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The two-jet structure observed in e+e - annihilation 
[1 ] has given strong support to the quark parton 
model [2]. In addition to this structure, the produc- 
tion of  three-jet events has been observed recently at 
PETRA energies above ~25 GeV [ 3 - 5 ] .  The appear- 
ance of  this new process is an essential premise for the 
validity of  Quantum Chromodynamics (QCD) which 
predicts three-jet events due to hard gluon bremsstrah- 
lung [6]. The theoretical predictions of  QCD are made 
in terms of  partons (quarks and gluons) disregarding 
their fragmentation to real hadrons. Thus for direct 
comparison of  experiments and these predictions a 
method of  analysis has to be applied which allows the 
reconstruction of the original parton configuration. 
In contrast to previously applied methods to analyse 
jet structures in e+e - annihilation [ 1 , 3 - 5 , 7 - 9 ] ,  we 
use a new cluster method [10] which determines the 
number of  jets exploiting only the angular collimation 
of  the particles. This allows counting and measuring 
of.the hard partons involved in the reaction. Of par- 
ticular interest in this context are the determination 
of  the strong coupling constant a s and the measure- 
ment of  the parton energy distributions in three-jet 
events. The latter can be used to test the matrix ele- 
ment of  QCD in first order of  a s [6]. 

The cluster method used is a two-step algorithm. 
The first step associates all particles into prechisters 
irrespective of  their charges and momenta. Preclusters 
are sets of  at least one particle. I f  the angle between 
the directions of  any two particles is less than a 
"collecting angle" a they belong to the same pre- 
cluster. It is obvious that by this definition every 
particle of  an event is assigned to exactly one pre- 
cluster. The unit vector parallel to the sum of  the mo- 
menta of  the particles in a precluster defines its direc- 
tion. In the second step the preclusters are merged to 
clusters if the momentum vectors of  any two of them 
subtend an angle smaller than/3. The sum of  the ener- 
gies of  all particles assigned to a cluster i defines the 
cluster energy ECi. The number of  clusters n c is de- 
fined as the minimum number of  clusters which fulfills 
the inequality 

n c 

ECi > Evis(1 - e) , 
i=1 

for a given value of  e ~ 1, thus allowing for a fraction 
e of  the visible energy Evi s to be outside o f  the accept- 

ed clusters. Finally, any of these clusters is called a jet 
if its energy Eci exceeds a predefined threshold energy 
Eth. All particles not attributed to a jet are neglected 
in the further analysis. 

The parameters have been chosen in order to opti- 
mize the efficiency for recognizing two- and three-jet 
events using Monte Carlo simulations of  different 
e+e --annihilation final states [10]. In our analysis we 
used a = 30 °, j3 = 45 °, e = 0.1 and Etb = 2 GeV. The 
latter choice is motivated by low-energy results on jets 
[1]. Eth should be large compared to the typical 
transverse momentum of  a hadron in a jet ((pt) ~ 300 
MeV), in order to allow clear separation o f  jets origi- 
nating from partons which are sufficiently separated 
in space. The results of  this paper are rather insensitive 
to the actual choice of  these parameters. 

Applying this cluster analysis we obtain for each 
event the number of  jets, nj and for each jet i the ener- 
gy E j i  and the direction nji. The direction is defined 
by the unit vector parallel to the sum of  the momenta 
of  all particles assigned to the jet Ji" Assuming zero 
mass for the jet, its momentum is simply PJi = njiEji" 
All jets found are ordered according to their energies 
starting with the most energetic jet with energy Ej  1" 
Due to fluctuations in the hadronisation process, nj is 
not necessarily equal to the number of  initial energetic 
(E > E t h  ) partons. To correct for this difference Monte 
Carlo simulations of various processes are used. 

In this letter we report on the analysis o f  data with 
the PLUTO detector [11] at the e+e - storage ring 
PETRA in the energy range 27 <Ecru < 32 GeV. 
Charged particles are measured in 13 cylindrical pro- 
portional chambers which cover 87% of 47r sr and 
which operate in an axial magnetic field o f  1.65 T. 
Photons are measured in lead scintillator shower count- 
ers covering 97% of  the full solid angle. 

