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Several important attempts have been made recent-
ly to test specific predictions of quantum chromody-
namics (QCD) [1] in hadron—hadron interactions [2],
neutrino—hadron interactions [3], ete~ interactions
at low energy [4] and the decay of the T meson [5,6].
Recently, first results have been reported on high-
energy ete~ interactions observed at PETRA [7],
which are the subject of this letter. In perturbative
QCD (up to order ay/m) the processes leading to ha-
dronic final states [8] are

ete - qq — hadrons, )]
ete™ - qdg —~ hadrons. )]

At lower energies (£, < 10 GeV) the contribution
of the gluon bremsstrahlung process (2) is expected to

be negligible and the simple quark pair production pro-

cess (1) with subsequent fragmentation into hadron
jets with constant limited transverse momentum pre-
dominates. With increasing energy, however, reaction
(2) becomes more and more important. Detailed pre-
dictions have been made recently [9,10] on how

this effect influences the observable hadronic final
state. In particular, a dramatic increase in (pf) asa re-
sult of one-sided jet broadening, planarity of events
and finally an explicit three-jet structure are predicted.

In this letter we compare data taken at c.m. ener-
giesof 13,17, 22, 27.6, 30 and 31.6 GeV with QCD
predictions including the gluon bremsstrahlung pro-
cess (2) and with the Field—Feynman model {11] of
process (1) only. (For short we shall call the two mod-
els qgg and qq.) Details of the experimental set up,
the event selection criteria and the numbers of ob-
served hadronic events are given in ref. [12] for the
13 and 17 GeV data and in the preceding letter [13]
for the data at 22, 27.6, 30 and 31.6 GeV. Here we
just want to emphasize again that the PLUTO detec-
tor is sensitive to charged (neutral) particles within
87% (94%) of the full solid angle.

To compare our data with the qq and qqg models
we use two different Monte Carlo programs *! to gen-
erate events which are subsequently passed through a
complete detector simulation program and the same
event recognition and analysis chain as used for the
data. Initial state radiative effects are also included in
the program. (All data presented in this letter are ob-

*1 We are indebted to T. Meyer and H.G. Sander for providing
essential parts of the Monte Carlo generators.
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served values. They are compared to Monte Carlo pre-
dictions which include both detector and radiative ef-
fects.) The qq generating program is based on the
Field—Feynman model [11]. It contains u, d, s, ¢ and
b quarks and is sketched in the preceding letter [13].
The input parameter 9y which determines the trans-
verse momentum (g l) dlstrlbutlon of the quark cas-
cade f(q,) ~exp(— ql/20 ) is fixed to the convention-
al value of 0, =247.5 MeV/c. For qqg the generating
program was extended to allow for gluon bremsstrah-
lung of either q or g. Following Hoyer et al. [10] glu-
ons are radiated only by u, d, s, ¢ quarks, gluon jets
are treated as a combination of quark—antiquark pairs,
the QCD cross section is taken for qqg but a cut-off
on thrust is used. (This prescription yields a gluon jet
in addition to the q and q jets in 15% (25%) of the gen-
erated events at 17 GeV (30 GeV) c.m. energy.)

In our data comparison with the q@ and qqgg predic-
tions we first consider the averages (p), {p,) and (p’z')
computed from the hadron momenta parallel and per-
pendicular to the two-jet axis. We then study in detail
one-sided jet broadening and finally demonstrate the
occurrence of planar events as expected for qqg.

Fig. 1 shows the averages {p\), {p,> and (p%) com-
puted for charged particles relative to the thrust axis
of the event as a function of the c.m. energy. Here as
in figs. 2—5 the axes are determined using both eharged
and neutral particles. The reason to compute p; and
p, only for charged particles is the following: In our
shower counters we observe more clusters of deposited
neutral energy than the expected number of neutral
pions due to the decay 70 — 2. We treat all clusters
as caused by photons. This should not influence the
axis determination, especially not if linear methods
like thrust [14] and triplicity [15] are used, but
would give wrong results for the p, of 70°s. Fig. 1
shows that {p|) and {p ) are not very discriminative
between gq and qqg, but the energy dependence of
(pf) is better described if gluon bremsstrahlung is in-
cluded.

