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Abstract. Inclusive charged particle production in 
e § e-  annihilation into hadrons is studied in terms 
of the particle fractional momentum xp. The xp distri- 
bution for gluon jets is extracted by comparing two 
data samples measured in the TASSO detector: near- 
ly symmetric three jet events at centre-of-mass energy 
W~35 GeV and two jet events at W~22  GeV, yield- 
ing quark and gluon jets of similar energies 
(,-~ 11.5 GeV). No significant difference is observed be- 
tween quark and gluon jets. Monte Carlo models 
based on parton showers describe the trend and ener- 
gy variation of the data better than a model with 
second order matrix element in a s. 

1 Introduction 

Quantum chromodynamics (QCD) is able to describe 
quantitatively strong interactions at high Q2, where 
perturbative calculations are valid. At low Q2 the 
quarks and gluons are confined by the colour field, 
so that only colour-singlet hadrons are observed. 
These hadrons are collimated into jets whenever the 
initial patrons are energetic enough. 

Large amounts of data exist on fragmentation of 
quark and antiquark jets. However little is known 
experimentally on fragmentation of high energy gluon 
jets. QCD predicts larger multiplicity and conse- 
quently softer fragmentation for gluon jets compared 
to quark jets of the same energy. The ratio r between 
gluon jet multiplicity and quark jet multiplicity is pre- 
dicted [-1] to be r =  9/4 at the limit of infinite energy. 
This ratio is calculated in QCD for parton multiplici- 
ties. Assuming [-1, 2] that parton and hadron multipli- 
cities are related through a phenomenological energy 
independent parameter, this ratio should also be valid 
for hadron multiplicities. Finite energy corrections up 
to second order in ~s yield [3] a value of r ~ 2. Adding 
heavy quark effects [-2] further reduces the value of 
r. The formalism developed in reference [-2] was ap- 
plied to estimate r for the kinetmatical conditions of 
the present work, yielding r ~ 1.3. 

Most of the experimental data on gluon jet frag- 
mentation come from e § e- - ,  qcTg. High energy e + e- 
collisions are ideal for such studies because of the 
simplicity of the parton level process. However most 
studies of gluon jet fragmentation in e § e- annihila- 
tion have led to inconclusive results. The HRS Colla- 
boration [-4] has studied the multiplicity distribution 
of charged particles in gluon jets in symmetric three 
jet events. They compared gluon jets to quark jets 

ng +0 17 in the same events obtaining - - =  1.25_o:32 +0.20 for 
nq 

the ratio of gluon jet multiplicity to quark jet multi- 
plicity. The M A R K  II Collaboration [-5] has studied 
inclusive charged particle distributions in terms of the 

�9 P i  fractional momentum xp = - - ,  where Pi is the momen- 
E~ 

rum of the charged particle i and E~ is the energy 
of the jet to which it is assigned. Their study apparent- 
ly favours a softer gluon fragmentation. The JADE 
Collaboration [-6] has reported that particles coming 
from the least energetic jet (the most probable to be 
a gluon jet) in three jet events tend to carry on the 

(Pt3) average larger Pz. They report - - = 1 . 1 6 + 0 . 0 2  
(Pt2) 

where jet 3 is the least energetic one and jet 2 is the 
next in energy. Other, preliminary, results are less 

(P,3) striking. The TPC Collaboration [7] reports - -  
(Pt2) 

=1.08_+0.02. The CELLO Collaboration [-8] com- 
pared the least energetic jet in three jet events at c.m. 
energy W= 35 GeV to two jet events at W= 14 GeV, 
thus comparing a gluon enriched sample of jets to 

(Pt3(35)) 
a quark enriched sample. They report 

(pt(14)) 
= 1.03 +0.03 +_0.04, not seeing an increase in Pt for 
gluon jets. 

In p/~ collisions at the CERN SpaS, gluon jets 
are more energetic and predominate in the region of 
low transverse momentum. The UA 1 Collaboration 
[9] studied jet fragmentation in p/~ collisions. Com- 
parison of charged multiplicity between quark and 
gluon jets could not be done due to systematic uncer- 
tainties in the charge multiplicity of the quark jet 
sample. However, they were able to show that pairs 
of gluon jets with invariant mass of 95 GeV fragment 
more softly than pairs of quark jets at invariant mass 
of 130 GeV. Note that the mean transverse momenta 
with respect to the beam axis for the two types of 
jets are similar, 35 GeV and 39 GeV respectively. 