This analysis uses both charged particles and pho- 
tons. The masses of  the charged particles are assumed 
to be the pion mass. In order to discriminate hadron- 
ic events from background (mainly from b e a m -  
gas interactions, QED and 73' physics) and to suppress 
incompletely measured events we apply the following 
cuts: (i) the visible energy Evi s must exceed half of 
the center o f  mass energy Ecm, (ii) at least four 
charged particles must belong to a common vertex, 
(iii) the possible charge excess must be less than 2 if 
the observed charged multiplicity is smaller than 7, 
(iv) the missing transverse momentum with respect to 
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the most energetic jet must be smaller than 0.2 Evis, 
and (v) the angles 01 and 02 of  the two most energetic 
jets with respect to the e+-beam direction have to ful- 
£111 the condition (I cos 011 +[cos 021)/2 < 0.75. 

The selected events were visually inspected to re- 
duce the contamination of higher-order QED proces- 
ses and cosmic showers. After these cuts we obtain 
859 events for the further analysis. It is estimated that 
this sample contains a maximum of 0.2% of  beam-gas  
events, 0.2% of the events are expected from higher- 
order QED and less than 1.2% from 3'3' interactions. 

We compare our data to Monte Carlo events gener- 
ated according to four different models: 

(1) A two-jet model (qCq) [12] including c- and b- 
quark production. The fragmentation parameters were 
fixed to the values of  ref. [10] with the exception of  
Oq, the transverse momentum spread of  the primary 
mesons. For the c- and b-quark fragmentation standard 
assumptions were made [13]. 

(2) A ghion bremsstrahlung model (q?:tg) based on 
the first-order QCD matrix element [14]. Giuons are 
assumed to fragment like quarks. The singularities of  
the matrix element are suppressed by a cut in the nor- 
malized energy of  the fastest parton P1 requiring x 1 
= 2Epl /Ecm < 0.95. 

(3) A model to describe a hypothetical heavy qct 
resonance (Mre s = 30 GeV) decaying into three gluons 
(ggg) [ 15 I. 

(4) An isotropic multiparticle phase space (PS). It 
provides an extreme model with no dynamics and can 
be used to simulate the decay of two heavy objects 
which are generated almost at rest. 

Radiative corrections of  the initial state are in- 
cluded for models (1) and (2). All Monte Carlo events 
were passed through a complete detector simulation 
program, using the same pattern recognition and anal- 
ysis chain as used for the data. 

First we consider the distribution of  the observed 
numbers of  jets per event (nj) shown in fig. 1. The 
two-jet structure is dominant. However, about 30% of 
the events are classified as three-jet events. In table 1 
the data are compared with the Monte Carlo expecta- 
tions from models (1), (2), (4) and a linear combina- 
tion of  qgt and qglg. Model (1) with a quark fragmen- 
tation parameter Oq = 290 MeV does not describe our 
data, in particular the number of three-jet events is 
much too small. This model does not fit the data even 
if Oq is increased to 350 meV, a value which is ex- 
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Fig. 1. Distribution of the observed number of jets per event. 

chided by the experimental value of (Pout) [3]. 
Moreover, the experimental fraction of  three-jet 

events cannot be explained by any combination of  
isotropic phase space events [model (4)] and qC: 1 events. 
However, if we mix model (1) and (2) according to 
first-order QCD we obtain good agreement for all nj 
classes. In particular all observed four-jet events are 
explained by this model. Thus there is no sizeable 
production of events with four energetic partons. 
Such events are expected from higher-order QCD effects 
at a rather low rate but sufficiently detailed calcula- 
tions are not yet available [16]. 

Comparing the experimental nj distribution with 
the distribution of the phase space model (4), given in 
the last line of table 1, we can obtain upper limits on 

Table 1 
Distributions of the observed numbers of jets per event (n j) 
for data and different models, all normalized to the number 
of observed events. For the qC t + qclg model as = 0.15 is as- 
sumed. 

n j= 1 2 3 4 5 6 7 

data 2 551 249 53 3 1 

q~ 3 680 152 23 1 
q~g 2 229 509 113 5 1 
qq + q~g 3 567 247 46 2 
PS 1 30 154 306 268 86 14 

461 



Volume 97B, number 3,4 PHYSICS LETTERS 15 December 1980 

processes generating heavy new particles [ 17] nearly 
at rest if they have an isotropic decay structure. We 
conclude from the nj > 4 classes that the total iso- 
tropic contribution in our data is smaller than 3% at 
99% c.1. 