To study this effect in more detail we distinguish
for every event the two jets which are separated by a
plane perpendicular to the thrust axis. The jet with
the lower (higher) average p, is called the slim (fat)
jet [9]. Fig. 2a shows (p* ) of the charged particles as a
function of the c.m. energy, where the average is taken
over the charged hadrons in all slim (fat) jets. For the
slim jet the qq and qqg predictions are very similar
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Fig. 1. Mean observed values of momentum components of
charged particles parallel (py) and perpendicular (p}) to the
thrust axis (a) and mean observed pi (b) as a function of the
c.m. energy. The solid and dashed lines are qdg and q@ predic-
tions, respectively.

and the data are in agreement with both. For the fat
jet, however, the data clearly favour qqg, and qq is
ruled out. We now turn to the question of which par-
ticles in the fat jet contribute most to the jet broaden-
ing. To answer this we construct the so-called “sea-gull
plot” with the variables x, = P/Ppeam (the normalized
momentum) and (pf) computed from charged particles
in a given x,, interval. We show it separately for slim
and fat jets. To increase the statistical significance we
group together the data at 13 and 17 GeV (fig. 2b)
and at 27.6, 30 and 31.6 GeV (fig. 2¢). (We have
checked in separate plots for all five energies that this
procedure is legitimate.) At the lower energy there is
very little difference between qq and qqg predictions.
The difference between the sea-gull plots for slim and
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Fig. 2. Average observed pi of charged particles in the slim
and fat jets, respectively, as a function of the c.m. energy (a).
Sea-gull plots ((pjz_) of charged particles as a function of xp)
for slim and fat jets in two separate energy ranges (b), (c). The
solid and dashed lines are qdg and q@ predictions, respectively.

fat jets can be explained by statistical fluctuations in
the individual events. For the higher energies, how-
ever, qqg predicts a genuine one-sided jet broadening
caused by the additional gluon jet. This effect is quite
dramatic, especially at high x,,. It is observed in the
data and cannot be explained by qq. As a check we al-
so ran the qq Monte Carlo with ¢, increased artificially
to 350 MeV (dotted line in fig. 2¢) but were unable to
fit the data.

Now that we have shown that the data display the
one-sided jet broadening expected from qgg we search
for events with a three-jet structure. To this end we
use the triplicity method [15]. The final state hadrons
with the momenta py, p,, ... , pyy are grouped into
three nonempty classes Cy, Cy, C5 with the total mo-
menta
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P(C)= 20 p;, 1=1,2,3. Q3)
ieCy

Triplicity is defined ¥2 by:

= (2 w)

X max_{IPCI+IP(CHI+IP(CYIY.  (4)
1,C2,C3

It ranges between T3 = 1 for a perfect three-jet and
T3= 3v/3/8 = 0.65 for a perfectly spherical event.
The classes Cj* of particles yielding the maximum T3
are identified with the hadron jets (fig. 3a) formed
by the three quanta q, q and g. Thus the jet momenta
are P(C"). We rename them Py, P, Py with the con-
vention Py = P, = P;3. Because of momentum conser-
vation these vectors are coplanar and span the “triplic-
ity plane”. The angles between the jets (fig. 3b) can

*2 It should be noted that thrust [14] is defined analogously
by partition of the momenta into two classes only. It is then
also clear that for every event 73 > T.
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be interpreted as the angles between the quanta. Be-
cause of 01 +0, + 85 =360° ** one can span a trian-
gular Dalitz plot of which only 1/6 is populated
(shaded area in fig. 3c) since 0y <0, < 03. The three
corners A, B, C correspond to the totally symmetric
three-jet case (A: 0, =0, =05 = 120°) and two two-
jet-like configurations (B: 6y = 0°,0, =63 = 180°%;
C: 05 =180°% 6y =0, =90°, P3 =0). The event shown
in fig. 4 demonstrates that planar events with a three-
jet structure are in fact recognized by the triplicity
method.