In this paper we study inclusive charged particle 
production in nearly symmetric three jet events pro- 
duced in e + e-  annihilation. We assume that these 
events consist of two quark jets and one gluon jet. 
The inclusive charged particle distribution is studied 
in terms of the fractional momentum xp. In order 
to avoid scale breaking effects it is necessary to com- 
pare charged particle production in quark and gluon 
jets of the same energy. PETRA has provided us with 
data at c.m. energies of W~35 GeV and W~22  GeV. 
Therefore, we can compare the xp distribution of 
charged particles in the high energy events with three 
jets (q~tg) each of ~ 11.6 GeV energy to the same dis- 
tribution in jets of ~ 11.2 GeV energy in two jet (qcT) 
events at the lower energy. In this comparison the 
gluon jet distribution can be extracted without assum- 



ing that the least energetic jet is most probably the 
gluon jet. 

Although it has been shown that the jets do not 
fragment independently, misassignment of a particle 
to its jet is not crucial for the xp measurement, as 
the energies of the three jets are almost equal. The 
jet axes are used only in the event selection (see below) 
and in the jet energy determination, thus the depen- 
dence of the results on the jet finding algorithm is 
minimal. Studies of quantities like jet particle multi- 
plicity, rapidity, or Pt with respect to jet axes, are 
much more dependent on the reconstructed jet direc- 
tions. With this procedure we keep systematic errors 
at a minimum by comparing data taken by the same 
detector at two different c.m. energies. 

2 Data  selection and corrections 

2.1 General 

The data were taken with the TASSO detector at 
PETRA at two regions of centre-of-mass energies: 
30< W< 38 GeV, with an average of W= 34.8 GeV, 
and 22 < W< 25 GeV, with if" = 22.3 GeV. The corre- 
sponding integrated luminosities were 190 pb-1  and 
3.2 pb -  1 respectively. Details of the detector can be 
found elsewhere [10]. 

The selection of multihadronic final states from 
e + e-  annihilation was based upon charged particles 
measured in the central detector. The selection criter- 
ia, as described in detail in [11], yield 53 559 events 
at I~=34.8 GeV and 2145 events at 1~=22.3 GeV. 
The main requirements are: a charged track is ac- 
cepted if its momentum transverse to the beam direc- 
tion is pxy>0.1 GeV/c and its polar angle satisfies 
[cos0[<0.87; the momentum sum of all accepted 
charged particles has to be in the range 0.265 W 
< Sp~ < 2 W. The r.m.s, track momentum resolution, 
including multiple scattering, is ap/p=O.O16(1 
+pz)a/2, with p in GeV/c. The contamination to the 
single photon (or Zo) hadronic data sample from 
other processes within the accepted events was esti- 
mated by Monte Carlo simulation and found to be 
very small [11, 12]: negligible for beam-gas interac- 
tions, 0.9% (0.6%) for ~7 scattering and 0.8% (1.1%) 
for ~ pair production at l~ = 34.8 GeV 
(W = 22.3 GeV). 

In order to reject events with badly reconstructed 
tracks and events with a hard photon radiated from 
the incoming e + or e- ,  two additional cuts are made: 
(a) the angle 0s between the sphericity axis and the 
beam direction is required to satisfy Icos0sl<0.85; 
(b) the angle ON between the normal to the event plane 
and the beam direction has to satisfy Icos 0NI>0.1. 
The number of multihadronic events remaining after 

these cuts are 45852 for I~=34.8  GeV and 1948 for 
if" = 22.3 GeV. 

2.2 Three jet  events 

Our selection method consists of finding 3-jet events 
at c.m. energy W ~ 3 5  GeV with the 3 jets having 
nearly the same energy, to be compared with two 
jet events of the same jet energy. Assuming the 3-jet 
events originate from qglg, the gluon fragmentation 
can be extracted. 

For  the comparison to be meaningful, it is neces- 
sary to use a reliable jet finding algorithm. Four  differ- 
ent algorithms have been checked, using the L U N D  
Monte Carlo [13] with a second order matrix element 
in c~ s. All the Monte Carlo events, with initial state 
radiative effects included, were processed through a 
detailed TASSO detector simulation program [14], 
and were subjected to the same hadronic selection 
criteria. Three jet analysis cuts were then applied as 
in the data. One algorithm [15] was discarded be- 
cause it gave too many multijet events. We have also 
tested an algorithm [16] based on a mass cut on 
the invariant mass between any pair of jets, an algo- 
rithm [13] based on a similar mass cut weighted by 
the particle momenta, and an algorithm [17] based 
on the sphericity tensor. The selection of the best algo- 
rithm was based mainly on the goodness of recon- 
struction of the least energetic jet in a symmetric three 
jet event as given by, among other quantities, the an- 
gle between the direction of the reconstructed jet and 
the direction of the original parton, and the recon- 
structed energy (as given by the angles between jets, 
see below). The results are shown in Table 1. 

