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We report the analysis of the spatial energy distribution of data for e+e hadrons ob-
tained with the MARK-J detector at PETRA. We define the quantity "oblateness" to de-
scribe the flat shape of the energy configuration and the three-jet structure which is un-
ambiguously observed for the first time. Our data can be explained by quantum chromo-
dynamic predictions for the production of quark-antiquark pairs accompanied by hard
noncollinear gluons.

In previous papers' we have reported the ob-
servation of a two-jet structure in the production
of multihadronic states in e'e annihilation at
PETRA, in terms of thrust and spherocity. At
higher energies, the hadrons in each jet become
increasingly collimated, and the identification of
these hadrons with jets becomes increasingly un-
ambiguous. Detailed analysis of the distribution
of hadronic energy in three dimensions therefore
can be done in order to see the effects of quantum
chromodynamics (QCD), and, in particular, the
emission of gluons.

The detector we used, known as MARK-J, '
measures the energy distribution of both neutral
and charged particles (except neutrinos). It cov-
ers a solid angle of cp=2~ and 8=9' to 171' (8 is
the polar and y is the azimuthal angle). Lucite
Cerenkov counters surround the intersection re-
gion, followed by two layers (A and B) of three
radiation lengths each of lead-scintillator shower
counters, with one fast photomultiplier tube at
each end. The counters A and B enable us to lo-
cate shower maxima in various 9 and cp direc-
tions. They are followed by the sixteen C count-
ers, consisting of twelve layers (twelve radiation
lengths) of lead-scintillator sandwich also with
one phototube at each end. Surrounding the elec-
tromagnetic shower counters are drift chambers
which measure tracks from hadron showers and
incident muon angle. The next layers are hadron
calorimeters consisting of magnetized-iron- scin-

tillator sandwiches. The last layer of calorime-
ter, composed of the D counters, is used for trig-
gering on muons and for rejecting cosmic rays.
The magnetic field in the iron is toroidal and its
value is 1V kG. Finally, in the outermost layer
there are drift chambers which are used to meas-
ure single- and double-muon exit angles and mo-
m enta.

In the small-angle region there are four layers
of scintillation counters sandwiched between 10-
cm-thick iron plates to measure shower energy
in the region 12 (8&30.

The total energy of each interaction and the di-
rection of a particle or group of particles is com-
puted from the time and pulse-height information
of the shower counters and calorimeter counters.
The azimuthal position is determined by the fine-
ly segmented shower counters. This method en-
ables us to determine the 6I and y angles to an ac-
curacy of & 5' for e or y and &15' for hadrons.

The jet analysis of the hadronic events was
performed with use of the spatial distribution of
the energy deposited in the detector. For each
counter hit, a vector E' (the energy flow) is con-
structed, whose direction is given by the position
of the signal in the counter, and magnitude by the
corresponding deposited energy. To describe the
energy distribution, three orthogonal axes are de-
fined for each event as follows:

(1) The thrust axis, e„ is defined as the direc-
tion along which the projected energy flow is
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maximized. The thrust, E~„, and e, are given by

eturst

where E' is the energy flow detected by a counter
as described above and Q, ~

E'~ is the total visible
energy of the event (E~,).

(2) To investigate the energy distribution in the

plane perpendicular to the thrust axis, a second
direction, e» is defined perpendicular to e,. It
is the direction along which the projected energy
flow in that plane is maximized. The quantity
Emajor and e, are given by

g,.lE' e, I

VlS

(3) The third axis, e„ is orthogonal to both the
thrust and the major axes. It is found that the ab-
solute sum of the projected energy flow along this
direction, called Em~«, is very close to the min-

imum of the projected energy flow along any ax-
is, i.e. ,

. Z;IE' ~ "I
Em inor m~n

V1S

If hadrons were produced according to phase-
space or a qq two-jet distribution, then the ener-

gy distribution in the plane as defined by the ma-

jor and minor axes would be isotropic, and the
difference between E,„and E,.„,would be
small. Alternatively, if hadrons were produced
via three-body intermediate states such as qqg,
and if each of the three bodies fragments into a
jet of particles with (P ~) - 325 MeV, the energy
distribution of these events would be oblate. The

quantity oblateness, 0, is defined as

Emajor Eminor '