In fig. 3d we show a scatter diagram for triplicity
versus thrust for all events in the high-energy region be-
tween 27.4 and 31.6 GeV. In this plot three-jet events
are concentrated in a band of large triplicity, say T'5
>0.9. Two-jet events have a large thrust. They are lo-
cated in the upper right corner of the diagram. (We
cannot distinguish between two-jet and threejet

*#3 In the measured events momentum is not exactly conserved
because of measurement errors and particle losses. There-
fore, for the purpose of fig. 3e a “‘missing momentum vec-
tor” was added.
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Fig. 3. Momentum configuration of hadrons (a) and jets (b) obtained by grouping hadrons into three classes according to the tri-
plicity method. A Dalitz plot (c) can be spanned by the angles between the jets whose shaded area only is populated. Nearly sym-
metrical three-jet events will be situated near point A. The data at Ecry = 27.6, 30 and 31.6 GeV are shown in a scatter diagram of
triplicity versus thrust (d) and in the angular Dalitz plot (€). In (d) planar events will be in the upper left of the plot characterized
by low thrust and high triplicity, e.g., T < 0.8 and 73 > 0.9. Events falling in this category show up as large circles in (e).
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Fig. 4. Momentum vectors of an event (E¢y = 31.6 GeV) with
high triplicity and low thrust projected onto the triplicity
plane (top left), onto a perpendicular plane normal to the
fastest jet (top right) and onto a plane containing the direction
of the fastest jet (bottom). Solid and dotted lines correspond
to charged and neutral particles, respectively. The directions
of the jet axes are indicated as fat bars near the margins of the
figures.

events at very high thrust.) For approximately spheri-
cal events both thrust and triplicity are low. In table 1
we give the number of three-jet events (defined by T
> 0.9, T <0.8) and the numbers expected from qq and
qqg for the two energy intervals. At the higher energies
we observe 48 events, 43 are predicted by qqg but only

Table 1
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11 by qq. The predictions from both models agree,
however, with the lower-energy data.

The angular Dalitz plot for the high-energy events
is shown in fig. 3e. The three-jet events as defined by
the cuts in fig. 3d are drawn as large circles, the others
as small dots. In this plot events with a conspicuous
three-jet structure will appear near point A, i.e., for
6 significantly less than 180°. Table 1 contains the
number of events observed and expected for 64
< 150° for the low- and high-energy samples. Again at
high energies the data are consistent with qqg only.

We conclude from this observation that indeed a three-
jet event structure develops with increasing energy as
predicted by the qgg model.

Independent of this study we also looked simply at
the planarity of the events using the method we already
employed in our analysis of the T decay [5]. We con-
struct the conventional sphericity tensor [16]

N
76 = Z: (07528 — pPpf), (5)

where the p; are the momentum vectors of all (charged
and neutral) hadrons and «, § are the coordinate indices.
We now order the eigenvalues N\ of 7%F so that A,

"2\, 2 A3 and call the corresponding eigenvectors

Ay, fiy, Aiz. The sphericity axis is 7i5. If the events are
disk-like the normal to the disk plane is ##; . The vector
A5 lies in the disk plane and is normal to the sphericity
ax1s We now form the averages (pout) {(p+A7)?and
W =(p fi5)? over all charged particles of an

Observed and expected numbers of events obeying different selection criteria .

Eecm Selected region

Events Events expected Events expected Events ex-
(GeV) observed (0gq =250 MeV/c) (04 = 300 MeV/c) pected
p- = p = (og =350
qq qqsg qq aqg MeV/e)
ad
13-17 T3> 0.9, T <0.8 (three-jet events) 24 11 15 155 17.5 20
63 <150° 32 25 32 27 33 29
(i > 0.5 Gev2/c? 5 5 5 7 10 9
§ >0.25, Q1 <0.03 (planar events) 7 8 8 9 9 11
27-32 T3 > 0.9, T < 0.8 (three-jet events) 48 11 43 23.5 48.5 36
03 <150° 52 19 51 25 50 31
(0} > 0.5 Gev?/c? 68 23 56 30 61 37
S >0.25, @1 <0.03 (planar events) 35 12 30 17 30 22
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Fig. 5. Distributions of (pgut) and (piin) for the lower- and higher-energy regions. Solid and dashed lines are qdg and qq predictions,

respectively.

