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Abstract. We have studied the distribution of par-
ticles within and between jets of 3-jet final states
produced in the reaction et e~ —hadrons at c.m. en-
ergies of 22 GeV and 29-36.4 GeV. The lowest en-
ergy jet shows distributions of transverse momenta,
particle flow, and energy flow which differ signifi-
cantly from those of the other two jets and from jets
of 2-jet events at E_ =14 GeV. First order QCD
calculations with subsequent fragmentation of quarks
and gluons into hadrons indicate that the lowest
energy jet has the largest probability of originating
from a gluon. To reproduce the observed differences
in an independent parton fragmentation model, the
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secondary quarks of a gluon jet have to have higher
transverse momenta and lower parallel momenta
than those of a quark jet. The particle densities
between the jets as well as the correlation of trans-
verse and longitudinal momenta of the particles
within the jets favour models with fragmentation
along the colour axes.

1. Introduction

Hadron production by high energy electron positron
annihilation is well described by models based on
perturbative QCD with subsequent fragmentation of
the quarks and gluons. In the majority of events, the
hadrons show a clear 2-jet structure with an angular
distribution of the jet axes as predicted for the pro-
cess et e~ —¢qg. The angle and energy distributions
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of 3-jet events are well reproduced by the inclusion
of gluon bremsstrahlung [1] e¢Te~—ggg. Further-
more, evidence was recently reported for a 4-jet
structure [2] as expected from higher order dia-
grams.

An important further step in testing QCD is to
identify the gluon jet and to unravel its structure.
This might be achieved by a detailed analysis of the
jet-structure, since high energy gluon jets are pre-
dicted [3] to differ from quark jets of the same
energy, as a result of the 3-gluon coupling and the
larger colour charge of the gluon. However, at the
e" e~ energles presently available, the distributions
of particles within a jet are dominated by nonper-
turbative effects which tend to obscure the differ-
ences between quark jets and gluon jets predicted by
QCD.

The present paper summarizes several searches
for such differences using data taken with the JA-
DE-detector at PETRA. Because of the complexity
of the hadronic final state, it is difficult to unam-
biguously define and compare jets. Nevertheless, by
comparing the data with detailed model calculations
which are based on lowest order perturbative QCD
but use different fragmentations for quarks and
gluons, it is found, that the particle distribution
within the jets yields evidence for gluon fragmen-
tation different from that of quarks. For this purpose
the global properties of jets are investigated (such as
transverse and longitudinal momentum distributions,
particle multiplicities and energy flow) which are
compared with the different model calculations. In
particular we study whether 3-jet data are better
described by schemes with partons fragmenting inde-
pendently of each other, or by colour string models.
It is shown that these two extremes differ in the
predicted particle distributions in the angular region
between the jets, as well as in the particle distri-
butions within the jets. First results of these in-
vestigations have been published in [4, 5].

The present analysis uses ete” —hadrons data
obtained at centre-of-mass energies of 14 GeV,
22 GeV and in the region between 29 and 36.4 GeV
(centering at 33 GeV) with the JADE-detector at the
et e -storage ring PETRA. The criteria for selecting
the events and the definition of jets are described in
Chap. 2, the model calculations in Chap. 3, and the
experimental results are presented and compared
with model expectations in Chap. 4.

2. Event Selection

A description of the detector, the trigger conditions
and the selection of hadronic events is given in [6].
For the present analysis the data are grouped into
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Table 1. The total number of events used in the analysis for the
three c.m. energy regions. The number of ‘3-jet’ and ‘planar 3-jet’
events as defined in the text are also listed

E...(GeV) 14 22 29.5-36.4
{E > (GeV) 14 22 334
Total number of events 2,739 1,945 18,424
Number of ‘planar 3-jet” events 149 228 2,048
Number of ‘3-jet’ events 354 359 2,566

three energy bins as listed in Table 1. The criteria
for the selection of 3-jet events which are the same
as in [4, 5] will be repeated here for completeness.

Events are classified according to their shape in
momentum space using the eigenvalues of the sphe-
ricity tensor

T3= Dia Pig/ Y. P}, (1)

where p,, is the a-component (x=x,y,z) of the mo-
mentum of the i-th particle. The summation is over
all charged particles with momenta above 100
MeV/c and over all neutral particles with energies
above 150 MeV. The momenta of neutral particles
are determined from the energy deposited in the lead
glass counters, assuming the observed neutral par-
ticles to be photons. For charged particles penetrat-
ing one or more lead glass clusters, the average
energy deposited in the lead glass by a minimal
ionising track was subtracted from the cluster en-
ergy. If the remaining energy was less than 150 MeV
no photon was introduced. For each event the sphe-
ricity tensor (1) is constructed and diagonalized. In
the analysis its normalized eigenvalues Q,, 0,
Q3 (Q,<0,<Q;) and the corresponding principal
axes ¢,, q,, q; of the momentum ellipsoid are used.
An event plane is defined by (q,,q,). Figure 1 shows
the event distribution of the 33 GeV sample in the
Q-plot. Most of the events are of the 2-jet type and
thus cluster at large Q,—Q, values. Planar events
are defined by the cuts: 0, <0.06 and ¢, —0Q,>0.07,
as indicated in Fig. 1.

For each planar event the particles are attributed
to one of the three jets which are obtained by ma-
ximizing the triplicity [7],

T3=(]Z pi +lz pil +|Z P;D/Z pil (2)

all

where n,, n, and n, are three nonintersecting sets of
particles.

Caution is required in relating kinematic param-
eters such as total energies and directions of jets to
the corresponding ones of partons. Partons and jets
have different invariant masses and the ‘4-vector’ of
a jet is not identical to that of the parton which
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(Q3-Q)/V3

Fig. 1. The Q-plot as defined in the text using the data of the E
=33 GeV sample. The lines indicate the cuts Q; <0.06 and Q,
—-Q,>0.07

gave rise to the jet. For each event the jet energies
are calculated by employing two different methods:
The jet emergy E$ is defined as the sum of the
particle energies within a jet j, assuming charged
particles to be pions and neutral ones to be photons.

(/=1,2,3) 3)

n;=number of particles in jet j;
E, ;=energy of i particle in jet j.