The main background to our sample are events 
with more than three jets. Therefore, another impor- 
tant factor to consider in choosing the best algorithm, 
is the contamination from four jet events. As the cross 
sections for 3 and 4 parton events in second order 
QCD become infinite for soft gluon production, cut- 
offs have to be applied in order to remove the infrared 
and collinear singularities. Two methods are often 
used for this purpose. The first one is the Sterman- 
Weinberg [18] definition of a jet, which requires mini- 

]T p.arton 
mal values for the fractional energy ~j=2--J of 

W 
each parton j and for the angle 6ij between any pair 
of partons i and j. The second method is the one 
used by the GKS [19] calculation of second order 
es matrix elements. These matrix elements are incor- 
porated in the L U N D  Monte Carlo, and the singular- 
ities on them are removed by requiring a lower limit 

to the variable yp~rton (Pi + p j)2 = W2 -, where p~ and Pi are 



4 

Table 1. Compar ison of different jet finding algorithms using the L U N D  Monte  Carlo with second order matrix element in cq. Jet 3 
is the least energetic jet 

Selected algorithm Gen. sphe. W. inv. mass  Inv. mass  
Ref. [17] Ref. [13] Ref. [16] 

Mean RMS Mean RMS Mean RMS 

Angle between reconstructed and generated jet for jet 3 
Scaled generated energy of jet 3 
Difference between generated and reconstructed scaled 

energies for jet 3 

Contaminat ion of 4 jet events 6~j> 55 ~ ej>0.24 
Contaminat ion of 4 jet events y pjarton > 0.04 

17.5 ~ 26.1 ~ 20.0 ~ 26.0 ~ 19.1 ~ 24.8 ~ 
0.54 0.13 0.56 0.16 0.57 0.15 

--0.04 0.12 --0.06 0.13 0.07 0.13 

10% 12% 14% 
8% 10% 11% 

the 4-momenta of any 2 partons. The cutoff used in 
the L U N D  Monte Carlo is Ym~o = 0.02. The 4-jet con- 
tamination for the different jet algorithms has been 
estimated by counting the number of 4-patton events 
in a symmetric 3-jet Monte Carlo sample that passed 
appropriate cutoffs for both methods. The results are 
given in Table 1. 

Based on the overall results for the various algo- 
rithms, summarized in Table 1, we decided to use the 
generalized sphericity method [17] to select symmet- 
ric three jet events. A brief description of the method 
follows. 

As 3-jet events are planar, this algorithm projects 
all particle momenta into the event plane, which is 
defined by the two eigenvectors of the sphericity ten- 
sor that correspond to the two largest eigenvalues. 
To find the jet axes, all the particles are divided into 
three non-overlapping sets that minimize the sum of 
reduced sphericities: 

s)=j 
where i runs over all particles of jet j, p~ is the momen- 
tum of particle i projected into the event plane and 
p~• is its component  in this plane transverse to the 
axis of jet j. 

The method described above assigns three jet axes 
for every event. We apply a set of energy-angle cuts 
to select a sample of symmetric three jet events. This 
is done in two steps. The first one is an optimized 
set of cuts to define 3-jet events which, as given in 
[20], are: 

Ejet  , and Eje  t �9 For  each jet, Xvl s > 0.12, where Xv~s- Ebea m 

is the total energy of all measured charged particles 
in the jet, assumed to be pions. The number of events 
passing this cut is 28987. 
�9 ~bi> 55 ~ where q5 i is the angle between any 2 jets 
j and k, and i, j and k are cyclic. The number of 
events surviving this cut is 9658. 

�9 The 3 jets are not in the same half of the event 
plane. This requirement leaves 8497 events. 
�9 For  each jet, xc, ~ > 0.24 where Xcal is given by the 
following expression which assumes massless partons: 

1 = , ; Xcal,i = 2 .  Xcal , iZ  3 Ebeam i 
sin 4~j 

j = l  

A total of 5830 events survived all the above cuts. 
In the second step, additional cuts are applied in 

order to select a symmetric 3-jet sample: 
�9 100 ~ < ~b i < 140 ~ This cut reduces the sample to 559 
events. 
�9 Defining an observed jet as the vector sum of the 
3-momenta of all charged particles belonging to a 

3 

given reconstructed jet, we require 350~ ~ @i 
i=1 

<370 ~ where the ~91's are the angles between any 
pair of observed jets. After this cut 521 events re- 
mained. 
�9 Apl <0.1 where Apl is the aplanarity of the event. 
This cut and the previous one are imposed to diminish 
background from multijet events. 427 events survived 
this cut. 
�9 Each event from the above data sample was visual- 
ly scanned. One event was discarded due to the fact 
that the third jet apparently originated from a con- 
verted photon. 
�9 At least 2 charged particles were required to define 
a jet. This cut removes spurious jets leaving a final 
sample of 396 events. 