event as a measure of the momentum out of the plane
and in the plane in a direction perpendicular to the
sphericity axis. Fig. 5 shows the distributions of <p(2)ut)
and (pf,-n) for the two energy regions and for compari-
son of :the predictions of qqg and qq. We observe that
at high energies the (p{;,) distribution develops a tail.
This tail corresponds to planar events which are pre-
dicted by qqg but cannot be accounted for by qq. Ta-
ble 2 contains the mean values of (pgut) and {pj,’ at
two energies, in table 1 we give the number of events

Table 2
Observed and predicted mean values of ¢ piiﬁ) and <pgut> .

observed and expected for (sz_]-n) > 0.5 GeV2/c2. At
the higher energies we observe 68 events, qqg predicts
56 whereas only 23 are expected from qq. If we use
only charged particles in the determination of the ten-
sor (5) the distributions become slimmer and the tails
shorter in data and Monte Carlo predictions but the
conclusions do not change. (We have also studied the
distributions of (pgut) and (pfin) computed with re-
spect to the normal to the triplicity plane and with re-
spect to a unit vector in the triplicity plane perpendic-

(0q = 250 MeV/c)

Predicted value
(aq = 300 MeV/c)

Predicted value
(oq =350 MeV/c)

Ecm Variable Observed value Predicted value
(GeV) (GeV/c)?
qq
13-17 «plip» 0.17 0.01 0.13
«pZu 0.055 £0.003 0.050
27-32 «pli 0.290 20.06 0.176
«pZu 0.076 0.003 0.067

qqg qd qdg aq
0.13 0.16 0.17 0.20
0.050 0.057  0.060 0.065
0.276 0.21 0.30 0.250
0.076 0.077  0.086 0.086
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ular to the fastest jet axis, respectively. The results are
very similar to those shown in fig. 5. However, all dis-
tributions are somewhat broader, since diagonalization
of (5) minimizes p f with respect to 75 whereas (4)
maximizes p; with respect to the three-jet axis.)

Planar events can also be defined by using the quan-
tities [5]

Qk =1 2)\](/()\1 + )\2 + )\3)

N N
= Z{ (p;+ ﬁk)z/.zf o}
- i=

Because of O + @, + Q3 =1 every event can be repre-
sented as a point in a Dalitz-like trlangle spanned by
the Q’s [5]. Events w1th small <p0ut> are characterized
by small @; because (pout) {(p-A)). Since two-
jet events have small sphericity § = 3A3/(A; + Ay +A3)
=(3/2)(Q; * @,), planar events ** can be selected by
requiring S to be large and Q; to be small. The num-
ber of planar events (defined by § > 0.25, ¢4 <0.03)
is given in table 1 together with qq and qqg expecta-
tions for the two energy regions. For the high energies
the observed number can only be explained by qqg.

We have tried both the qq and the qgg model in-
creasing the value of 0, to 300 MeV/c (as compared
to the conventional value of g = 250 MeV/c). The re-
sults obtained are similar and listed in the second and
third column from the left in tables 1 and 2. As before
the data rule out qJ and favour qgg. Increasing o, the
qqg model reproduced slightly better the low end of
the (p lm) distribution. However, we do not find this a
compelling reason to abandon the original Field—Feyn-
man value of 04 = 250 MeV/c which so far has fit the
data well over a wide energy region.

Finally, we have tried a qq model with an energy-
dependent o, even though no physical reason may be
given for suc (f'l an energy dependence in the framework
of the Field—Feynman model. In order to reproduce
the inclusive pf distribution we have to choose ¢
=300 MeV/c at 17 GeV and 0g = 350 MeV/c at 30
GeV. The latter yields the observed value of {p}
= 450 MeV/c. But even with this artificially increased
0 the qg model is unable to explain many features of
our data, such as the sea-gull effect (dotted line in fig.

(6

#4 A slightly different definition of planarity is given in ref.
[17].
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2¢) and the number of three- ]et events, planar events
and events in the tail of the (p lln) distribution (last
column in tables 1 and 2).

We conclude that for £, &~ 30 GeV the data do
not agree with the simple q@ model. At the same time
the data are very well described by perturbative QCD
taking into account gluon bremsstrahlung. This model
accounts for the observed one-sided jet broadening and
the asymmetric sea-gull effect as well as the planar
configuration of the events having a three-jet structure.
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