In the second method the jet energies E;? are calcu-
lated from the jet directions k; which are given by
the vector sum of the particle momenta within each
jet. This procedure is strictly applicable only in the
case of three massless jets.

o sin @, , B
7 sin@, ,+sin@, ;+sin@; ; ™’

(J, k, 1 cyclic)
4

0, ,=angle between the jets k and [ projected onto
the event plane (q,,q5).

Note that even for an ideal detector, E and E do
not coincide, since, at present energies, jet masses
are not negligible in comparison with jet total
energies.*

The three jets are ordered using E?, according to:

E¢>E{>E4. (5)

Events with jets which contain less than 4 particles,
or which have E{<2GeV, are rejected. The events
surviving these cuts are called ‘planar 3-jet’ events.

*  The observed average jet mass is roughly given by 0.35 E for
all three jets in the region 4GeV < E§<15GeV
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The number of events available at the different c.m.
energies is listed in Table 1.

The lowest energy jet of 3-jet events at E_,
=33 GeV is similar in energy to those in 2-jet events
at E, =14 GeV. The latter ones are used for com-
parison because they should mainly consist of quark
jets. The 2-jet events are taken from the data re-
corded at E_, =14 GeV, without applying any cuts
in the Q-plot. For each event the particles are di-
vided into two jets by the plane perpendicular to the
sphericity axis q;. The two jet directions k; are given
by the vector sum of the particle momenta within
the jets. The event is rejected if |cos(k,,k,) is less
than 0.9, if one jet contains less than 4 particles, or if
one energy Ef<2GeV. Both jets (4170 in total) of
an accepted event are used in the analysis.

Whereas 2-jet events are not restricted by any
cut in the Q-plot, for ‘planar 3-jet’ events the event
shape distribution normal to the (q,,q5)-plane is in-
fluenced by the cut 0, <0.06. To be less affected by
this cut in the comparison with 2-jet events an en-
larged sample of ‘3-jet’ events is defined by Q, >0.06
or Q,—0Q,>0.07, excluding only the 2-jet corner.

3. Model Calculations

To some extent the jet definitions given above are
arbitrary and different definitions will yield some-
what different jet directions and energics. Any com-
parison of observed distributions with QCD pre-
dictions must take into account these definitions and
procedures. The present investigation uses model
calculations to study how well primordial quark and
gluon momenta can be reconstructed and how dif-
ferent gluon fragmentation schemes modify the av-
erage final state hadron configuration. From the
bremsstrahlung-like energy spectrum of the gluon in
the process e* e~ —qgg, one expects that the lowest
energy jet (4 3) has the highest probability of con-
taining the gluon fragments. This behaviour is con-
firmed by model calculations.

The calculations start from parton configurations
given by first-order QCD. Since the ggg cross sec-
tion diverges when the gg-configuration is ap-
proached, the total cross section is separated into 2-
jet and 3-jet contributions:

ool +a/m)=0,+ 04, ©)
a,=127/(33—2n,) In(s/A?).

The quark gluon coupling strength o, was calculated
taking 4=0.3 GeV [8] and n,=35. The separation of
qq and gqgg processes is achieved in regions of phase
space where the final hadron configuration of gg
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and ggg events are practically indistinguishable.
Two fragmentation schemes were studied to describe
the conversion of quarks and gluons into hadrons.
The two schemes differ in the treatment of ggg
events.

One scheme assumes that quarks, antiquarks and
gluons fragment independently, as expected if the jet
evolution is correctly described by parton branching
processes down to small off-shell masses and if long
range nonperturbative effects play a minor role. In
the actual application of this scheme we take a more
phenomenological approach by using the model of
Hoyer etal. [9] (Hoyer model), where the jet evolu-
tion is parametrized according to Field and Feyn-
man [10]. In the overall c.m. system the distribution
of the transverse momenta of the secondary quarks
relative to the primary quark direction is

do/d*p, ~exp(—p?/2a} ). (7)

In the case of gluon fragmentation o, , is replaced
by ¢, .- The sum of energy and longitudinal momen-
tum E+p, of the hadrons is distributed according
to a fragmentation function
_ —z 2. <
S Tl S
q ? q="""

For the gluon fragmentation a, is replaced by a,.
Gluons are treated as quark-antiquark pairs but the
gluon momentum is carried entirely by one of the
quarks, which subsequently fragments. To test how
sensitive the observed distributions are to different
gluon fragmentations, the values of ¢, , and q, are
taken either to be the same as for primary quarks
(the resulting distributions being denoted by g=gq)
or chosen differently (denoted by the changed pa-
rameters). The following parameters were used: a
production ratio of secondary u, d, and s quark pairs
of 3:3:1, equal fraction of pseudoscalar and vector
mesons, ¢,,=330MeV and q,=0.5 for the light
quarks and a,=0.0 for the heavy ones.

The second scheme is the Lund model [11], in
which fragmentation proceeds along the colour flux
lines. For ggg-events these flux lines connect quark
and antiquark via the gluon as intermediary. The
model is formulated in terms of strings and, al-
though the gluon is considered as one unit, the
model is kinematically equivalent to a treatment of
the gluon as a collinear quark-antiquark pair (¢',4")
with the momentum shared equally between ¢’ and
g. Each of the two ‘gluon pieces’ forms a g7 or q'q
two-jet system with the primary g or g. In the g7
and ¢'q rest frames the hadrons within these jet
systems are distributed as in simple two-jet systems,
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a special treatment being made only for the leading
hadron at the gluon corner. For more details see
[11]. The parameters are the same as for quarks in
the first scheme except for the fragmentation func-
tion which is replaced by f(z)=(1+ ) (1 —z2)® with p
=0.4 for the light quarks and f=0.1 for heavier
ones,

The parameters of both the Hoyer model, and
the Lund model have been adjusted to yield reason-
able agreement not only for the 3-jet data, but also
for the overall data sample. The effects of baryon
production, which has been incorporated into the
Lund model, are negligible for the present analysis.

The model calculations discussed so far are limit-
ed to the process eTe” —qg and ggg. We checked
the influence of including ‘4-parton’ events from sec-
ond order terms of hard gluon radiation [11, 12]. Of
course, some of the ‘4-parton’ events are due to the
gluon selfcoupling and should lead to a different
behaviour of the gluon jet. 4-parton final states were
generated (requiring the masses of all possible par-
ton pairs to exceed 5 GeV), and allowed to fragment.
These “4-parton’ events were then subjected to the
above 3-jet analysis to estimate their contribution to
differences between quark and gluon jets.