Monte Carlo studies showed that this sample has no 
background of 2-jet events, z pairs or 77 events. The 
only source of background is 4-jet events. The treat- 
ment of this type of background is such that on one 
hand we try to minimize it, for example by applying 

~i and Apl cuts as above. On the other hand, a 
contamination of an (n+ 1)-jet configuration within 
an n-jet sample tends to soften the Xp distribution 



of this sample. Therefore, it is preferable to have simi- 
lar values for the fraction of 4-jet events in the 3-jet 
sample and for the fraction of 3-jet events in the 2-jet 
sample. This will ensure a meaningful comparison be- 
tween the xp distributions of the 3-jet and 2-jet sam- 
ples. 

Previous analyses of multijet final states have 
demonstrated [16, 21] that Monte Carlo QCD mod- 
els with a second order matrix element in c~ s yield 
4-jet rates which are too low compared with the ob- 
served 4-jet events. Recently, it has been shown that 
the 4-jet rate can be enhanced by optimizing the re- 
normalization scale [22]. QCD models with a pat ton 
shower before fragmentation describe satisfactorily 
the multi-parton rates and have been tuned to the 
global features of our data. The 4-jet contamination 
in our symmetric 3-jet sample has been estimated with 
the L U N D  6.3 Monte Carlo program [13] with the 
pat ton shower option. 

Since it is not easy to relate partons to hadronic 
jets in such a model, the JADE cluster algorithm [16] 
was directly applied to the partons before hadroniza- 
tion, as well as to the hadrons of the simulated events 
and of the data. As was shown in [16, 21] the fraction 
of 4-jet events is a decreasing function of the jet reso- 
lution parameter Yc, which is a lower limit to the 

(1 - c o s  Oij), where Yij is calculat- variable Yij = 2 E i Eg E2ot 

ed for all pairs of partons or charged hadrons i,j 
(assumed to be pions) in an event. Eto t is the total 
visible energy for charged hadrons in an event or the 
total c.m. energy for partons after initial state photon 
radiation. The above Yij definitions were found 1-16, 
21] to provide the best agreement between hadron 
and parton cluster multiplicities in the multihadronic 
sample for reasonable values of Yc. 

The fractions of 3- and 4-clusters in the symmetric 
3-jet events are shown in Fig. 1 as a function of y~ 
for the data (points) and for the simulated events 
which passed all the cuts of the symmetric 3-jet sam- 
ple (solid curves). The QCD model and the data are 
in good agreement. The 3- and 4-parton cluster frac- 
tions are also shown as a function of y~ (dashed 
curves). Both the 3- and 4-jet rates at the parton and 
hadron levels are similar for all yc vatues shown. For  
low y~ values (<0.06), fluctuations due to the frag- 
mentation process dominate the reconstruction of 
clusters [-16, 21]. A safe upper limit for the 4-jet con- 
tamination in the symmetric 3-jet sample, taking the 
4-parton cluster fraction at y~ = 0.06, is 5%. 

2.3 Two jet events 

In this paper, all events of the 1~=22.3 GeV data 
sample, described in Sect. 2.1, are regarded as 2-jet 
events, where each jet has an energy of ~ 11.2 GeV. 

TASSO 
I O  O I  ' I ' ' ' I I ~ I I _ ' O '  ' ~2_ I ' ~ '  ' ~ ' ' [~ '  ' 4  

Io-' } ' " "  - 

-6 10-z t XX\Xk 
n--4 

i O - ~  , I . . . .  I . . . .  I . . . .  I . . . .  
0.02 0.04 0.06 0.08 0.10 

Yc 

Fig. L The fractions of 3- and 4-clusters in the symmetric 3-jet events 
as a function of the jet resolution parameter y~ for the data (points) 
and for Monte Carlo events (curves) generated with the L U N D  
6.3 program with the pa t ton  shower option. The solid line shows 
the simulated hadrons after detector simulation and selection criter- 
ia and the dashed line represents the partons in the above generated 
events 

In Sect. 2.2 it was stated that the desired situation 
is to have a 3-jet contamination in the 2-jet sample 
similar to the 4-jet contamination in the symmetric 
3-jet sample. The latter fraction has been estimated 
in the previous section to be less than 5%. Applying 
the energy-angle cuts as described in Sect. 2.2 on the 
f f ' ~  22 GeV data sample, by scaling up the Xvis and 
xc,1 cuts such that the Eje t and E~a~,~ cuts are left un- 
changed, we obtain a contamination of ~ 4 - 5 %  of 
3-jet events in the 2-jet sample. Therefore, we have 
preferred not to remove the 3-jet events from the 
22 GeV sample. 

