the jet directions
]
(P =0 or 1). The model calculations superimposed on the data are

normalised to the same number of 3-jet events (= ). The jet peaks are

N, .
seen to be well described by both the IJ g=q and tg;eEUND models.
Differences between data and models and among the models occur mainly in the
valley between jets 1L and 2 which are expected to be g or g jets most of the
time, The particle density in that wvalley is seen to be lower than expected
from independent fragmentation. The data prefer the LUND model. The same

observation was made in the ¢ distribution itself (not shown).

Possible systematic errors are expected to be less important if,
instead of absclute particle densities, ratios of particle densities are
considered. Denote by N(j) the number of particiles flowing into the gap
region defined by 0.25 < W; < 0.75 opposite to jet j. We take the densities
N{1l) and N(2) on either side of jet 3 and divide them by the density N(3)
opposite to jet 3. The ratios N(2}/N{(3) and N(1)/N{(3) are given in Tabie 2
for the data and for various models. It is seen that none of the variants
of the 1J model listed in this table is able to reproduce the data.

Changing the transverse or longitudinal fragmentation functioas of the gluson
jet within the IJ scheme has very little efifect on these ratios, while the
absolute densities do depend on the gluon fragmentation function. The
scheme used by u4S to conserve total energy-momentum has negligible sffect on
the ratios. On the other hand, the results of the LUND model are in better
agreement with the data, although somewhat too high, ard are clearly
distinct from those computed with 1J models. The errors given in Table 2
are statistical only. From studies with different detector simulations we

assign a systematic error of 0.06 to the Monte Carlo model numbers.

Next we lnvestigate the momentum dependence of the density ratios.
Figs. 4a and b show N(2)/N(3) and N(1)/N{3} in intervals of X, 0= pin/Ebeam
where Pin is the particle momentum projected into the event plane. We limit
the analysis to ., < 0.1 for reasons of statistics. The @ensity ratios are
seen to depend sensitively on the momentum. The N(2)/N(3) data rise in the
soft particle region, x,

in
The ratio N(1)/¥(3) rises strongly with LI The data in the soft particle

< .04, and stay constant or decrease beyond Q.04.

region, X < 0.04, are well described by the LUND string model whereas the

_lo_

1J model can be ruled cout in this region. In contrast, the data for LT
values above 0.04 are not as high as predicted by the LUND mocdel but rather

follow the IJ medel.

This deviation of the LUND model from the data is now studied in more
detail since it has not been reported previocusly. We note that cur cuts to
select a sample of 3-jet events differ from those used by the JADE [5] and
PEP-4 TPC (6] groups, who applied cuts in the Q-plot (planarity

P = Qz - Ql > Pcut and aplanarity Ql We found that only the

< Ql cut)'
planarity cut has significant influence on the results. Figs. 4c and 44
show N{2}/N(3) versus X for our 3-jet event sample requiring in addition
P < (.07 or P> Q0.07. This value of Pcut was used by JADE [5]. The values
of N(2)/N(3) are seen to be very different for the two regions of

planarity. It is also seen that the sensitivity to string-like effects is
enhanced in low planarity events. These events are characterized by a lower
average energy of jet 3 and consequently a higher probability that jet 3 is
the gluon jet. It is remarkable that the data-LUND discrepancy in the
momentum region 0.04 < LI < 0,10 is much more proncounced in the low
planarity sample. This provides the likely explanation for why both JADE
and PEP-4 TPC observed perfect agreement of their data with the LUND model.
A similar result is obtained if instead of a cut in the planarity, a cut in

the enerqy x_ of the least energetic jet is applied. We verified that this

discrepancy getween data and LUND model is not caused by experimental
problems like badly reconstructed tracks and is not affected by changes of
the detector simulation. We also varied the definition of the angular gaps
within the range 0.2 < wé < 0.8 and 0.3 < wi < 0.7 and found the conclusions

to be unchanged.