Monte Carlo techniques were used to calculate
the four-momenta of the final state particles. The
four-momenta, including those of bremsstrahlung
photons from the initial leptons, [13], were then
converted into the actually measured quantities,
such as drifttimes, pulse heights etc.,, taking the im-
perfections of the apparatus into account. These si-
mulated events were processed by the same chain of
computer programs as the data and were selected
according to the same cuts.

For a comparison of these model calculations
with the experimental data we refer to Chap. 4. Here
we present the results of some resolution and ef-
ficiency studies using these calculations. In particular
the question to what extent the reconstructed jet
directions k; reflect the original parton directions
was studied and whether the lowest energy jet #3
does preferentially have the gluon direction. Regard-
ing these questions the differences between the two
fragmentation schemes turn out to be small and we
present the results of the Hoyer model only.

Figure 2a shows the distribution of the angle ¢
between k; and the closest parton direction, ob-
tained for planar ggg events generated at E_,
=33 GeV. On average, the spread of ¢ is larger for
jet 43 than for #2 and #1. This is due to the fact
that jet #3 has the lowest energy. In Fig. 2b the
average value of 6, plotted as a function of ES, is
seen to follow a universal curve ~1/E¢ for all three
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Fig. 2a-d. Prediction of fragmentation models. a The distribution
of the angle ¢ between the reconstructed jet direction k; and the
closest parton direction for the three jets, obtained for planar ggg
events generated at E_ =33 GeV. b The average value of 6 as a
function of the jet energy. The width of the shaded areas indicates
the statistical errors. ¢ The distribution of the ¢ for jets of 2-jet
events at E. =14 GeV together with that for jet #3 of the
3-jet” events at E, =33GeV. d The average value of J as a
function of jet energy for the two samples used in ¢
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Fig. 3a—d. Prediction of fragmentation models. The probabilities
n; for jet j being closest to the gluon direction as a function of E‘J’
{(for a and ¢) and of E§ (for b and d) obtained from modal
calculations at fixed c.m. energy of 33 GeV, assuming an ideal
detector (a and b). and simulating the known imperfections of the
detector (¢ and d). The width of the shaded areas indicates the
statistical errors

jets. Without showing the curves we mention that in
the Lund model the points for jet 43 lie slightly
above those of #2 and #1. Figure 2¢ shows the
distribution of 6 for 2-jet events at E_, =14 GeV
together with the corresponding distribution for jet
#3 of the ‘3-jet’” events at E_ =33 GeV. In Fig. 2d
(6 is plotted as a function of Ef. These results
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suggest that the distribution of the jet direction
around the parton direction depends mainly on E,.

For the assignment of jets to partons, we use the
smallest angle between the parton momentum and
the jet directions. At c.m. energies of 33 GeV the
probability for jet #1, #2, and 43 being closest to
the gluon direction is 129, 22%, and 351%, respec-
tively, at 22 GeV the corresponding values are 9%,
209% and 349%,. The sum of these probabilities does
not add up to 100%, the remaining 3-jet structures
are faked by gg-events. Figures 3a and b show the
probabilities #; for jet j being closest to the gluon
direction as a function of E and ES, respectively,
obtained from model calculations at a fixed c.m.
energy of 33GeV and assuming an ideal detector.
The decrease of #, at jet energies below 5 GeVis due
to the increasing portion of residual gg-events.

In order to establish differences between quark
and gluon jets, it is of special interest to compare
jets of similar energies but of different gluon content
n;- On the average jet 43 has the largest gluon
content but Fig. 3a shows only a small overlap
between E% and E% and within this overlap region
only small differences between #, and #,. This be-
haviour is a consequence of the fact that (4) and (5)
are used in the determination of E{ and in the de-
finition of jet number j as well. By kinematics the
region of overlap extends from E_ /4 to E,, /3, inde-
pendently of how well or badly E4 1eproduces the
parton energy. Therefore the condltlon E4~ES pre-
ferentially selects events exhibiting 2-fold symmetry
around k,, for which jet #2 and #3 have equal
probability of being a gluon. On the other hand as
shown in Fig. 3b, the overlap region and the differ-
ence in gluon content are considerably larger, if Ef is
taken as energy scale and (4) and (5) are used only
to determine j. In Figs. 3¢ and d the corresponding
probabilities #; are drawn with the simulation of the
detector effects included. The same trends as in Figs.
3a and b are visible. Jet energies of ES <7 GeV and
E¢ <11 GeV in Fig. 3d are due to the imperfections
of the detector (jets with E{ <8 GeV are rejected).

In order to obtain a large overlap region and
different values for #;, using E;?, a data sample con-
taining events from different c.m. energies is re-
quired. The comparison is then made between jet
4#3 at high E_, and jet #2 at lower E,,. With
either definition for E; we have looked for differ-
ences between the particle distribution of quark and
gluon jets of the same energy.

In the following analysis frequent use is made of
Jets j=2,3 with 6 GeV <E;<10GeV. In this energy
range the model calculations show that for both Ef
(for the 33 GeV sample) and Ef (for 22+33 GeV
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sample) the gluon content in jet #2 is about 25%
and in jet 43 about 509,

4. Results

In this section we present the distribution of the
transverse and longitudinal momentum with respect
to the jet axis, particle and energy flow within jets
and perform a comparison between different jets.
Three different methods are used to compare jets of
about the same energy but different gluon content.

— The first one uses planar 3-jet events at
E.,~33 GeV taking Ef as energy scale.

— The second one also includes the data at E_,
=22GeV and uses Ef as energy scale, so that the
comparison is done mainly between the lowest en-
ergetic jet of high E_, and the medium one of lower
E_.

— Finally the jets #3 at E_ ,~33GeV arc com-
pared with 2-jet events at E__ =14 GeV.

To check for possible biases, the same compa-
risons are performed with the various model calcu-
lations. At the end of this section we demonstrate
that the data prefer one fragmentation scheme over
the other.

All results shown are observed distributions
which have not been corrected for any acceptance
etc. Only statistical errors are quoted and shown in
the figures. The systematic uncertainties are highly
correlated between the jets and should largly cancel
if appropriate ratios of measured quantities are con-
sidered.