A multiplicity cut has also been imposed on the 
2-jet event sample. Each event was divided into two 
hemispheres, defined by a plane perpendicular to the 
event sphericity axis. At least 2 charged particles were 
required to be in each hemisphere. This cut, which 
is analogous to the jet multiplicity cut of the 3-jet 
sample (Sect. 2.2), yields a final 2-jet sample of 1828 
events at 17~ = 22.3 GeV. Monte Carlo studies showed 
[12] that the contamination of 77 and z-pair events 
in this sample is even smaller than the numbers of 
Sect. 2.1. 

2.4 Corrections 

The distributions presented below have been cor- 
rected for acceptance, detector efficiency, initial state 
radiation and the selection cuts described in Sect. 2.1, 
using the L U N D  6.3 Monte Carlo simulation [13]. 
Initially, NgZ~Z, events were generated at W =  22 GeV, 
with no QED radiative corrections. Events at 



W =  35 GeV were generated without raditive correc- 
tions and passed through the 3-jet cuts described in 
Sect. 2.2 to yield N~e~ events. These events yielded the 
xp distributions nWn(xp) of charged particles which 
were produced either in the fragmentation process 
or from the decay of particles with lifetimes of less 
then 3 x 10 - l ~  s. A second set of events was then gen- 
erated for both energies, including QED radiative ef- 
fects, and traced through a simulation of the TASSO 
detector, thereby producing hits in the tracking 
chambers. Energy loss, multiple scattering, photon 
conversion and nuclear interactions in the material 
of the detector as well as decays were taken into ac- 
count. The events were then passed through the track 
reconstruction, acceptance and analysis programs 
used on the real data, yielding Ne w accepted events 
corresponding to the xp distributions nWt(xp). The 
fraction of symmetric 3-jet events that survived all 
the cuts was found to be similar to that in the data. 
The correction factors CW(xp) for every bin and for 
both energies are calculated as: 

CW(Xp) nWt(Xp) (ngWen (Xp)~ - 1  
w No, \ u o. ] 

The corrected distribution nW~(xp) is then derived 
from the measured distribution nW (xp)." 

F/cWoorr (Xp) = nmLas ( X p )  
CW (xp) �9 

These correction factors CW(xp) lie in the range 0.8 
<CW(xp)<0.9 up to xp=0.6 and rise smoothly up 
to CW(xp)= 1.4 for the highest xo value used. The rea- 
son for the rise in the correction factor for particles 
with large momentum is that the error in the momen- 
tum measurement is proportional to the square of 
the momentum of the particle. Therefore the error 
in Xp for these particles can reach 10% or more, so 
that particles with lower momentum can be wrongly 
measured, giving more entries in the highest bin. 

We calculated the correction factors with the 
L U N D  6.3 Monte Carlo program [13], using two 
different options: the matrix element option with sec- 
ond order in c% and the parton shower option. The 
difference in the values of the correction factors be- 
tween the two generators was taken as the systematic 
error. Other effects, as discussed for example in [11], 
are negligible. It is typically below 5% for xp<0.5, 
on the order of 10% for 0 .5<xp<0 .7  and on the 
order of 20% for 0 .7<xp<0.8 .  

3 Results 

The corrected xp distribution originating from events 
containing two quark jets and one gluon jet, each 

Table 2. da/dxt, distributions of 2-jet, 3-jet and extracted gluon 
jet data, divided into 0.1 bins and normalized as in Fig. 2. The 
first error is statistical and the second is systematic 

xp 2-jet 3-jet gluon jet 

0.05 37.25_+0.37_+0.96 37.23_+0.68_+0.58 37.19_+1.29+0.96 
0.15 12.44_+0.22_+0.45 12.34_+0.40_+0.17 12.13_+0.75+0.44 
0.25 4.69+0.14_+0.36 4.58_+0.24_+0.02 4.37_+0.46_+0.34 
0.35 1.89_+0.09+0.02 1.99_+0.17_+0.16 2.19___0.31_+0.17 
0.45 0.78_+0.06_+0.01 1.02_+0.12_+0.03 1.51_+0.22_+0.04 
0.55 0.37_+0.04_+0.01 0.24+0.05+0.02 -0.01-+0.11+0.01 
0.65 0.15-+0.02_+0.01 0.19_+0.05+0.02 0.26_+0.10-+0.02 
0.75 0.07_+0.02_+0.01 0.06_+0,034-0.01 0.05-+0.05+0.01 