We now proceed to analyse the identified two-jet 
and three-jet events in order to obtain quantitative 
results related to the first-order QCD predictions, ad- 
dressing ourselves specifically to 

- the determination of the strong coupling constant as 
and 

- a study of  the energy distribution of the partons to 
obtain information on the gluon spin. 

In principle, c~ s is determined to first order directly 
from the three-jet to two-jet ratio, fully corrected for 
detector efficiency. However, since the model predic- 
tions of  this ratio slightly depend on the fragmentation 
parameters, in particular on Oq, we first determine Oq 
from the Pt distribution of the two-jet class which con- 
tains predominantly q~t events. The small contamina- 
tion expected from degraded three-parton events 
(~11%) is subtracted. The comparison with the q?t 
model (using different values of  aq) yields Oq = (290 
+ 20) MeV in good agreement with other experimental  
results at these energies [18]. 

To obtain a cleaner three-jet event sample we im- 
pose more severe cuts, namely (i) the sum of the ener- 
gy of the three jets must exceed 0.9 Evi s, (ii) each jet 
must contain more than one particle, and (iii) the 
events must be planar with 45 ° , more precisely 

COS 'y = (n j2  X n j3  ) " (nj3  X n j l  ) > cos 45 ° 

(nji are the unit vectors of  the jet direction). 196 
events are kept in the three-jet class after these cuts. 
For these events we define a thrust variable Tj by 
maximizing the longitudinal momenta  of  the three jets 
instead of  the particles, 

3 3 ) 

Tj =max(i__~ 1 IPJ'il//--~1 IPjil , 

where PJl i is the momentum component  of  the jet i 
parallel to the thrust axis. We found by Monte Carlo 
studies that Tj is a very good approximation of  the 
normalized energy x 1 of  the most energetic parton. 
Thus we can consider Tj as a direct measure o f x  1. We 
restrict our three-jet sample to Tj ~< 0.925, which 
leaves 114 events. From the qft model we expect 34 

events which are statistically subtracted for the further 
analysis. 

From the following investigations we conclude that 
the remaining events are consistent with a three-patton 
process. The events are planar with (7) = 13°. The 
multiplicity of  the events is nearly independent of  Tj 
in accordance with the model. The energy dependence 
of the multiplicity of  the least energetic jet is "parton- 
like", i.e. is increasing logarithmically with energy [2]. 
In fig. 2 the average observed charged multiplicity 
(nch) of  the least energetic jet is shown as a function 
of the jet energy squared. The data show the typical 
logarithmic increase. Furthermore the absolute ob- 
served values are in good agreement with the predic- 
tions from the qftg model (full curve in fig. 2). Finally 
a detailed Monte Carlo study yields the result that the 
measured directions and energies of  the jet are strongly 
correlated to those of  the partons [10]. 

This sample of three-jet events is now used to deter- 
mine a s. Correcting for detector efficiencies, radiation 
and fragmentation we obtain: 

a s = 0.15 -+ 0.03 (stat. error) -+ 0.02 (syst. error) .  

The systematic error reflects the uncertainties intro- 
duced by cuts and the models, but does not take into 
account next-order QCD effects. This result is consis- 
tent with other determinations [5,18,19]. The corre- 
lation between as and Oq is particularly small. Even 
assuming extreme values for Oq such as 250 MeV and 
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Fig. 2. Observed mean  charged multiplicity for the  least ener- 
getic jet  in identified three-jet events at Ecru ~ 30 GeV 
(points) and Monte Carlo prediction for the qOg model. 

462 



Volume 97B, number 3,4 PHYSICS LETTERS 15 December 1980 

log- PLUTO ~ ,o~- ? 

-- I / sco{or gluon / / 

: ~ ...... to, ~uo,, ~ ~ ~" / q 

~ / : a  [ . -  , 4 
e, I / ~ [ . f  ,' / 

j ii / / 

001L 001 i I[ / ' ' /  

F[ . i 

07 0.8 09 1 07 0 8 09 1 
) I Xl  

Fig. 3. Distribution of the relative energy of the fastest patton 
(xl). The data points are corrected for detector acceptance, 
radiation and hadronisation. The curves are (a) first-order 
QCD, (b) dotted: scalar-gluon hypothesis and dashed-dotted: 
CIM. 