4.1. Transverse Momentum

a) 3-jet Events. For the experimental data sample at

.m=33GeV, Fig. 4a shows the average transverse
momentum for the sum of charged and neutral par-
ticles within a jet j relative to the jet axis k; for all
three jets as a function of Ef. The data clearly in-
dicate that at a given Ej, jet #3, the one pre-
ferentially created by the gluon, shows a larger <p, )
than jet #2 and jet #1. As a quantitative measure
of the effect, the ratio:

Piis
3 <P¢>j=z ®)

was determined for each energy bin and then aver-
aged for the range 6 GeV<E;<10GeV. The value
obtained as well as its statistical error is listed in the
first row of Table 2. To estimate the systematic
uncertainties, {p,; was calculated applying different
cuts and particle selection criteria. The resulting
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Fig. 4a—d. The average transverse momentum of charged and
neutral particles within a jet relative to the jet axis for the three
jets as a function of Ef for a the experimental data, and b, ¢, d for
different model results at E =33 GeV

{ry,> values, some of which are listed in Table 2,
rows 2-7, were found to be the same within the
statistical errors.

To ensure that the observed effect is not caused
by a bias due to the jet selection procedure we show
in Figs. 4b-d and Table 2 the (p ) distributions and
{ry,» values predicted by the models. For the g=g
model (g, =0, ,=330MeV) the {p,)> of all three
jets follows nearly a universal curve (Fig. 4b) and
{ry,, is found to be close to 1. The observed dif-
ferent behaviour of jet 43, however, is qualitatively
reproduced if we increase o, , to 500 MeV (Fig. 4c
and Table 2) or if we use the Lund model (Fig. 4d).
Even the inclusion of second order QCD terms does
not improve the disagreement with the g=g model.
Feeding only ‘4-parton’ events into the above 3-jet
analysis, we find a small increase of {p ) for all
three jets, but the enhancement of jet #3 relative to
jet #2 and 31 is less than for example that in Fig.
4d. The resulting value of {r;,> for these ‘4-parton’
events alone is 1.074+0.03. Furthermore, we expect
at most 209, of our 3-jet event sample to be due to
‘4-parton’ events.

The average transverse momentum {p$*")» normal
to the event plane shown in Fig. 5 as a function of
ES also indicates a broader p, distribution of jet #3,
an observation which is not simple to explain in the
colour string model based on first order QCD.

In Fig. 6a {p,) is plotted against E¢ instead of
Ef, including data down to E_ =22GeV, and in
Figs. 6b-d the same is done for the different models.
Similar tendencies as in Fig. 4 are present, as also
seen from the corresponding {r;,» given in row 1 of
Table 3.

The differential distributions of the transverse
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Table 2. The ratio {(ry,> of {p > of the lowest energy jet to {p,> of the medium energy jet for different particle and event selection
criteria. {ry,) represents an average of the 4 bins covering the range 6 GeV<E{<10GeV. Row 1 gives the ratio for the data shown in
Fig.4a. Row 2 shows this ratio for charged particles only; row 3 for particles exceeding an energy of 0.5 GeV, row 4 for particles within a
50° cone around the jet axis, and row 5 for particles pointing into the hemisphere towards the highest energy jet. The ratios in rows 6
and 7 include all particles, but include only those events for which the total energy agrees within 20 %, with E_, (row 6) or for which the
angle between ¢; and the beam direction is less than 70° (row 7). The ratio given in row 8 is obtained from the data shown in Fig.5a.
The corresponding ratios are also given for the model predictions. The errors quoted are the statistical ones

Row Variables Further cuts Data (130 = Pej-s ; [6GeVEESZ10GeV, E__=33GeV
A d A 3 <p > I cm
used in t)j=2
{r320
Lund model Hoyer et al. ¢, ,=330MeV, a,=0.5
P, Ooe 330 MeV 500 MeV
a, 0.5 0.5
1 I 1.16 £0.02 1.10+0.02 1.0340.02 1.1340.02
particle cut:
2 I charged only 1.18+0.02 1.10+0.02 1.0440.02 1.15+0.02
3 I E;;>05GeV 1.17+£0.02 1.10+0.02 1.04+0.02 1.124+0.02
4 P ¥(p;; k) £50° 1.16 £0.02 1.10+0.02 1.0340.02 1.134+0.02
5 I *(p k)< x(k; ky) 1.16 +0.02 1.10£+0.03 1.024+0.02 1.144+0.03
(projected onto (q,,q3)
event cut
3
2 E
6 I 0.8§&§1.2 1.14 +0.03 1.10+0.03 1.00+0.03 1.1340.03
7 P cos(q,,2)>0.35 1.17+0.02 1.09 +0.03 1.04 +0.02 1.1540.02
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Fig. S5a-d. The average transverse momentum of the particles
normal to the event plane (q,, q3) as a function of ES, for a the
experimental data, and b, ¢, d for different models at E
=33 GeV

momenta are shown in Fig. 7, for jet #2 and #3 of
6GeV<E;<10GeV in Fig. 7a, and of
6 GeV <E{<10GeV in Fig. 7b. Both charged and
neutral particles are included in these distributions
which are normalized to the number of jets. The
data points between 0.2 GeV <p, <1.5GeV are well
described by an exponential

£ (o) £ e

Fig. 6a—d. The average transverse momentum of the particles as a
function of E4 using the 22433 GeV sample for a the experimen-
tal data, and b, ¢, d for different models

dojdp, ~exp(—A4;p,) (10)
as indicated by the lines in Fig. 7. The best fits yield
a ratio 4,/A4;=1.18+0.03 for Fig. 7a and A4,/A4,
=1,13+0.04 for Fig. 7b confirming in both cases
{p,> to be significant larger for jet #3. Including
charged particles only the corresponding ratios are
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Table 3. The ratio {ry,) of {xx) of the lowest energy jet to {xx) of the medium energy jet for different definitions of xx. {ry,) represents
an average of the 4 bins covering the range 6 GeV <E}<10GeV from the 22+ 33 GeV sample. Row 1 gives the ratio for p, ; row 2 for py,
row 3 the ratio for charged and neutral multiplicity per jet and row 4 the ratio for charged multiplicity only. The corresponding ratios
are also given for the predictions of the Lund model and the Hoyer model with different values of the parameters ¢, , and q, for the

Fig. 7a and b. The differential p;-distribution of charged and
neutral particles for jets 42 and #3 with 6 GeV<E;<10GeV
from the 33 GeV data sample a and from the 22+33 GeV data
sample b. N;=number of jets in the defined energy region. The
lines represent exponential fits to the data