I0 2 TASS0 

o 2 jets = 
[] 15 jets 
�9 gluon jets 

i 0  I 

~ '~176 ? 
- '~ o 

04 
10-r J 

0 0.2 0.4 0.6 0.8 1,0 
Xp 

Fig. 2. Inclusive do/dx v distributions for 2-jet events, symmetric 3- 
jet events and gluon jets. Nj~ t is 2, 3 and 1 for 2-jet, 3-jet and gluon 

tot is the total cross section for our 2-jet (i=2) jet, respectively. ~ 
and 3-jet or gluon jet (i = 3) sample. The errors are statistical only 

with approximately 11 GeV energy, is compared with 
the corrected xp distribution originating from events 
containing two quark jets of the same energy. In order 
to extract the xp distribution of a gluon jet with the 
same energy, the following relation was used: 

i da  i da  
- - - -  (gluon jets)= - -  (3-jets) 
a~ ~ dxp o'~ ~ dxp 

1 do- 
(2-jets) 

~o, dxp 

where "3 jets" are the symmetric three jet events at 
c.m. energy of 35 GeV, "2 jets" are all the events 
at c.m. energy of 22 GeV, and o-~~ ~ is the total 
cross section for our 3-jet (2-jet) sample. 

The xp distributions of the two data samples and 
of the "gluon jets" are presented in Table 2. The 3-jet 
and the 2-jet distributions are similar, yielding also 
a similar gluon jet xp distribution. The trend of the 
data can be seen in Fig. 2. 
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Fig. 3. R(xp), as defined in Sect. 3, for: data; LUND Monte Carlo 
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tistical only 

Another way to present the data is to calculate 
the following ratio [5] : 

1 da 
- -  (3-jets) 
3 a~ ~ d xp 

R( xp ) -  1 d a  
- -  (2-jets) 
2a~ ~ dxp 

which is shown in Fig. 3. We plot also the same R(xp) 
for 3 Monte Carlo models: the L U N D  model [13] 
with matrix elements calculated up to second order 
in ~ (ME), the L U N D  model [13] with parton shower 
(PS) and the Webber model [23], which is a parton 
shower model. All the Monte Carlo curves were cal- 
culated with parameters tuned to the 35 GeV data. 
As indicated by M A R K  II [5], R(x) may be less sensi- 
tive to changes in parameters of the various models, 
since they are common to the 3-jet and 2-jet samples, 
and by taking their ratio, the uncertainties in some 
features of the models should be reduced. 

We can see from Fig. 3 that R(xp) is nearly flat 
in Xp and is described correctly both by the Webber 
Monte Carlo and by the L U N D  Monte Carlo with 
the pat ton shower option, while the L U N D  model 
with second order in ~ predicts an increase at high 
Xp. This effect is mainly due to a softer Xp distribution 
in the events generated at 22 GeV. We varied the pa- 
rameters which are more sensitive to the xp distribu- 
tions over a wide range of values for both L U N D  
Monte Carlo simulations and compared the results 
with the 35 GeV and 22 GeV inclusive xp distribu- 
tions. The parameters tuned to the 35 GeV data de- 
scribed well the 22 GeV data for the pat ton shower 
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Fig. 4a--c. Inclusive do/dxp distributions of data together with fits 
to the functions f(xp) (solid line) and g(xp) (dashed line) defined 
in Sect. 3. Nj~t and a) ~ are as in Fig. 2. The errors include both 
statistical and systematic uncertainties, added in quadrature, a 2-jet 
events, b 3-jet events, e Extracted gluon jets 

model, while the finite order as model could not de- 
scribe well the 22 GeV data with the same parameters. 
A similar disagreement in the ratio of inclusive Xp 
distributions at different energies between the data 
and a L U N D  finite order model has been reported 
by JADE [24]. 

We also checked the variation of R(xp) with the 
model parameters. R(Xp) changes slowly with the pa- 
rameters, the variation being larger for high xp. It 
is typically of the order of a few percent up to Xp ~ 0.3 
for both L U N D  models. For  the parton shower mod- 
el it is less than 15% up to xp~0.75, and of the order 
of 40% for Xp=0.8. For  the finite order e~ model 
it is less than 15% up to x,~0.6, of the order of 
30% for 0 .6<xp<0 .75  and of the order of 50% for 
xp=0.8. The variation covers a large range of the 
parameters. For  high xp values, R(xp) for the finite 
order e~ model lies above R(xp) for the par ton shower 
model, for most parameter sets used. 