The oblateness is - 2(P,) 31, /fs for three-jet fi-
nal states and is approximately zero for final
states coming from a two-jet distribution. Ac-
cording to QCD, ' oblateness should increase at
higher energies and at lower thrust values. The

quantity oblateness is particularly suited to dis-
play the effect of gluon emission because it is
rather insensitive to the detailed assumptions of

QCD, such as the precise P~ distribution of the
hadrons and the fragmentation functions. '

Figure l(a) shows the measured energy depen-
dence of the average oblateness as compared to.

the prediction of the qqg model as well as the qq
model. %e see that at low energies, the data are
in agreement with both models, while at higher
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FIG. 1. (a) The average oblateness, @), as function
of +s compared with the predictions of qq (dashed curve)
and qqg model (solid curve). Also shown are points in
the qq model calculation under two different conditions:
Point X: (P ) =425 MeV, vs 30 OeV, D(Z) =(1-Z)2;
point Y: (P~) ~325 MeV, ~s ~31.6 Gev, D(Z) =const
for b and c quarks. (b) The average oblateness at 27.4-
31.6 Gev as a function of thrust compared with the pre-
dictions of qq and qqg model.

energies, 27.4& v's ~32 GeV, the data agree with
the qqg calculation, and are quite inconsistent
with the naive qq predictions. This is expected
in QCD since more and more hard gluons are
emitted as energy increases.

To check the dependence of oblateness on the
I'~ distribution of the hadrons and the behavior of
the fragmentation function D(Z) we have calculat-
ed, at u's = 30 GeV, the change in the average ob-
lateness, (0), by changing the (P~) from the com-
monly used value of 325 MeV to (P~) =425 MeV,
or by changing D(Z) = (I -Z)' with Z =P„/P, to
D(Z) = const for the c (charmed) and b (bottom)
guarks. ~ In both cases (0) changes by 0.002
+ 0.002.

Figure l(b) shows the measured oblateness ver-
sus thrust for the combined data at Ks =27.4, 30,
and 31.6 GeV. We see that for lower values of
thrust the oblateness of the energy distribution
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increases.
Figure 2(a) shows the event distribution as a

function of oblateness for the data at Ks = 17 GeV
where the gluon-emission effect is expected to be
small. The data indeed agree with both models,
although the prediction with gluons is still pre-

ferred.
Figure 2(b) shows the event distribution as a

function of oblateness for the data at 27.4-v's
( 31.6 GeV as compared with the predictions of
qqg and qq models. Again, in the qq model we
use both (P i) = 325 MeV and (Pi) = 425 MeV. The
data have more oblate events than the qq model
predicts, but they agree with the qqg model very
well.

To see the detailed structure of the jets we
further divide the energy distribution of each
event into two hemispheres using a plane defined
by the major and minor axes. The forward hemi-
sphere contains the narrow jet and the other
contains the broader jet. +major~ +minor~
are calculated separately for each hemisphere.
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FIG. 2. (a) The distribution ~ 'dÃ/&0 as function
of oblateness at ~s =17 GeV. (b) The distribution

d&/d& as function of oblateness st ~s = 27.4—31.6
GeV. In both (a) and (b) the solid curves are the pre-
dictions based on the qqg model and the dashed curve
is based on the standard qq model with (Pi) =225 MeV.
The dash-dotted curve in (b) is the qq model prediction
with (Pi) =425 MeV.
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FIG. 3. (a) Energy distribution in the plane as de-

fined by the thrust snd the ma]or axes for sll the events
with thrust & 0.8 and oblateness & O.l at ~s ~ 27.4, 30,
and 31.6 GeV. The energy value is proportional to the
radial distances. The superimposed dashed line repre-
sents the distribution calculated with use of the qqg
model. (b) The measured and calculated energy distri-
bution in the plane as defined by the thrust and the mi-
nor axes.