A,A;=122+0.04 and A,/4,=1.10+0.05, respec-
tively.

b) Comparison with 2-jet Events. The hypothesis of a
broader gluon fragmentation, causing a broader dis-
tribution of jet #3, can also be tested by comparing
the properties of jet 33 with jets of similar energy
from 2-jet events. As already stated in Chap. 2, we
use the enlarged sample of ‘3-jet” events. (This en-
largement of the data sample leaves the results of
the previous section essentially unaltered, the main

gluon
<XX> j=3 d
Row xx {rapd = =3 ) [6GeV<E!L10GeV E,,=22+33GeV]
<xx>j= 2
Data Lund model Hoyer et al. ¢, ,=330MeV, a,=05
Tog 330 MeV 330 MeV 500 MeV 500 MeV 500 MeV
a, 0.5 1.0 0.5 1.0 40
1 I 1.134-0.02 1.08 +0.02 1.01+0.02 1.02+0.02 1.10+0.02 1.07+0.02 1.08+0.02
2 Py 0.94 +0.04 1.0140.02 1.08+0.02 0.99+0.02 1.17+0.02 1.05+0.02 1.01+0.02
3 n 1.06 +0.02 1.034+0.02 0.93+0.02 1.034+0.02 0.8740.02 0.95+0.02 0.9740.02
4 Men 1.07+40.02 1.03+0.02 0.96+0.02 1.034-0.02 0.81+40.02 0.99+0.02 1.02+0.02
1 dn 00 PR T Table 4. The average jet energies (E and ES) for jets #1, %2, and
Nj a-Pl 50 F ) ome R S50 < £ < 1068y 43 for ‘3-jet’ events at E_ =33 GeV and the same for jets from
i / 2-jet events at E, =14 GeV
3 \\k A JET 462 m
jlig. - " T 3 .
0 f \,\\ : ] (B (GeV) CESY (GeV)
\\i"l jet #1  #2 43 #1 #2 #3
1 \I\‘\'\' N i
f l\;\i 3-jet’ events, 14.1 120 74 109 92 6.2
3 EN 1 E,,=33GeV
0 ‘ }\ja\\i Jets from 2-jet events 7.0 5.8
1 dn 5'0 £ b) e Eyy 20 T30 ‘ 1 Eom=14GeV
N_d—— s6ov < £ < ey
} 0P . J
P e A KT g2
10F - " T 43 . . . .
i 'R 1 difference being a higher 4-parton event fraction.
. The {r,,> for this sample is 1.16 +0.02.) The average
s ¢ M | energy of jet #3 from the 33 GeV data sample is
i ‘!\‘-\i ] similar to the average jet energy of the 2-jet events
EX A from the 14 GeV sample, as evident from Table 4
0] L NS where the various (E,> are listed.
00 05 10 15 In Fig. 8a the transverse momentum distribution
p, (Belie) of jet #3 from the 33 GeV sample is plotted to-

gether with the distribution from the 2-jet events at
14GeV. To guide the eye the exponential fits are
also drawn. The two distributions coincide. It would
be premature to conclude from this that quark and
gluon jets have apparently the same p, distributions.
The fact that less than 1/3 of the solid angle is
available for jet #3, whereas a jet from 2-jet events
covers one hemisphere, demonstrates one different
bias of the two data samples, and the g=¢ model
calculations of Fig. 8b show indeed a significantly
broader distribution of the 2-jet data.

A less biased comparison is performed in Fig. 9,
where only particles emitted at an angle less than
50° with respect to the jet axis are plotted. With this
cut the slope of the p -spectrum for jet 43 is smal-
ler than that for 2-jets and the difference observed
for the g=g model in Fig. 8b are largely reduced
{(Fig. 9b). The remaining difference between the two
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Fig. 8a and b. a The differential p -distribution of jet %3 from *3-
jet” events of the 33 GeV sample together with the distribution for
jets from 2-jet events at E, =14 GeV; b the same distribution as
predicted by the g =g model
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Fig. 92 and b. The differential p -distribution for the same events
as in Fig. § but including only particles within a 50° cone around
the jet axis

distributions in the model (Fig. 9b) is due to the fact
that 2-jet events at 14 GeV already include a certain
fraction of ggg-events which flatten the distribution,
and, that the 3-jet sample still contains a fraction of
qg-events. If the g=q model is analyzed without this
background, the two distributions agree with each
other. Inclusion of 4-parton final states to the 3-jet
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Fig. 10. The ratio of the p,-distribution of jet #3 at E_ =33 GeV
to that of jets from 2-jet events at E_ =14 GeV (from Fig. 9a)
together with model results

events changes the slope of jet #3 by at most 0.1 as
indicated by the full line in Fig. 9b.

In Fig. 10 the ratio of the differential p -distribu-
tion (Fig. 9a) of jet 43 to that of 2-jets is plotted
together with several model results. The experimen-
tal ratios show an increase from 1.05 to 1.5, whereas
the prediction for the g=g model falls to 0.6. Tak-
ing o, ,=500MeV results in a better agreement in
the region 0.5 GeV <p, <1.0GeV, but does not de-
scribe the data at low p,. Only changing both the
fragmentation function and the transverse momen-
tum distribution for the gluon jet (¢,=4.0 and 7,
=500MeV) results in a rough description of the
data up to p, =1.0GeV. Nearly the same agreement
with the data is found for the Lund model. The
agreement for p, >1.0 GeV can be improved by the
inclusion of ‘4-parton’ events.

4.2. Average Particle Multiplicity in Jets

Since the transverse momentum distribution of the
lowest energy jet, #3, is broader than that of the
other jets, one might expect differences in the mul-
tiplicity distribution, as well. For the 33 GeV sample
Fig. 1l1a shows the observed mean multiplicity of
charged particles {n,> as a function of Ef The
increase of {n,> with Ef is expected since the total
multiplicity increases strongly with E . For a given
energy {n.» is, within errors, the same for all three
jets.

