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The energy flow and particle flow distributions of planar three-jet events produced in e÷e- ~ hadrons at CM energies 
between 29.5 and 36.4 GeV have been interpreted in terms of the reaction e÷e - -~ q~g and compared with the distributions 
calculated from two different fragmentation schemes, one based on independent patton fragmentation, the other one on 
fragmentation along colour flux lines. The particle density at angles between the two highest energy jets is found to decrease 
more strongly with increasing transverse mass of the particles than the particle density at angles between any of these jets 
and the lowest energy jet. The high momentum particles within the two most energetic jets are emitted at larger angles 
with respect to the lowest energy jet than the average particles. These observations are well reproduced by fragmentation 
along colour flux lines, but not by independent parton fragmentation. 
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We report on the comparison of  three-jet events 
observed in e+e ~ hadrons with different fragmenta- 
tion schemes, based on the interpretation o f  these jets 
as the debris ofgluons and quarks produced in the 
gluon bremsstrahlung process e+e ~ qTqg. The energy 
and angular distributions o f  three-jet events do indeed 
support this interpretation [1], as does the observa- 
tion of  four-jet structures due to higher order dia- 
grams [2]. However, in all these processes the parton 
dynamics (QCD) must be deciphered from the final 
state hadron distributions, a procedure which neces- 
sarily involves the fragmentation as an intermediate 
step. A precise understanding of  fragmentation must 
therefore precede any quantitative test of  QCD. 

The present analysis is based on 18 424 multi- 
hadron events produced at CM energies between 29.5 
and 36.4 GeV at the e+e-  storage ring PETRA and 
recorded by the JADE detector. The detector, the 
trigger conditions and the selection o f  events are de- 
scribed in previous publications [3,4]. Events are clas- 
sified according to their configuration in momentum 
space using the eigenvalues QI,  Q2, and Q3 of  the nor- 
malized sphericity tensor (Q1 < Q2 < Q3; Q1 + Q2 + 
Q3 = 1) and the related unit vectors ql, q2, q3 of  the 
principal axes. Planar events are selected by requiring 
Q1 < 0.06 and Q2 - QI > 0.07. Three jets o f  particles 
are defined by maximizing the triplicity [5]. Jet direc- 
tion k/is  given by the vector sum of the particle mo- 
menta within je t / .  The three jets are projected on to 
the event plane defined by (q2, q3) and ordered such 
that jet #1 is opposite the smallest angle, and jet #3 
opposite the largest angle between the jet directions. 
Events with jets containing less than 4 particles, or 
with jet energy less than 2 GeV, are rejected. After 
these cuts ew are left with 2048 planar three-jet events. 

In order to investigate how the different fragmen- 
tation schemes manifest themselves in the final state 
hadron distribution extensive model calculations were 
performed. In these calculations the partons from the 
reaction e+e-  ~ qVqg were created according to the 
first-order QCD with a quark gluon coupling strength 
o~ 2 = 12rr/231n(s/A 2) and A = 0.3 GeV. The analysis, 
however, is rather independent of  the a s value chosen. 
Increasing for instance in the Lurid model A to 1.5 
GeV, one reduces the background from qV:t-events in the 
three-jet sample from 14% to 10% and all model re- 
sults quoted remain the same as for A = 0.3 within 
the statistical errors. 