The xp distributions of Fig. 2 were fitted to the 
function: 

f (Xp)= ~pp (1-- xp) b 

where A is a normalization constant and a and b 
are arbitrary parameters. For  the fit, xp is taken at 
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3-jet samples. The dotted (dashed) line corresponds to a cut of at 
least 2 (3) charged particles per jet for the 3-jet sample only 

the centre of each bin. This form is an approximation 
of the most general function [25] that describes frag- 
mentation of a string system in a symmetric way with 
respect to both string ends, omitting the dependence 
on the transverse mass of a hadron. Systematic errors, 
estimated in Sect. 2.4, were included in the fits. Other 
functional forms, such as exponentials and polyno- 
mials, were also applied to fit these xp distributions. 
In Fig. 4 we show for 2-jet events, 3-jet events and 
the extracted gluon jet, the data and fits to the func- 
tion f(xp) (solid curve) and to an exponential function 
of the form g(xp)= Ce -~xp (dashed curve). The numer- 
ical values of the free parameters a and b in the fit 
to f(xp) lie in the range 0 . 6 < a < 0 . 7  and 4 . 2 < b < 4 . 5  
for all three fits with errors of 10-15%. The parameter 

in the exponential fits lies between 9.6 and 10.0 
with errors below 4%. All curves represent the trend 
of the data quite well, and the z2/DOF values of these 
fits vary between 2 and 4. 

To compare our result with M A R K  II [5], we 
repeated the analysis by applying jet multiplicity cuts 
on the 3-jet data with no similar cuts on the 2-jet 
data for 2 different conditions: a )a t  least 2 charged 
particles in each jet; b )a t  least 3 charged particles 
in each jet. These cuts are an approximation of the 
cuts in [5], where they demand that each jet in the 
3-jet events has a total (charged plus neutral) multi- 
plicity of at least 3. The results are presented in Fig. 5, 
where the M A R K  II data points are shown together 
with our R(xp) distributions calculated with various 
multiplicity cuts from the 2-jet and 3-jet xp distribu- 
tions, fitted to the function f(xp) defined above. The 

solid curve is calculated with the cuts used in this 
work, and is thus equal to the ratio of the solid curves 
of Fig. 4b and a. The dotted (dashed) curve has a 
cut of at least 2 (3) on the jet multiplicity in the 3-jet 
events. The statistical significance of the difference be- 
tween the solid and dashed curves in the region xp 
>0.4 is of the order of one standard deviation for 
each measured point (0.1 xp bins). The trend of the 
curves shows that for larger multiplicity cuts, R(xp) 
falls more rapidly with x, .  

The R(xp) distributions were also calculated with 
the same multiplicity cuts, replacing the f (xp) function 
by g(xp). A similar trend concerning the R(xp) fall-off 
is obtained (not shown), but the effect is less signifi- 
cant. Alternatively, the ratio R (xp) calculated directly 
from the data, as in Fig. 3, has been fitted for the 
various multiplicity cuts to an exponential function 
and to a linear function. Both functions give essential- 
ly identifical fits with z2/DOF values between 1.2 and 
1.3. For  the linear form R(x~)=B-Dxp and multi- 
plicity cuts as used in this paper, the fit is consistent 
with a flat distribution, yielding D =0.06 4-0.23. Re- 
quiring at least 3 charged particles only for the 3-jet 
sample yields D =0.49 _+ 0.21, indicating a decreasing 
function as obtained also for the previous fits. We 
conclude that selective multiplicity cuts only on 3-jet 
events tend to produce a faster decrease in R(xp) with 
xp, which was interpreted as a softer fragmentation 
for gluon jets [5]. 

4 Discussion and conclusions 

We do not observe any significant difference between 
the fragmentation of a gluon jet and that of a quark 
jet, both of ~ l l  GeV jet energies. Most of the results 
in e + e-  annihilation at PETRA-PEP energies are 
consistent with this statement, for example the ratio 
of gluon and quark jet multiplicities, as given in [4], 
is consistent with one. At higher energies, the results 
of UA1 [9] for jets with transverse momentum up 
to 40 GeV indicate a difference between the two types 
of jets. These results, combined with the theoretical 
predictions [2] that the differences in multiplicity be- 
tween quark and gluon jets grow with energy, suggest 
that higher energy hadron colliders, as well as LEP- 
SLC, will have a better chance to find differences be- 
tween quark and gluon fragmentation. 