832



VOLUME 43, NUMBER 12 PHYSICAL REVIEW LETTERS 17 SEPTEMBER 1979

A sample of the events with low thrust and high
oblateness, where the gluon-emission effect is
expected to be relatively large, is selected for
detailed examination. The sum of the angular en-
ergy distribution of all the events st fs =27.4, 30,
and 31.6 GeV with the thrust g0.8 and the oblate-
ness of the broad jet &0.1 is shown in Figs. 3(a)
and 3(b). We see in Fig. 3(a) the accumulated en-
ergy distribution in the plane defined by the thrust
and major axes showing three distinct jets which

up to now had not been observed. ' The longest
jet is pointing along the thrust axis and the oppo-
site hemisphere actually contains two smaller
jets with a large angle between them. We have
oriented the two small jets according to their
sizes. ' The calculated energy distributions using
the qqg model are shown in Figs. 3(a) and 3(b)
and are compatible with the data with y' of 67 for
70 degrees of freedom. In Fig. 3(b) we show the
accumulated energy distribution in the plane de-
fined by the thrust and minor axes, the flat dis-
tribution is again consistent with the qqg predic-
tions.

In conclusion, we have shown that the energy
flow of hadronic events from e+8 interactions
can be described in terms of @CD. The effects
are particularly striking when the data are ex-
pressed in terms of the quantity "oblateness. "
The average oblateness as a function of thrust
and v's, and the differential oblateness distribu-
tion, all favor models including gluon emission.
The effect clearly increases with increasing en-
ergy. The energy distribution of the events with

thrust & 0.8 and oblateness & 0.1 shows three dis-
tinct jet structures.

We wish to thank Professor H. Schopper, Pro-

fessor G. Voss, Professor H. Feshbach, Pro-
fessor E. Lohrmann, Professor F. Low, Dr. F.
J. Eppling, and Dr. G. Sohngen for their valuable
advice and support and Dr. A. Ali and Professor
H. Georgi for helpful discussions. We also thank
Miss I. Schulz, Miss S. Marks, Mrs. S. Burger,
Mr. P. Berges, and Mr. D. Osborne for technical
and administrative help.

'D. P. Barber et 4., Phys. Rev. Lett. 42, 1110(1979);
D. P. Barber et &., Phys. Rev. Lett. (to be published).
Also, D. P. Barber et al. , Massachusetts Institute of
Technology, Laboratory for Nuclear Science Report
No. 104, 1979 (to be published).

J. Ellis et al ., Nucl. Phys. 8111, 253 (1976); T. De-
Grand et a/. , Phys. Rev. D 16, 3251 (1977); G. Kramer
et a/. , Phys. Lett. 79B, 249 (1978); A. De Rujula et al. ,
Nucl. Phys. B138, 387 (1978); P. Hoyer et a/. , DES'
Report No. 79/21 (unpublished); A. Ali et al ., DESY
Report No. 79/12 .(unpublished).

3H. Qeorgi, private communication.
We have adopted the notation that Z equals a fraction

of quark energy carried away by the hadron.
Phase-space distribution will show three nearly iden

tical lobes due to the method of selection used. How-
ever, at &s =30 GeV these lobes are very different in
appearance from the jets shown in Fig. 3. In general,
one expects the three jets from qqg to become slimmer
and easier to distinguish from the phase-space distri-
bution as the center-of-mass energy increases. Using
a g fit of the phase-space energy distribution to the da-
tawe found that y =222 for 70 degrees of freedom.
Therefore, the phase space is inconsistent with the da-
ta. Furthermore, large contributions of phase-space
distributions are ruled out by our data on thrust dis-
tribution (see Ref. 1).

In general the smallest jet came from gluon frag-
mentation.
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