One of the fragmentation schemes studied assumes 
that the quark, antiquark and gluon of  a three-jet 
event fragment independently o f  each other, as ex- 
pected if jet evolution proceeds by branching pro- 
cesses down to small off-shell masses with non-pertur- 
bative long range effects playing a minor role [6,7]. 
For independent fragmentation of  quarks and gluons 
the model of  Hoyer et al. [7] was used. It assumes a 
gaussian distribution of  the transverse momenta of  se- 
condary quarks relative to the primary quark direc- 
tion do/dp 2 ~ exp(p2/2O2,q)  in the overall CM sys- 
tem and a fragmentation function for the longitudinal 
momentum distribution f(z)  = 1 - a + 3aq(1 - z) 2 
f o r a q < l , a n d f ( z ) = ( l + a q ) ( 1  z)qaq for aq > 2. 
aq is an empirical parameter which depends e.g. on 
the quark mass. Gluons are treated as quark-antiquark 
pairs with the gluon momentum carried entirely by 
one of  the quarks, which subsequently fragments with 
distributions parametrized by O'q,g and ag. As reported 
elsewhere [8], different gluon fragmentation parameters 
are needed to obtain a reasonable fit to the observed 
distributions. The following parameters were used: 
A production ratio of  secondary u, d, and s quarks of  
3 : 3 : 1, equa! fraction of  pseudoscalar and vector 
mesons, Oq,q = 330 MeV, Oq,g = 500 MeV, and aq = 
0.5 for the light quarks, aq = 0.0 for the heavy ones, 
and ag = 4.0 for the gluon. 

The second scheme is the Lund model [9], in 
which fragmentation proceeds along the colour flux 
lines. For qTqg-events, these flux lines connect the 
gluon with the quark and antiquark, but do not con- 
nect the quark and antiquark directly. For more de- 
tails see ref. [9]. The parameters are the same as for 
quarks of  the first scheme except for the fragmenta- 
tion function which is replaced by f ( z )  = (1 +/3)(1 z)~ 
with ~3 = 0.4 for the light quarks and~ = 0.1 for heavier 
ones. The parametrization, however, is applied in 
the string rest system which is defined by the quark 
(or antiquark) plus half the gluon momentum. The 
parameters of  both the model of  Hoyer et al. and the 
Lund model have been adjusted to give a reasonable 
agreement with the data. 

Monte Carlo techniques were used to calculate the 
four-momenta of  the final state particles, including 
bremsstrahlung from the initial leptons. In a second 
step, the generated events were passed through a 
simulation of  the detector with all known imperfec- 
tions and were processed by the same chain of  corn- 
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puter programs and cuts as the real data. These model 
calculations show, almost independently of  the as- 
sumed gluon fragmentation, that in about 50% of  the 
cases jet #3 is created by the gluon. 

In a previous letter [3] we have compared these 
two extreme models with the data and shown that 
the particle densities in the angular gaps between the 
jets are better reproduced by fragmentation along the 
colour-ant icolour axes than by fragmentation along 
the patton directions. In the present paper, using a 
larger data sample than in the first report, we corro- 
borate this evidence by studying the complete energy 
and particle flow distributions as well as the correla- 
tion of  the transverse and longitudinal momentum 
components of  the particles in a jet. In the previous 
[3] and in the present investigation, both charged and 
neutral particles were used for the event selection, the 
determination of  the sphericity tensor and in the iden- 
tification o f  jets and their directions. However, the 
particle distributions shown in figs. 1 -3  are for 
charged particles only. Within the statistical errors 
they agree with the distributions obtained, when both 
charged and neutral particles are included [ 10]. 

Characteristic differences between the two frag- 
mentation schemes become visible in the energy flow 
distribution of  the events. These distributions are ob- 
tained by projecting all particle momenta of  an event 
on to the (q2, q3)'P lane and summing the particle 
energies in angular bins. An angle 0 is defined 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 
axis of  jets #2  and #3 are distributed around 155 ° 
and 230 ° , respectively. The differential energy flow is 
normalized to the total energy observed. 

Fig. 1 a shows a comparison of  the experimental 
energy flow with the two model predictions. The rela- 
tive differences between the two model calculations 
are largest in the region between jets #1 and #2 and 
the data are obviously better described by the Lund 
model. A comparison of  the 14 data points in the re- 
gion 50 ° < 0 < 120 ° yields X 2 = 17 for the Lund 
model and X 2 = 42 for the model of  Hoyer et al.. A 
comparison of  the particle flow, with the model re- 
sults in fig. lb confirms this observation. 