In order to see in which of the angular regions the deviations of the
models from the data occur, we show in Figs. 3b and 3¢ the w; distriputions
separately for X < 0.04 and for 0.04 < X < 0.10. The IJ model obviously
produces too many soft particles in the valley between jets 1 and 2
(Fig. 3b) but is in better agreement with the data at higher momenta
(Fig 3¢). The LUND model prediction for the valley between jets 1 and 2 is

slightly below the data in both momentum regions.
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In the following we investigate the possible influence on our results
from 4-jet events. The idea is that particles emitted between the three jet
axes, especially the more energetic ones, could belong to a fourth jet. We
use a cluster algorithm {24] which is able to determine the number of jets
in an event. Clusters of visible enerqgy Evis > 0.12 Ebeam separated from
any other clusters by more than 45% are called jets. The fraction of 4-jet
events within our "3-jet" event sample found in the data, the LUND model and
the IJ model is 10%, 7% and 7%, respectively. Of the 7% Monte Carlo events,
only about one half originate from genuine d4-parton events. The
corresponding numbers for 5-jet events are 1%, 0.3% and 0.5%. Fig. 4e shows
the particle density ratio N{2}/N(3) without the contribution from 4- and
5-jet events. Compared with Fig. 4a, the main features are the same except
that the statistical errors are larger for the data points at higher
momenta. The density ratios averaged over all momenta show that the LUND
model is in better agreement with the data if events with 4 or more jets are
removed (Table 2).

In this context we remark that the model predictions for the density
ratios depend on the order of the perturbative QCD calculation. For
example, N(2)/N(3) as calculated from the LUND model has the value 1,39 for
qqg events and only 1.1l for gdgg + qqqq events. This is true for events
passing the 3-jet selection cuts {(i})-(iv). It is conceivable that the
inclusion of even higher order QCD terms would further reduce the density
ratios,

We also looked for a possible dependence of the particle flow ratios
N{2)/N{3) and N(1)/N(3) on the momentum component |pT out
the event plane. In the LUND medel, one expects these ratios to increase

| perpendicular to

with increasing IpT Out|. Neither the data nor the model calculations show
any variation. Monte Carlo studies using the LUND model have shown that in
our data the effect which actually exists at the generator level, disappears

through the combined effects of radiative corrections and of 3-jet analysis.

_12_

4b. Jet Directions

The analysis discussed in this section is sensitive to the correlation,
within a given jet, between the directiocn and the momentum of the particles.
No identification of the gluon jet is required. So far, the jet directions
were computed by the method of generalized sphericity. For the purpose of
this study, we redefine the jet axes hy momentum weighted vector sums [23]

ﬁ;“) « 3 ipmln'l B $=1,2,3 ()
where the sum runs over the tracks associated with jet j. The assignment of
particles to jets is taken from the result of the generalized sphericity
algorithm and is not changed. For small values of n and n > 0, the soft
particles are important relative to the hard particles and are of decreasing

impertance as n increases.

In order to measure the change of the 3-jet kinematics upon changing

the power n, we construct the variable Axén) which is defined once per

event, From the relative angles between the kj of eqn. (4), the Eractional

jet energies xgniec are cemputed as in eqn. (2). The jets are renumbered
such that xinzec > xéniec > xgnzec. Out of the two independent kinematic

variables characterizing a 3-body state, we choose xén) which is defined as
the transverse momentum of jet 3 with respect to jet 1, divided by the beam

enerqy, see Fig, lb for illustration. We define the change of Ay &5

(n) _ (2} _ _(m)
AXT = %o Xy (5

where n = 2 is chosen as a reference point.
Fig., 5a shows Axén) averaged over the events of the 3-jet sample for
values of n in the range % ¢n 24, The numbers for n = 1 and n = 3 are

also given in Table 3. Strong statistical correlations exist among the data

points since the same information is used for each n., The effects seen in

Fig. 5a are small: the size of <Axén)> is ~1/10 of the standard deviation
of Axén) and is only ~1/100 of the average value of xén) which is about

0.33. From changes of the detector simulation, we estimate the systematic

error of the model results to be equal to or smaller than the Monte Carlo
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statistical error, The comparlson of the data to model predictioms in

Fig. Sa shows a pattern similar to that of the azimuthal flow analysis of
the previous section. For low n-values {n < 2} the LUND model describes the
data quite well while the IJ model fails grossly. This deficiency of the IJ
model cannot be cured by giving the gluon jet a softer or broader
fragmentation spectrum as is evident from Table 3. The IJ model deviates
even more from the data if exact energy-momentum balance is not imposed. At
high n-values (n > 2) the prediction of the LUND model gradually deviates
from the data. The data are lying in between the two model curves. Fig. Sb
and Table 3 show that the agreement of the high n data with the LUND modél
gets better if events with more than 3 jets in the f£inal state are removed.
The same cluster algorithm as that described in sect. 4a was used.

{1
T
position and the width are well described by the LUND model. The IJ model

histogram is displaced with respect to the data.