In the models an increase of multiplicity may be
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Fig. 11a-d. The average charged multiplicity as a function of E}
using the 33 GeV sample, a shows the experimental data, and b, ¢,
d the different model results at E_, =33 GeV

achieved by increasing the parameter a, ie. by
lowering the mean energy loss per step {z). The
multiplicity within a cone of 50° around the jet axis
of a quark jet of 8 GeV increases from 6.6 to 7.1,
respectively 7.6 for an increase of a from 0.5 to 1.0,
respectively 4.0, corresponding to a decrease of {z)
from 0.38 to 0.25, respectively 0.17. Furthermore, the
fragmentation schemes of the models are constructed
such that an increase of ¢, from 300MeV to
500 MeV lowers the total multiplicity from 6.6 to
6.0, indicating only a weak dependence of the mul-
tiplicity on a and o, at these energies.

TFor the g=¢ model (Fig. 11b) <n,» tends to be
slightly lower for jet 43 than for #2. The model
agrees quite well with the data for a,=1.0, g ,
=300MeV (Fig. 11c), or for ¢,,=500MeV and g,
=40 (not shown). There is also good agreement
with the Lund model (Fig. 11d).

Similar conclusions are drawn, studying the mul-
tiplicity as a function of E{ for the 22+33 GeV data
sample. We list in Table 3 the corresponding <r;,»
for the multiplicities (row 3 covers charged plus
neutral particles; row 4 charged particles only), to-
gether with the values resulting from the Hoyer mo-
del with different values for ¢, and a,, and from
the Lund model. The results indicate that a softer
gluon fragmentation is needed to describe the data.

Averaged over all jet energies the {(n) of jet 43
from the ‘3-jet” sample exceeds the (n) of the jets
from 2-jet events at 14 GeV by about 10 %, while in
the g =g model the excess only amounts to 3%,

Though the changes in multiplicity for jet en-
ergies between 5 and 10 GeV are small, there are
indications that a softer gluon fragmentation de-
scribes the data better.
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4.3. Particle and Energy Flow Within Jets

More insight may be gained by a detailed study
of the particle density within the jets. For jets with
6GeV <E;<10GeV from the 33GeV data sam-
ple, the observed averaged angular density of par-
ticles as a function of the angle with respect to the
jet axis (particle flow) is shown in Fig. 12a (full
symbols for charged and neutral particles; open
symbols for charged particles only). For 9, ;<257

- where 9, ; is the angle between the particle i and the

jet axis j, the density of particles is less for jet #3
than for #2, but for 35°<‘9i’j<60° the reverse is
true. In the g=g model (Fig. 12b) jet #3 has a
particle density equal to or smaller than that of jet
# 2 over the whole region.

Model calculations with jets of about 8 GeV
show that an increase of ¢, from 200 MeV to
600 MeV results in a decrease of the multiplicity in
the region §;;<25° whereas in the region
25°< 9, ;<50° the number of particles stays roughly
constant. A change of one of the parameters « or f
such as to soften the fragmentation increases the
multiplicity mainly in the region 25° <3, ;< 50°.

In Fig. 13 the experimental ratio of the particle
flow of jet #3 to that of jet 32 is displayed to-
gether with several model results. The data points
show an increase from 0.75 at 9, ;<10° to 14 at
9; ;~50° whereas the ratio for the g=g model is
close to 1.0 over the entire region. Increasing o, , to

500 MeV decreases the ratio only for §; ;<25° A
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Fig. 14a and b. The average energy flow per jet with respect to
the jet axis for jets #2 and #3; a and b represent, respectively
the data and the g=¢ model at E_, =33 GeV

change of a, from 0.5 to 1.0 leads to a better agree-
ment in the region 25°<Y, ;<60° but spoils the
agreement for the data below 10°. The dashed dot-
ted curve (¢,=4.0, 5, , =500 MeV) gives a rough de-
scription of the data. The same agreement with the
data is seen for the Lund model.

The energy flow around the jet axis (Fig. 14a)
shows a similar behavour. Jet #3 exhibits a de-
pletion for 4; ;<25° and an excess for 25°<9; ;<60°
relative to jet #2, whereas for the g=g model
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Fig. 15a and b. The average energy flow of jet #3 of the ‘3-jet’
events together with that of jets from 2-jet events at 14 GeV; a
represents the data and b the g=¢ model

(Fig. 14b) the points of jet #3 are again on or below
those of jet #2.

Similar results were obtained, for jets with
6 GeV<E{<10GeV of the 22+33 GeV data sam-
ple. A comparison of the energy flow of jet #3 of
the ‘3-jet’ events with that of 2-jet events at 14 GeV
is given in Fig. 15a. Again an enhancement of en-
ergy flow for jet #3 in the region 25°<9, ;<50° is
visible, which is not reproduced by the g=g model
in Fig. 15b. For §, ;>50° the distribution of jet #3
drops quite rapidly in both figures, due to the fact
that the solid angle available for jet #3 is more
restricted than for jets of 2-jet events.

All these distributions show that for roughly the
same jet energy, jet #3 has a broader particle and
energy flow than jet #2 or jets from 2-jet events at
E.. =14 GeV. To obtain a reasonable description of
these effects by the Hoyer model one has to enlarge
7, . and «,. The Lund model is in rough agreement
with the data.

4.4. Longitudinal Momentum Distribution

To complete the global investigation of jets we now
turn to the distribution of longitudinal momenta.
We present the results in terms of the x-distribu-
tion where x; is defined as:

x=py/E; (1

where p is the momentum component of a particle
in jet j parallel to the jet direction k; and E; is the
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jet energy. In the case of 3-jet events E; has to be
experimentally determined for each jet, causing con-
siderably larger uncertainties and biases than in case
of 2-jet events, where E; is given by the beam en-
ergy. We use EY for the jet energy and denote the
resultant scaling variable by xf.
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Figure 16a shows the xj-distribution for jets with
6 GeV<E‘}< 10 GeV of the 22433 GeV sample, for
both, charged and neutral particles. Except for a
slight tendency of the jet 43 points at x{,>0.3 to be
located below those of jet #2, no significant differ-
ences are visible. In the g=g¢ model (Fig. 16b) the
distribution of jet 42 falls off more steeply than that
of jet 4 3. Which is partly an effect of the cascade
decays of mesons containing ¢ and b quarks. (Even a
harder fragmentation of ¢ and b quarks, as proposed
by [14], cannot compensate for this effect.)

In Fig. 17a the ratio of the differential x§-
distribution of jet %3 divided to that of jet 42 is
plotted together with the different model results. The
statistical errors are large, and the decrease of the
data points with increasing xj is not statistically
significant. The independent fragmentation model
with a softer gluon fragmentation yields a reason-
able description of the data. The same is true for the
Lund model.