According to the Lund model, the observed deple- 
tion between jets #1 and #2  arises from the fragmen- 
tation proceeding in the coordinate subsystems of  the 
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Fig. 1. (a) The normalized energy flow (1/E)dE/dO together 
with the model predictions. (b) The normalized charged particle 
flow (1 In)dn/dO. (c) The normalized charged particle flow 
(1/n)dn/dO for particleswi th p~Ut > 0.3 GeV. n is the total 
number of particles used in each plot. 

colour strings which to the observer in the overall CM 
system appears Lorentz-transformed towards the 
gluon hemisphere. For example, a particle with its 
momentum vector normal to the event plane (p =p~Ut) 
in the colour string subsystem will acquire a momen- 
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turn component hi the direction of the Lorentz boost 
given by fi7 [ m2 + (p~Ut)2 ] 1/2, where ~ and "y are 

respectively the velocity and the Lorentz factor of 
the string subsystem relative to the overall CM system. 
Consequently, the differences between the two models 
ou~lt  to become more pronounced for particles with 

( _out)2 ] 1/2 larger values of [m 2 + p£ . In fig. lc, where the 
particle flow is plotted only for particles with p~Ut > 

0.3 GeV/c, the differences between the two models 
are indeed moer pronounced, and again the Lund 
model provides a better description of the data. 

Another way of revealing 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 pro- 

jected angle Oij/Oik where O/k is the angle between the 
jet axes # / a n d  #k,  and Oi,] is the angle between jet 
axis #7' and the direction of the particle i, as sketched 
in the upper corner of fig. 2. The distribution is nor- 
realized to the total number of particles of the events. 
This density is shown in fig. 2. Both models describe 
the data well, except for the region between jets #1 
and #2,  where the model of Hoyer et al. predicts 
more particles than observed experimentally. 

As a relative measure of the particle density in the 
region between the jets the ratio of the nmnber of 

particles in the range 0.3 < Oi,]/O]k < 0 . 7  between 
jets #1 and #3 to the number between jets #1 and 
#2 is taken. This ratio is listed in the first row of 
table 1, together with the model predictions. The ob- 
served behaviour persists, even if the lower momen- 
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Fig. 2. The average charged particle density in the angular re- 
gions between the jet axes normalized to the total number of 
particles versus Oij/Ojk. The data are compared with the Hoyer 
et al. and Lund models. The definitions of Oi, J and Ojk are 
sketched in the right-hand upper corner. 

turn cutoff for the particles is raised from 0.1 to 0.5 
GeV/c. To verify that the model results are not sig- 
nificantly changed by the inclusion of "four-parton" 

events, the analysis was repeated taking only "four- 
parton" events [11], yielding a value of 1.13 -+0,05 
for the ratio. Note that the "four-patton" events in 
our three-jet sample amount to at most 20%. 

The increase of the effect with higher transverse 

Table 1 
The ratio of the particles emitted in the angular range 0.3 < Oi,]/Ojk < 0.7 between jets #1 and #2 together with the statistical 
errors, both for the data and the model calculations. The last line shows the corresponding ratio for the energy flow of both charged 
and neutral particles (see text for details). 

particles Data Lund model Hoyer model 

ag = 4 . 0  

aq~g = 500 MeV g=q  

ratio of number all 1.39±0.04 1.33±0.03 1.09±0.03 1.03-+0.03 
of particles char~ed only 1.42±0.06 1.27±0.03 1.04±0.04 1.02±0.04 

p~U~> 0.3 GeV/c 1.73-+0.13 1.55±0.07 1.12±0.07 0.96±0.07 
pOUt ~ 0.3 GeV/c 1.82±0.16 

1.52 ±0.08 1.14±0.09 1.01 ±0.09 
charged only 
K 1.9 _+0.2 1.7 +0.15 1.14±0.t 1.0 -+0.1 

ratio of energy all 1.56-+0.04 1.50+0.03 1.20±0.03 1.09-+0.03 

278 



Volume 134B, number 3,4 PHYSICS LETTERS 12 January 1984 

mass is quantified in rows 3 and 4 of  table 1, where 
the ratio is given tbr partilces with p~Ut > 0.3 GeV/c 
only, Increasing the transverse mass by only accepting 
K-meson candidates, yields similar results which are 
listed in row 5 of  table 1. F o r p  < 0.8 GeV/c, these 
candidates are charged kaons identified by the mea- 
surement of  their energy loss in the central detector 
[12] while for p > 0.8 GeV/c, reconstructed neutral 
kaons [13] are used. The background of  this enriched 
kaon sample is estimated to be about 50% for the 
data and the model calculations. The ratio o f  the 
energies flowing into these regions is given in row 6 
of  table 1. 

