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In hadron production by high-energy electron—
positron annihilation, the momenta of the final-state
particles tend to be contained in a narrow double cone.
This 2-jet structure is expected from the process e*e~
- qg with subsequent fragmentation of the virtual
quarks into hadrons. Recent experiments [1,2] at
c.m. energies around 30 GeV using the electron—
positron storage ring PETRA have shown a fraction
of the events to exhibit 34et structure. The angular
and energy distributions as well as the production rate
of 3jet events suggest that they are due to gluon
bremsstrahlung e*e™ - qqg, as predicted by perturba-
tive QCD [3].

The conversion of quarks and gluons into hadrons,
however, is not theoretically understood and is only
described by phenomenological models. In particular,
it is not clear whether the directions of fragmentation,
i.e. the axes with respect to which the transverse mo-
mentum is limited, coincide with the directions of the
original partons [4,7] *! or with the directions of the
colour—anticolour axes [8,9]. The present investiga-
tion aims at clarifying this question experimentally.

The analysis is based on 2892 multihadron events
measured with the JADE-detector at center of mass
energies between 30 GeV and 36 GeV of the e*e™-
storage ring PETRA. The detector, the trigger condi-
tions and the criteria for the selection of hadronic
events have been described in ref. [10].

The data are compared with two models [4,8] *!.
In both models the e*e™ - qqg cross section is calcu-
lated to first order [3] in the quark—gluon coupling
constant a,. Since the lowest order qgg cross section
diverges when the qg-configuration is approached, the
total first-order QCD cross section is divided up into
q4- and qqg-contributions 0g(1 + &g/m) = 045 + 03,
in regions of phase space where the 3-jet events are
practically indistinguishable from 2-jet events,

In the model of Hoyer et al. [4] *! quark, antiquark
and gluon fragment independently of each other, pro-
ducing final-state mesons with limited momentum
transverse to the directions of the original partons.
The angular and energy distribution of the mesons
within a jet is parametrized according to the standard
prescription of Field and Feynman [11]. Gluons are
treated as quark—antiquark pairs but the gluon momen-

*1 Heavy quarks have been incorporated by Meyer [S] using
the decay matrix eléments given by Ali et al. [6].
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tum is carried entirely by one quark which subsequent-
ly fragments.

In the Lund model [8] the fragmentation proceeds
along the colour flux lines as the primary partons,
move apart, For qgg-events, these flux lines are not
strung between quark and antiquark directly, but via
the gluon as intermediary (see fig. 1a). The model is
formulated in terms of strings and is kinematically
equivalent to a treatment of the gluon as a collinear
quark—antiquark pair (q', ") with the momentum
shared equally between q' and §'. Each of the two
gluon components form a qg’ or q'g two-jet system
with the primary q or q. In the q§’ and q'q rest system
the mesons within these jets are distributed according
to the standard prescription [11],a special treatment
being made only for the leading meson at the gluon
corner. Neglecting transverse momenta with respect to
the q§’ and q'q jet axes final-state particles of the
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Fig. 1. Sketch of the quark and gluon velocities and of the
colour—anticolour axes (a). Fragmentation along these axes,
neglecting transverse momenta, yields particles of the same
mass distributed in momentum space along two hyperbolas,
ag indicated in (b). The broadening due to different masses
and transverse momenta is also indicated. The ordering
scheme of the observed jets is sketched in (c). 9jx is the angle
between the jet axes #1i and # k projected onto the event
plane.
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same mass are distributed along hyperbolas in the
overall c.m. momentum space as sketched in fig. 1b.
The model predicts that particle distributions in the
angular regions between the gluon and the quark or
antiquark should be different from those for the region
between the quark and the antiquark.