Figure 17b shows the same ratio for the charged
particle data only, demonstrating within errors the
same behaviour as in Fig. 17a. Similar results are
obtained, when the comparison of the data with
models is repeated using the two other methods (ES
and the 33 GeV sample, and jet #3 with 2-jet events
at E_, =14 GeV).

Although the measured xj distribution does not
permit a definite statement about differences be-
tween quark and gluon fragmentation, it is con-
sistent with the conclusions drawn in Sect. 4.1-4.3.

4.5. String Effect

The particle distributions presented in the previous
section were shown to be reasonably well described
by both schemes, the independent parton fragmen-
tation model of Hoyer etal with gluon fragmen-
tation being broader than that of quarks and by the
string model of the Lund group. In this section we
study whether the complete distributions of particles
in an event allows to differentiate between the two
models.

The two models predict different particle popu-
lations in the angular region between the jets. In the
Lund model, due to the fragmentation proceeding in
a different coordinate system, the region between the
quark and the antiquark is depleted relative to those
between the gluon and the quark or the gluon and
the antiquark (see Appendix A). In a previous letter
[4] we looked for such differences and found a bet-
ter description of the data by the Lund model than
by the Hoyer model. That analysis was based on 326
planar 3-jet events. It is repeated here with the full
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statistics available at present. We further examine,
whether also the particle distributions within the jets
are sensitive to the different fragmentation axes used
by the independent parton fragmentation scheme
and by the Lund model.

Differences between the two types of models are
visible in the energy flow distribution of the events.
These distributions are obtained by projecting all
particle momenta of an event onto the (q,, q,)-plane
and summing the particle energies in each @-bin. @
is the angle in the event plane between the particle
momentum and the axis of jet #1, and runs via jets
#2 and #3 back to 1. Thus the axis of jet %1 is
fixed at 0°, whereas the axes of jets 42 and 43 are
distributed around 155° and 230°, respectively. The
differential energy flow is normalized to the total
energy observed in the events. Figure 18a shows a
comparison of the experimental energy flow with the
two model predictions. The relative differences be-
tween the two model calculations are largest in the
region between jets #1 and #2 and the data are
visibly better described by the Lund model. A com-
parison of the 14 data points in the region
50° < @ < 120° yields y?=17 for the Lund model and
7?=42 for the Hoyer model. The comparison of the
particle flow, which includes charged and neutral
particles, with the model results in Fig. 18b confirms
this observation. The charged particle flow shows
within the statistical errors the same distribution
[15].

In the Lund model, the observed depletion of
particles between jets 31 and #2 arises because p;
is limited in the coordinate subsystems of the colour
strings which, to the observer in the overall cm.
system, appears Lorentz-transformed towards the
gluon hemisphere. Consequently, the differences be-
tween the two models ought to become more pro-
nounced for particles with larger transverse mass
Y m* -+, where pS** is the momentum com-
ponent normal to the event plane. In Fig. 18¢c, where
the particle flow is plotted only for particles with
P >0.3 GeV/c, the differences between the two mo-
dels are indeed more pronounced, and again the
Lund model provides the better description of the
data.

Another way to reveal these differences is to plot
the distributions such that the jet axes of all events
coincide. This is achieved, by plotting the particle
density as a function of the normalized projected
angle ), /6, where @, is the angle between the jet
axes #j and 4k, and @, ; is the angle between jet
axis #j and the direction of the particle i, as sketch-
ed in the upper corner of Fig. 19. The distribution
is normalized to the total number of particles of the
events. This density is shown in Fig. 19. Both models
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describe the data well, except in the region between
jet #1 and 42, where the Hoyer model predicts
more particles than experimentally observed.

As a relative measure of the particle density in
the region between the jets the ratio of the number
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Table 5. The ratio of the number of particles in the angular range 0.3<@, ;/@, <0.7 between jets #1 and #3 to the corresponding
number between jets #1 and 2, together with the statistical uncertainties, both for the data and the model calculations. The last line

shows the corresponding ratios for the energy flow

Row Particles Data Lund modet Hoyer model

a,=40

g =500MeV g=q
1 ratio of number all 1.39+:0.04 1.33+£0.03 1.09 +0.03 1.03 £0.03

particles
2 charged only 1.421+0.06 1.27+0.03 1.04 +-0.04 1.02 +0.04
3 P >03GeV/c 1.7340.13 1.55 +£0.07 1.124+0.07 096 +0.07
4 P >03GeV/c 1.82£0.16 1.524+0.08 1.1440.09 1.01+0.09
charged only

5 K 1.9 +0.2 1.7 £0.15 1.144-0.1 1.0 +0.1
6 ratio of energy all 1.56 +£0.04 1.50 +£0.03 1.204+0.03 1.09+0.03

of particles in the range 0.3<0, ;/@, <0.7 between
jet #1 and #3 to the number between jet #1 and
$#2 is taken. This ratio is listed in the first two rows
of Table 5, together with the model predictions. The
observed behaviour persists, even if the lower mo-
mentum cut off for the particles is raised to 0.5
GeV/c. To verify that the difference between the
Hoyer model and the data cannot be explained by
the inclusion of ‘4-parton’ events, the analysis was
repeated taking only ‘4-parton’ events, yielding a
value of 1.134+0.05 for the ratio.

The increase of the effect with higher transverse
mass is quantified in rows 3 and 4 of Table 5, where
the ratio is given for particles with p}">0.3 GeV/c
only. Increasing the mass by accepting only K-me-
son candidates, yields similar results as listed in row
5 of Table 5. For p<0.8 GeV/c these candidates are
identified as charged kaons by the measurement of
their energy loss in the central detector [16] while
for p>0.8 GeV/c reconstructed neutral kaons [17]
are used. The background of this enriched kaon
sample is estimated to be about 509 for the data
and the model calculations. The ratio of the energy
flow for the same angular range as above is given in
row 6 of Table 5.