Fragmentation along the colour-anticolour axes, 
however, provides a better description o f  the particle 
distributions not only in the angular gaps between 
jets #1 and #2 but also within the jets. Excluding for 
instance the range 50 ° < 0 < 120 ° in the energy flow 
distribution (fig. la) from the comparison, one still 
obtains x2/dof  = 2 (5) o f  the Lurid (Hoyer et al.) 
model. The following analysis suggested in ref. [14] 
shows that at least part of  this difference is due to the 
different fragmentation schemes. For each particle in 
a jet in , P i  , the momentum component in the (q2, q 3)" 
plane transverse to the jet axis is calculated. The sign 
ofp~ n for each jet is defined by the insert in fig. 3a. 
Fig. 3 shows (pin)plotted as a function ofPll, where 
Pll is the momentum component parallel to the jet 
axis. In the figure, the point at Pll = 5.5 GeV/c in- 
cludes all momenta above 5.0 GeV/c. Also shown are 
the predictions o f  the two models, whose statistical 
errors are less than half of  those of  the data. At very 
low values ofpl  I the data. and both models show a 
similar trend, in that <pl n> points towards the neigh- 
bouring jet separated by the larger angular distance. 
For Phi > 2.5 GeV/c, however, the two model predic- 
tions diverge. For the data and the Lund model (pin) 
is positive (negative) for jet #1 (#2) and increases (de- 
creases) with increasing PH 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 ° < 0 < 
120 ° were excluded from the analysis and the jet axes 
were redetermined. The results show the same tendency 
as in fig. 3. A comparison of  the data and of  the mo- 
del prediction for the restricted sample, taking the 4 
points with Pll > 2.5 GeV/c yields X 2 = 13(10) for jet 
#1 (#2) in the case o f  the model o f  Hoyer et al. and 
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Fig. 3. The average momentum component  in the (q2 ,q3)-  
jet axis <piln> as a function of  the too- plane transverse to the 

mentum component  parallel to the jet axis for the charged. 
particles of  jets #1, #2 and #3, respectively. The sign ofplJ a 
for each jet is defined by the insert in (a). The predictions o f  
the model o f  Hoyer et al. and the Lund model are also shown. 

X 2 = 2 (4) in the case of  the Lund model. 
This effect is qualitatively and quantitatively under- 

stood in the colour string picture. The momentum vec- 
tors of  the low momentum particles in the quark and 
antiquark jet, due to the above Lorentz transformation, 
are pullsed towards the gluon direction, which for the 
majority o f  the events is the direction of  jet #3. This 
results in a slightly larger opening angle between the 
q and ~jet  than expected from independent parton 
fragmentation. Since the high momentum particles 
are less affected by the transformation, their average 
momenta tend to subtend a larger angle with jet axis 
#3 than the corresponding jet axes. 

In summary, the measured energy and particle flow 
distributions of  planar three-jet events, show a deple- 
tion in the angular gap between the two high energy 
jets relative to the gaps on both sides o f  the lowest 
energy jet. This becomes more pronounced as the 
transverse mass of  the particles increases. The high 
momentum particles contained in each quark jet show 
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a net transverse m o m e n t u m  componen t  in the event  

plane wi th  respect to the je t  axis, which points  away 

from the gluon je t .  The string mode l  o f  the Lund 

group reproduces these observations while the mode l  

o f  Hoyer  et al. fails to account  for them,  even in the 

fragmentat ion o f  the gluon is made considerably softer 

than that  o f  quarks. The above phenomena  support  

f ragmentat ion along the colo, ur flux lines. 
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