As an example, Fig. & shows the distribution of Ax The peak

(n)

The effect of the LIUND color string on the variable AxT can be

qualitatively understood as follows. Consider e.g. the calculation of
y _ {2y (1}
AxT = ®y Kp -

preferentially emitted into the g-g and a—g angular sectors as compared to

In LUND qag events, low momentum particles are

the q~§ sector. Going fromn = 2 to n = 1, i.e. increasing the weight given
to low momentum particles, the angle hetween the reconstructed g and & jets

mavas closer to 1800. In other words, the kinematic configuration becomes

more 2-jet like. This implies x(l) < x(z) ar Ax;l) > 0, on average. In qgg

T T
(1}
T >

events with IJ fragmentation one would naively expect <Ax = 0, because

low and high momentum particles emitted from a parton go into the same

direction, on average. The jet finding method, however, disturbs the
rotational symmetry around the jet axis such that xél) > X;Z). 0f course,
this distortion also acts on LUND events. The net effect of the color

: : () (n) :
string is thus <ﬁxT >LUND > < >IJ for n < 2 and vice versa for n > 2,

as observed in Fig. 5a.

We checked the possible influence on the results from momentum smearing
which becomes ingreasingly important at high momenta and therefore at
high n. Removing the small portion (9%) of events having at least one track
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with |p| > Ebeam/Z does not significantly alter the data and Monte Carlo
results displayed in Fig. 5a.

further searches for possible systematiec errors arising from
imperfections of the detector simulation were performed by splitting the
3-jet event sample into two equally large samples according to the following
criteria: different orientations of the events in the detector volume were
selected by |cos GSI £ 0.45 and |cos GNI % 0.65; different ranges of
visible event energy were selected by Ilp|/w $ 0.53. For each of these sub-
samples, the jet direction and the azimuthal angle analyses were performed.
It was found that the "string -effect” is present in each ¢of the data
sub-samples. This is also true for the deviations of the LUND model from
the data discussed above. We find no evidence for serious systematic

errors.

(n}
T
collaboration [5]. They plotted D 30> against Pl for each jet, where

An analysis similar to our Ax analysis was performed by the JADE

Py jp a0 be positive or negative., Repeating this kind of analysis, we
arrive at the same conclusions as those given above.

5. Transverse Momenta in Jets

In this section we investigate the important question of whether quark
and gluon jets differ in their average transverse momenta <pT>. This is
done by comparing the data with IJ model calculations. Only in this model,

<PT>g1uon can be adjusted independently of <pT>quark by means of the

nd g .
parameters qug a, 4.q
charged particles in jets were defined in egn. (1). We use the square of Py

The transverse momenta By out and Py in of

because it turned out to be more sensitive than Po to variations of the

model parameters aq g and Gq q Since we are interested in possible
r r
differences between quark and gluocn jets, we consider the following ratios

L& ]
1)

2 2
out = Pr cut’yg ! “Pr out”g
(6)

2 2
“Pp in>g / “Pr

r, . >
in in"gq
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were the subscripts "g" and "q" denote gluon enriched and quark enriched
energy tregions which we define as 0.3 < xrec < 0.6 and 0.8 < xrec < 0.96,
respectively. The estimated glucon content is 55% and 15%, respectively, See
also Fig. 2c. The advantage of using the ratios (6) instead of the average
transverse momenta themselves is that they are insensitive to uncertainties
in the fine tuning of the quark jet parameter aq,q as long as'cq'q - od'g.
We Eix cq'q to 0.35 GeV/c which is the value derived from the total hadreonic
event sample. The ratios are then expected to change if the gluon jet
parameter Uq,g is changed. This is seen in Fig. 7 where rout and rin are
plotted for the data and for several values of @ g Saturation is seen to

9.9
gccur in case of rin above uq . = (0,50 GeV/c due to increasing overiap of
r

jets in the event plane. Within 2 standard deviations, the IJ model

provides an acceptable description of hoth the r and Tin data in the

parameter range 0.?5 < aq,g < 0.50 GeV/c. This ;:;ns, our data are
consistent with the hypothesis that the glucn jet has the same or larger
average transverse momentum (within the range given) than the quark jet.
The values of Fig. 7 are also given in Table 4, It is seen from this table
that the result is rather insensitive to the assumed longitudinal gluon
fragmentation function and to whether or not energy-momentum of the events
is exactly conserved. Possible systematic errors were searched for by
selecting different orientations of the sphericity axis and of the event
plane within the drift chamber volume. Systematic errors were found to be

smaller than statistical ones.
The results computed from the LUND string mcdel, as shown in Fig. 7 and

Table 4, are in rough agreement with the data and are insensitive to

reasonable changes of the string fragmentation parameter Uq.