The extraction of the gluon xp distribution in the 
M A R K  II analysis [5] uses as a 2-jet sample an inter- 
polation of inclusive data from other experiments. 
Therefore, they could not apply any cuts on their 
2-jet sample. The softer gluon fragmentation that they 
obtain may originate from the cuts on jet multiplicity, 
applied on their 3-jet symmetric sample, but not on 
the 2-jet one. As shown in Fig. 5, increasing the cut 



on the min imum number  of particles in the 3-jet sam- 
ple, with no similar cut for the 2-jet events, produces  
an apparent  softening in the gluon jet distribution. 
This effect is also observed in Monte  Carlo simula- 
tion. 

Recently the A M Y  Col labora t ion  [26] at 
T R I S T A N ,  using uncorrected data,  has reported a 
significant difference in the rapidity of the leading par- 
ticle between the two fastest jets and the slowest jet 
in their 3-jet sample. However ,  the value of rapidity 
for leading particles with high longitudinal  momen-  
tum is strongly dependent  on the jet axis determina- 
tion [11]. Therefore, a compar i son  of  the rapidity 
of  a leading particle in our  2-jet and 3-jet da ta  sets 
is not  meaningful, since the jet a lgor i thm used in the 
3-jet sample cannot  be applied on the 2-jet sample. 
Moreover ,  a gluon jet in non-symmetr ic  3-jet events 
is more  likely to be the least energetic jet, predictions 
for the probabi l i ty  of  which are model  dependent.  

As an addit ional  check we have measured the un- 
corrected mean  rapidities of  leading particles in our  
inclusive non-symmetr ic  3-jet sample of  5830 events 
with 17f = 34.8 GeV. The jet energies were reconstruct-  
ed f rom the angles between the jets and the jets were 
then ordered in energy, such that  jet 3 is the least 
energetic one. The mean  rapidity of the leading parti-  
cle was calculated in each jet as a function of  the 
jet energy. N o  significant differences were found for 
the rapidities of jet 2 (mainly quark) and jet 3 (mainly 
gluon), for the same jet energies. Fo r  a 10 GeV jet, 
the mean uncorrected rapidity of  the leading particle 
for jet 2 is 2.76_+0.04 and for jet 3 we obta in  
2.63 _+ 0.04. The errors on the mean  values are statisti- 
cal only. 

Concerning the Mon te  Carlo simulat ion models,  
we find that  models  based on pa r ton  showers describe 
the t rend of  the data  better than a finite order  model  
with a second order  matr ix element in ~ .  No te  that 
the two opt ions of  the L U N D  Monte  Carlo, the par-  
ton shower and the matr ix element, use the same frag- 
menta t ion  scheme. The sensitivity of  the ratio R(xp), 
defined in the previous section, to changes in the mod-  
el parameters  is larger in the matr ix element scheme, 
compared  to the pa t t on  shower one. 

We have checked how well the two versions of 
the L U N D  Monte  Carlo describe the xp distr ibution 
at W = 2 2  GeV, using the parameters  tuned for the 
W = 3 5  GeV sample. The pa r ton  shower model  de- 
scribes the data  quite well, while the matr ix element 
model  tends to soften the xp distr ibution with these 
parameters.  This is p robab ly  due to the fact that  mod-  
els with pa t ton  shower start the f ragmenta t ion pro- 
cess when the virtuality of  the par tons  is low (typically 
of  the order  of  1 GeV), so the main  characteristics 
of  an event are given by the par ton  cascade, and the 

role of  f ragmenta t ion is diminished. One way to cure 
2 matrix element model  is to this problem of the es 

include explicitly an energy dependence in the param-  
eters of  the f ragmentat ion funct ion [24]. The trend 
of  the energy dependence suggested by [-24] is consis- 
tent with the softening of  the 22 GeV xp distribution. 
Alternatively, reasonable results can be obta ined  with 
different parameter  tuning to the da ta  at each energy. 
However ,  as noted before [21, 27], it is preferable 
to use pa t ton  shower models to study e+e  - events 
at high energies where no data  are yet available. 

In  summary,  we have extracted the gluon Xp distri- 
but ion by compar ing  3-jet symmetr ic  events at 
W ~  35 GeV with 2-jet events at W ~  22 GeV. We do 
not  observe a difference in the x ,  distr ibution of  quark  
and gluon jets. The method  used is a lmost  indepen- 
dent of  the jet axis determinat ion and does not  rely 
on models  that  determine which jet is the gluon jet. 
This result does not  confirm the M A R K  II  measure- 
ment  [5].  The difference m a y  be due to inconsistent 
multiplicity cuts, as discussed above. More  statistics 
and higher energies are p robab ly  needed for the con- 
f irmation of  the predicted differences between quark  
and gluon fragmentat ion.  
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