Monte Carlo techniques were used for both models
to calculate the four-momenta of the final-state par-
ticles. The model parameters *2 used have been ob-
tained from a fit {12] of the model of Hoyer et al. to
the 30 GeV data (about 50% of the present data sam-
ple). In a second step the four-momenta, which in-
clude bremsstrahlung photons from the initial leptons,
were converted into the actually measured quantities,
such as drifttimes, pulseheights etc., taking the imper-
fections of the apparatus into account. These simu-
lated data were finally processed by the same chain of
computer programs as the data actually recorded and
were subjected to the same cuts.

To compare the data with the model predictions the
following weighted averages of [cos x; | were computed
for each event:

(V= 21pl" - leos gl [ 2 1pl" (r=0,1,2),
I i

where ¥ is the angle between the particle momentum
vector p; and the sphericity axis. The summation was
extended over all charged and neutral particles of an
event with momenta above 100 MeV and 150 MeV,
respectively. The momenta of neutral particles were
determined from the energy deposited in the lead-glass
counters. If a charged particle was also pointing into
an energy cluster the average energy deposited in the
lead glass by a hadron was subtracted from the cluster
energy.

The experimental distributions of Eﬁ”) are shown
in fig. 2a. The Eﬁ”-distribution peaks at higher values

*2 The following parameters were used for both models: The
primordial fragmentation function is f(z) = 1 — & + 3a(1
- z)? with ¢ = 0.5 for the u, d and s quarks, ¢ = 0 for the
heavy quarks, and (Hoyer model only) 4 = 1 for the quark
originating from the gluon. A production ratio of secondary
u,d and s quarks of 2 : 2 : 1 and a fraction of pseudo-
scalar mesons among the produced mesons of 50% are used.
The momenta of the secondary quarks transverse to the
fragmentation axis were distributed according to do/d?p|
~ exp(—p? /203) with aq = 0.33 GeV. The value of the
strong coupling constant used is given by ag =127/(33
- 2n¢) In(s/A?) with A = 0.3 GeV and ng = 5.
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than that of Zﬁl), which is essentiatly the thrust vari-
able, the only difference being that x is the angle
between the momentum vector and the sphericity axis
rather than the thrust axis. The distribution of Z(® is
even broader. This general trend is reproduced by the
two model calculations although the Lund model de-
scribes the Eﬁl)- and especially the E,(,O) -distribution
significantly better. In fig. 2b and fig. 2¢ the qg- and
the qgg-part *2 of the theoretical distributions are
shown separately. The two models predict different
qgg-distributions, though their qg-distributions are
quite similar,

These differences are qualitatively expected. In a
qdg-configuration as sketched in fig. 1b, the average
number and the average momenta of particles produced
in the angular range between the antiquark and the
gluon is larger for fragmentation along the colour axés
than for fragmentation along the parton directions.
The inclusion of these particles therefore yields a more
two-jet like configuration in the Lund model.

Another specific prediction of this model is the
production of more particles in the angular region
between the quark and the gluon (fig. 1b) than between
the two quarks. To lock for thiz asymmetry in the ex-
perimental data, events showing a 3-jet structure are
selected: For a global classification the eigenvalues 0,
Q2,Q3 (Ql <Q2<Q3; Ql +Q2 +Q3 = I)Ofthe nor-
malized sphericity tensor are used. For details we refer
to ref. [2]. By demanding a planarity 0, — Q; = 0.07
and an aplanarity Q; < 0.06 we separate 484 planar
events from 2-jet like events and possibly 4-jet like
events. The triplicity method [13] *? is used to identi-
fy 34ets of particles within a planar event and to deter-
mine the jet direction vectors. Events in which one or
more of the jets contain fewer than 4 particles or an
energy of less than 2 GeV are rejected. 326 events meet
these criteria. The three-jets are ordered according to
the angles between their direction vectors, projected
into the event plane, as sketched in fig. 1c. The event

*3 The border line between q@- and qqg-events is different in
the two models; qqg-events being 26% of the total in the
Hoyer model and 52% in the Lund model. For the purpose
of comparison in fig. 2c, however, only events from regions
of the qqg-phase space populated by both models were
accepted. The events omitted from the Lund sample are
2-jet like.