6. Summary and Conclusions

We investigated fragmentation properties of 3-jet events selected from
18 846 hadronic e'e annihilation events at W = 34.6 GeV. These
3-jet events, if interpreted as e+e_ + q&g, offer the possibility to study
the gluon jet. Two different concepts of frégmentation were considered:
the independent jet (IJ} model and the LUND color string model. The parton
dynamics was represented by 2nd order perturbative QCD. The

_16..

QCD + fragmentation models provide a good description of the angqular
distributions of the 3 jet axes.

A detailed study of the particle distribution in the event plane of
3-jet events was undertaken. The jets were ordered according to their
energy Ssuch that El > EZ > E3' From QCD one expects the third jet to be a
gluon jet with about 55% probability. The production rate of soft
(pin < 0.7 GeV/c) particles in the angular gap between jets 1 and 2 relative
to the rate in the other two gaps is found to be significantly lower than
expected from independent parton fragmentation. The data is well reproduced
by the LUND string model. In contrast to the soft particle region, at
somewhat larger momenta (0.7 £ p; < 1.7 GeV/c) the IJ model describes the
data better than the LUND medel. We found that this discrepancy between the
data and the LUND model is mainly associated with events of relatively low
Planarity (Q2 - Ql)‘ Apart from this discrepancy, we confirt the earlier
results of the JADE [5] and PEP-4 TPC [6] collaborations who presented clear
evidence for string-like effects in 3-jet events.

In a second method we measured the systematic change of the three jet
directions upon variation ¢f a momentum dependent weight factor which was
introduced into the calculation of the jet axes. This method is not
restricted to the particles between jets and does not require identification
of the gluon jet. Emphasizing soft particles, the data clearly prefer the
LUND model over the IJ model. If, however, the weight is put onto the hard
particles, the data are found to lie in between the predictions of the twe
models. The agreement between the data and the LUND model improves if

events with more than 3 jets are removed.

We searched for possible differences between quark and gluon jets with

regard to the average transverse momentum squared <p§ out

Within the context of the IJ model, the data are compatible with quark and

> and <p; in>.

gluon jets having the same <p§>. Thea dat; are also compatible with the
hypothesis that gluon jets have larger <pT> than quark jets within the
parameter range 0.35 99,9 S 0.50 GeV/c and %q = ¢.33 GeV/c fired. This
result is compatible with the evidence presented by the JADE collaboration

,

[9] that gluon jets are broader than quark jets.
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J a a a R

1.q 1,9 q ag emarks

model (GeV/c) (GeV/c)
1 0.35 0.20 6.61 0.61 g#q
2 Q.35 0.35 0.61 0.61 g=qg
3 0.35 0.50 0.61 0.61 g#q
4 0.35 0.60 0.61 0.61 g#q
5 0.35 0.35 Q.61 0 g#g
6 0.35 0.35 0.61 0.61 9#4q, 9 *qq
7 0.35 0.35 1.0 1.0 g =q
8 Q.35 0.35 0.61 0.51 g=q
E, p conservation
not imposed
Table 1 Parameters for the independent jet model calculations
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(@8] (3)
<ﬁxT > <AxT >
N{2)/H(3) N(LY/N(3)
Data 13+ 8 29 + 4
Data 1.19 £ 0.03 1.51 = 0.04
Lund model 24 £ 4 16 t 2
Lund model 1.28 + 0.02 1.60 + 0.03
IJ models:
17 models: 2 g=q -63 + & 48 £ 2
2 g=q 1.01 £ 0.02 1.17 t 0.02 S ag=2 -67 + 4 50 + 2
s a2 1.02 & 0.02 1.16 + 0.02 6 gqq -62 * 4 50 t 2
_ 3 oy g=0.5 -56 t 4 46 + 2
1.02 + 0.02 1.21 + 0.02 !
9799 T agagcl 68 £ 5 50 £ 3
=. L. t 0.02 1.15 + 0.
3 Uq.g >0 03 0.0 3 0.02 8 E, p conserv. =71 * 4 71 = 3
7 aq=ag=l.0 Q.99 + 0.02 1.09 + 0.02 not imposed
8 E, p conserv. 0.98 t 0.01 1.08 + 9.02
; 4- and 5-jet events excluded:
not iwposed
4- and 5-jet events excluded: Data 23*8 19t 4
Data 1.26 t 0.04 1.64 * 0.05 Lund model 26 t 4 12 + 2
Lund model 1.31 * 0.02 1.66 * 0.03 1J g=q model —6L 4 45+ 2
IJ g=q model 1.02 £ 0.02 1.20 £ (.02