350 MeV changes c~ s only by +0.004 and - 0 . 0 0 9 ,  
respectively. 

T h e x  1 distribution up t o x  1 = 0.95 is shown in fig. 
3a together with the prediction from first-order QCD 
(o~ s = 0.15): 

(1/o)(do/dx]) 

= (as/3n)[1/(1 + C~s/Tr)] [1/(1 - x l ) ] F ( X l )  , (1) 

where [8] 

F ( x ] )  = [4(3x 2 - 3 x  1 + 2)/x1] in [(2x 1 - 1 ) / ( 1 - x l )  ] 

- 6(3x I - 2)(2 - Xl)  , 

which, of  course, implies vector gluons. The experi- 
mental points of  fig. 3 have been fully corrected for 
each bin separately. We find the x 1 distribution to be 
in excellent agreement with the theoretical prediction. 
The experimental  x 1 distribution turns out to be in- 
sensitive to the specific model used to correct for de- 
tector effects and for efficiencies of  the cluster algo- 
rithm. Using model  (3) as an extreme example com- 
pared to model (2) we found the relative variations to 
be less than 15%. Furthermore the x 1 distribution is 
nearly independent of  the actual choice of  the fragmen- 
tation parameter Oq. For 250 ~< Oq ~ 350 MeV we do 
not see any significant change of the slope, although 

the absolute normalisation varies according to c~ s as 
mentioned above. 

Formula (1) contains a 1/(1 - x l ) p o l e  which con- 
trols the steep rise of ( 1 /o ) (do /dx l )  for x 1 -+ 1. This 
term is characteristic of vector gluons. Hence it is of  
interest to check whether our data agree with the 
QCD pole behaviour. If  we fit the exponent  a of the 
term [1/(1 - X l ) ] a  introduced into formula (1) and c~ s 
simultaneously we get c~ s = 0.08 -+ 0.05 and a = 1.3 
-+ 0.3, in good agreement with vector gluons. 

Although scalar gluons can not  be incorporated 
into an asymptotically free theory [20] the x 1 distri- 
bution has been predicted [6,8]. A fit of  this scalar 
gluon prediction to the data points yields a x2/ND 
= 9.1/4 as shown in fig. 3b (dashed curve) and we ob- 
tain a ,scalar = 0.77 -+ 0.10. I f  we average t h e x  1 distri- 

- ' S  

bution for 2/3 < x  1 < 0.95, the predictions for vector 
and scalar gluons are 0.891 and 0.871, respectively. 
For the data we obtain (x 1) = 0.893 + 0.005. Hence 
the hypothesis of  scalar gluons is strongly disfavoured 
in agreement with earlier conclusions from T(9.46) de- 
cays [9,21] and a recent s tudy of  three-jet events [22]. 

Finally we compare the x 1 distribution to the con- 
sti tuent interchange model (CIM) [23] which incor- 
porates the characteristics of  higher-twist terms. The 
da shed -do t t ed  curve in fig. 3b is the absolute predic- 
tion of  this model where the theoretical estimate of  
the coupling constant is (g/47r) 2 ~ 220 GeV 2. Clearly 

only a fraction of our three-jet events could be ex- 
plained by higher-twist contributions. Furthermore 
we find only very few events, where one jet  consists 
of a single 7r or p meson. 

In conclusion we have analysed high-energy e+e - 
annihilation data by a cluster method which deter- 
mines the observed number of jets in an event (nj). 
Besides the dominating two-jet events a fraction of  
three-jet events is found, which cannot be explained 
by misidentified two-parton events nor by heavy- 
particle production.  However, the observed nj distri- 
bution is well reproduced by first-order QCD predic- 
tions. A limit on the production of  heavy new par- 
ticles which decay according to phase space is given. 
We determine the quark fragmentation parameter Oq 
= (290 + 20) MeV by analysing our two-jet events. 
From the fraction of  three-jet events we obtain for 
the strong coupling constant a s = 0.15 -+ 0.03 -+ 0.02. 
The reconstructed x 1 distribution is in excellent agree- 
ment with predictions from first-order QCD. A hypo- 
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thet ical  scalar-gluon mode l  is s trongly disfavoured and 

only a small fract ion of  our events can be explained 

by the CIM mechanism.  
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