*4 For the triplicity calculation we use the ordering scheme
described in ref. [14].
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model predictions for the q-part and the qgg-part are shown separately in (b) and (c), respectively.

Fig. 2. The distributions of {*, ={

plane is defined by the two eigenvectors of the spheric-
ity tensor corresponding to the eigenvalues Q5 and Q5.
Fig. 3a shows angular distributions of the particles
from these 3-jet events. The average number of charged
and neutral particles per event is plotted as a function
of the normalized projected angle &;/9;;, where J; and
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Y;;, are defined in fig. 1c. The two model predictions
are also shown in fig. 3a. The gluon momentum vector,
according to the Lund model, is closest to the jet direc-
tion vector #1, #2 and #3 in about 12%, 22% and 51%
of the events, respectively. The remaining 15% of the
events are 3-jet structures faked by qg-events. (In the
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Fig. 3. The average number of particles per event between the
indicated jet axes versus the normalized projected angle. The
data together with the corresponding model predictions are
shown in (a), the model predictions, ordered for quark and
gluon jets, in (b).

Table 1
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Hoyer model the corresponding numbers are 9%, 22%,
49% and 20%.)

Apart from the region between jets #1 and #2 both
models describe the data reasonably well. In this region,
which is the region between the two quark jets for the
majority of events, the model of Hoyer et al. predicts
more particles than the Lund model. As shown in fig.
3b, this difference between the two models is enhanced
if the simulated jets are ordered such as to make jet #3
always the gluon jet. In this angular range the experi-
mental data (fig. 3a) are in reasonable agreement with
the Lund model but not with the model of Hoyer et al.

Since this difference is caused by the Lorentz trans-
formation of the two-jet subsystem from its own c.m.s.
to the overall c.m.s., it ought to be more pronounced
for particles with larger m? +p(2,ut, where p,, is the
momentum component normal to the event plane. As
a measure of the asymmetry the ratio of the number of
particles in the central range 0.3 <&;/8;;, <0.7 between
jet #1 and #3 to the number between jet #1 and #2 is
taken. This ratio is listed in table 1 for all particles and
separately for those with p,; < 0.2 GeV and p, ;4
> 0.2 GeV, together with the corresponding model
predictions. The ratio for particles identified as K-
mesons are also given in table 1. Charged K-mesons
with momenta p < 0.7 GeV are identified by the mea-
surement of their energy loss [15]. In spite of the
rather large statistical errors, the data do exhibit an in-
crease of the asymmetry with increasing m? + Pgut and
again, a better agreement with the Lund model than
with the model of Hoyer et al. The same is true for the
ratio of Z;|p;"|, shown in the last row of table 1, where
the summation is carried out over all particles within
the above angular ranges and pim is the momentum
component in the event plane.

The ratio of the number of particles within 0.3 < 9;/9;% < 0.7 between jet # 3 and # 1 to the corresponding number between jet
# 1 and # 2, together with the statistical uncertainties. In the last row the ratio of ;| p,mI is given, where the summation is ex-
tended over all particles within the above angular ranges and p!P is the momentum component in the event plane.

Particles Data Models
Hoyer et al. Lund

ratio of all 1.35 + 0.09 1.08 £ 0.04 1.34 + 0.06
number of pout < 0.2 Gev 1.23:0.1 1.02 £ 0.05 1.29 + 0.07
particles pout > 0.2 GeV 1.6 0.2 1.20 = 0.09 1.43+£0.12

K 2.2 £0.7 0.89 0.2 1.74 £ 0.4
ratio of all 1.51 0.1 1.18 £ 0.04 1.52 £ 0.07
momenta
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In summary: The data are compared with two
models both based on first-order QCD but differing in
the choice of the fragmentation axes. The data strongly
favour fragmentation along the colour axes over frag-
mentation along the parton momenta. This result indi-
cates that gluons fragment differently from quarks
and that the jet directions are in general not identical
with the parton directions.
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