Table 3 : Results of the jet direction analysis for data and various
models, All values have to be multiplied by 10-4. The

Table 2 : Ratios of particle flow into the gap regions between jets errors are statistical only.

for data and different fragmentation models. The errors are

statistical only.
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rout rin
Data 1.01 * Q.03 0.76 = 0.03
Lund medel
qq = 0.32 0.99 0,01 .82 * 0.01
Uq = 0.35 0.98 + 0.01 0.82 £ 0.01
IJ medels:
1 Uq g = ,2¢ G.90 + 0.01 0.61 * 0.01
’
2 .35 1,01 + 0.02 0.70 + 0,01
3 .50 1.09 £ 0,02 0.76 * 0.01
4 .60 1.16 + 0,02 0.76 * 0.0L1
5 aq=2 1.03 + 0.02 0.71 = 0.01
6 g+qq 1.04 t 0.02 0.71 = 0.01
7 aq=ag=1.0 0.98 * 0.02 .70 = 0.0%
8 E, p conserv. 1.00 * 0,02 0.69 = 0,01

not imposed

Table 4 : Values of Lot and £, as defined in the text for data and

different fragmentation models.

The errors are statistical only.
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Figure Captions

Fig. 1
Fig, 2
Fig. 3
Fig. ¢

Definition of wvariables in the event.plane (x,y) spanned by the 3

jets.

a) Jet directions and particle momenta.

b) Fractional transverse momentum Xy of jet 3 with respect to
jet 1.

Distributions of jet energies and angles for the 3-jet event
sample selected by cuts (i)-(iv). Superimposed on the data ()
are the IJ g=q {(---) and the LUND model (—) calculations.

a) Scaled visible jet energies xvis; 3 entries/event.

b) The minimum angle betwaen the jets, min ¢i..

c) Scaled jet energies xrec reconstructed frem the angles
between jets; 3 entries/event. The dotted line represents
the gluen contribution as calculated from the model. A jet
was called a gluon jet if the parton closest in angle to that

jet was a glucn.

Distributions of the reduced azimuthal angles wé, wi and wé of
charged particles in the anqular regions 2, 1 and 3. The Monte
Carle calculations of the IJ g=g (---) and of the LUND models
(—) are normalized to the same number of 3-jet events as in the
data.

a) All particles, b) only Xin < 0,04 particles,

c) only 0.04 < L < 0,10 particles.

Ratics of particle densities in the angular gaps between the jet

axes, defined by 0.25 < wé < 0.75, as a function of xin' The

range Q0 < 2 < 0.1 is considered. The calculations of the ILJ g=q

and of the LUND mcdels are shown as shaded bands. Only

statistical errors are given,

a) N(2)/N(3) and b) N(1)/N(3) for the 3-jet event sample.

c) N(2)/N(3) requiring in addition P = QZ_QI < 0.07, leaving 716
data events,

d) N(2)/M(3) requiring in addition P = inql > 0.07, leaving 1645
data events.



Fig. 5

Fig, &

Fig. 7
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e) N{2)/N{3), > 3 jet events excluded, leaving 2105 data events.
én)) = <xé2) - xén)> for different values of n,
where n=2 is chosen as refergnce point. The calculations of the
1J g=q¢ and of the LUND mocdels are shown as shaded bands.

a) for the 3-jet event sample,

The quantity <ax

b) as for a) hut 4~ and 5-jet events removed.

;l) = X;Z) - xél) for the 3-jet event sample.

Also shown are the IJ g=q (-—-) and the LUND {(——) model

Distribution of Ax
calculations.

The ratios T, and ri as defined in the text for the data

utk n
{horizontal band} and for the IJ model (I) as a function of ¢
r

q,9°

Also shown is the result of the LUND model (}) for which the

horizontal scale is irrelevant.

jet 3
" region 2"

region 1" ®;

¢'2 Yy l{ FJTinJ:

Py jet 1
jet 2
" region 3"

b)

X1 >X2>X3

Fig. 1
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