Fragmentation along the colour-anticolour axes,
provides a better description of the particle distri-
butions not only in the angular regions between jets
#1 and 2 but also within the jets. Excluding for
instance the range 50°<@® <120° in the energy flow
distribution (Fig. 18a) from the comparison, one still
obtains y*/d.f.=2(5) for the Lund (Hoyer) model. A
refined investigation [18] shows that at least part of
this difference reflects the different fragmentation
schemes. For each particle in a jet the momentum
component in the (q,, q;)-plane transverse to the jet
axis (p') is calculated. The sign of p? for each jet is
defined by the insert of Fig. 20a. Figure 20 shows
{p'*> for the data plotted as a function of p» where

py is the momentum component parallel to the jet
axis. In the figure the point at p;=5.5GeV/c in-
cludes all momenta above 5 GeV/c. Also shown are
the predictions of the two models which have sta-
tistical errors less than half as those of the data*. At
very low values of p, the data and both models
show a similar trend, in that {p'"> points towards
the neighbouring jet separated by the larger angular
distance. For p>2.5 GeV/c, however, the two mo-
del predictions diverge. For the data and the Lund
model (pi"y is positive (negative) for jet #1(32)
and increases (decreases) with increasing p,. This
effect is not only caused by the different particle
densities in the gap between jets #1 and #2. To
show this, the particles in the region 50°<® <120°
were excluded for the analysis and the jet axes were
redetermined. The results show the same tendency as
in Fig. 20. A comparison of the data with the model
prediction for the restricted sample taking the 4
points with p, >2.5 GeV/c yields x2=21(22) for jet
4#1(2%2) in the case of the Hoyer model and y?
=9(6) in the case of the Lund model.

This effect is qualitatively and quantitatively
understood in the colour string picture. The momen-
tum vectors of the low momentum particles in the
quark and antiquark jet, due to the above Lorentz
transformation, are pulled towards the gluon direc-
tion, which for the majority of the events is the
direction of jet 3. This results in a slightly larger
opening angle between the g and g jets than expect-
ed from independent parton fragmentation. Since the
high momentum particles of the quark jets are less
affected by the transformation, their average mo-
menta tend to subtend a larger angle with jet axis #3
than the corresponding jet axes.

*  The different calculations of the Hoyer model with the various
parameter sets used in the previous section and also calculations
of the model of Ali et al. [12] show the same results within the
statistical errors
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Fig. 20a~c. The average transverse momentum component in the
(a5, q5)-plane with respect to the jet axis {p'") as a function of the
momentum component parallel to the jet axis for charged and
neutral particles of jets 41, #2 and 3, respectively. The sign
convention of p¥ is scetched as well. The predictions of the Hoyer
and the Lund model are also shown

5. Summary and Conclusion

We have studied particle distributions in multihad-
ron events produced by high energy ete -
annihilation. The analysis is mainly concerned with
events showing 3-jet structure and with their in-
terpretation in the framework of perturbative QCD
with different fragmentation schemes.

The distributions of the transverse and longitu-
dinal momenta in the various jets with respect to the
jet axes were presented as a function of the jet
energy, as well as the average particle multiplicity of
these jets and the particle and energy flow distri-
butions.

A comparison of the transverse momentum dis-
tribution has shown that the average value {(p,> of
the lowest energy jet in 3-jet events is significantly
larger than that of the other two jets at similar jet
energies, QCD model calculations show that the lo-
west energy jet is preferentially produced by the
gluon and that the observed p, behaviour of the data
can be described if the gluon fragmentation is as-
sumed to be broader than the one of quarks. A
study of the particle and energy flow leads to a
similar conclusion. For independent parton fragmen-
tation, parametrized according to Field and Feyn-
man one needs a ¢, ~300 MeV and a=x0.5 for quark
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jets, and 0,~500 MeV and a~4.0 for gluon jets to
describe the data, if the remaining {ragmentation
parameters are kept constant. This observation 1is
corroborated by a comparison of the lowest energy
jet with jets of similar average energy from 2-jet
events, which are dominantly quark jets. It is also
observed that the string model of the Lund group, in
which by definition the gluon fragments softer than
quarks, describes the data.

A detailed study was performed of distributions
which are sensitive to differences between indepen-
dent parton fragmentation scheme and the Lund
string model, ie. the distribution of particles be-
tween the jets and its dependence on the transverse

mass [/ m”+{p3")* as well as the dependence of {p'}
on the longitudinal momentum components of the

particles in jet direction. Although the observed dif-
ferences between the two schemes are small, the data
favour the string model predictions of the Lund
group in which the fragmentation proceeds along
the colour axes.
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Appendix A

In the Hoyer model the fragmentation occurs along
the parton direction ie. along a direction fixed in
the laboratory. In contrast to this, in the Lund mo-
del the fragmentation occurs along the colour flux
lines, connecting g(g) and gluon, i.e. along a direction
moving in the laboratory. The effect of this is shown
by the following (simplified) consideration:

Assume both quarks and gluons moving with a
velocity f=1 in the laboratory. One colour string
then moves along the x-direction in Fig. 21a with
velocity f=co0s(9,,/2).

Neglecting for the moment transverse momenta
(c,=0), the momenta of the hadrons produced in
fragmentation are given in the moving system S’
(Fig. 21a) by

p'={0,p,,0}. (AD)
In the laboratory-system S we obtain

px=yBE =ByVp; +m?

Py =p,=p" (A2)



{a) q (b)

Fig. 21. a Reference frames for Lorentz transformation of frag-
mentation along the colour-string between quark and gluon. b
Distribution of hadrons in momentum space (laboratory system)
for ¢,=0 respectively

The momenta of particles are distributed along a
hyperbola in momentum space (Fig. 21b):
P2 p}

Form? mi 1. (A3)
The directions of the asymptotes are the parton di-
rections: b/a=1/fy=1tg(8,,/2). The distance of the
hyperbola from the point p,=p =0 increases with
increasing mass (Fig. 21b). Consequently, without
transverse momenta produced during fragmentation,
hadrons are found in the angular intervalls between
quark (antiquark) and gluon while the angular range
between quark and antiquark remains empty. This
phenomenon is called ‘string effect’.

Transverse momenta (o, =0) have the following
effect: p/ 0 produces a smearing of the hyperbola
(Fig. 21b) in the x, y-plane, and hadrons will be
found in the previously empty intervall between
quark and antiquark, ie. the string effect is partially
obscured. A transverse momentum out of the event
plane, p,=p,=pS"*0 results in an enhancement of

W. Bartel et al.: Particle Distribution in 3-Jet Events

the string effect: in (A2) and (A3) m is replaced by

the transverse mass 1/ (py")* +m?.
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