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Abstract. The fragmentation properties of high-p• jets 
are investigated using new data from the ISR and 
the SPS collider. Effects from gluon radiation are 
clearly demonstrated by comparison with a state-of- 
the-art model inlcuding QCD parton cascade evolu- 
tion and string hadronization, which gives in general 
good agreement with the data. Differences between 
quark and gluon jets are discussed as well as 
QZ-dependent scaling violation effects. 

1. Introduction 

In spite of the success of perturbative QCD to de- 
scribe many experimental observations, like jet pro- 
duction properties [1], we still lack a basic under- 
standing of the jet fragmentation process. In fact, the 
confinement induced transition from pertubatively 
produced partons to experimentally observable had- 
rons is one of the major unsolved problems in high 
energy physics. Nevertheless, phenomenologically 
successfull models have been developed to describe 
the observations and systematize our experiences 
from different kinds of interactions. To the extent that 
these models are not just parametrizations of data, 
but rather based on more or less elaborate physical 
models, they can have a large predictive power lead- 
ing to useful tests of the underlying assumptions of 
the models. 

The last few years have seen significant improve- 
ment on the perturbative description of jet evolution. 
The dynamics of the patton branching processes lead- 
ing to a cascade of partons can thus be simulated 
by Monte Carlo methods and the subseqeunt non- 
perturbative hadronization be modelled to obtain a 
complete description of the jet. These models must, 
of course, be confronted with experimental observa- 
tions and the recent results [2-4] on high-p• jets pro- 

duced at CERN in high energy hadronic collisions 
are here of primary interest. In this paper we perform 
such a comparison with a particular model [5, 6] 
which represents the present understanding of jet 
fragmentation. In Sect. 2, the model is discussed in 
some detail and in Sect. 3 the data sample is de- 
scribed. Section 4 contains the actual comparison and 
we end with a more general discussion in Sect. 5. 

2. The Model 

There are several Monte Carlo implementations [5, 
7-11] to simulate high-p• jet phenomena in hadron- 
hadron scattering. Their basic ingredients are similar 
although they differ in details of both the perturbative 
and non-perturbative parts (for a review see [12]). 
For the detailed calculations we use the Lund pro- 
gram [5, 6]. Other models should give essentially the 
same overall results although they will differ in details. 

The starting point is the hard parton scattering 
cross-section in QCD, 

da= ~ fi(xl, Q2).fi(x2 ' Q2). d~ijk dxl dx2 di 
dt i,j,k 

(1) 

including all leading order (c~ 2) 2 ~ 2 parton level pro- 
cesses. We use the structure function parametrizations 
of [13], but note that this choice is of little importance 
for the fragmentation properties. The two partons 
emerging from the hard scattering can be off mass 
shell, up to O(Q), and are therefore expected to emit 
bremsstrahlung gluons to produce a shower of par- 
tons as illustrated in Fig. 1. The details of such a par- 
ton cascade evolution has been examined by several 
authors [14, 15] with the common feature of using 
the Altarelli-Parisi splitting functions for each sepa- 
rate branching. This is justified by the factorization 
of the cascade cross-section into the product of the 
probabilities for each separate branching provided 
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Fig. 1. Schematic illustration of high-pi scattering with initial and 
final state parton radiation 

not be discussed in detail. The string treatment of 
beam-jets is also of less importance, although both 
of these issues will influence the low-p• background 
under the high-p• jets and thereby the soft part of 
the jet. Since most jet properties investigated in this 
study are dominated by the more energetic particles 
this is usually not a problem, but when soft particles 
do play a role we take special precautions as discussed 
below. 

3. The Data Sample 

that the (offshell) parton masses are strongly reduced 
in each branching. This result in an iterative process, 
suitable for Monte Carlo simulation, which is stopped 
when the parton masses are below a chosen cut off 

value, t ~ t .  Together with AQC o this cut off regulates 
the amount of bremsstrahlung emitted. Interference 
effects between soft gluons are taken into account 
by the angular ordering method of 1,15]. 

The perturbative approximation become less reli- 
able and eventually breaks down when the virtual 
parton masses become small. This is due to the in- 
crease of ~ with the decrease of the momentum 
transfer which is related to the virtuality, m 2, of the 
parent parton in a particular branching. The parame- 
ter teu t determines the border line between the pertur- 
bative and non-perturbative regions of QCD. Unfor- 
tunately, there is no theoretical motivation for the 
choice of a particular teu t value. It is rather related 
to ones confidence in the perturbafive QCD cascade 
approach as well as the method used for hadronizing 
the resulting parton state. A complete model which 
includes the soft hadronization should, however, have 
as little dependence as possible on the exact value 
chosen for this parameter. This is discussed in [16] 
for a few alternative hadronization models. 

In the Lund approach 1,17], which is used here, 
a colour triplet string connects all partons according 
to their colour ordering which is known from the 
perturbative cascade. Thus, the string can have a rath- 
er complicated topology, e.g. being stretched from a 
quark via several gluons before ending up on an anti- 
quark. This requires the improvements of the model 
developed in 1-18] to handle short string segments 
between nearby partons. As shown in [16, 19], the 
string model provides the required stability with re- 
spect to tcut changes. 

Patton cascade evolution also occurs as a result 
of gluon radiation from the incoming partons before 
they make the hard scattering, Fig. 1. This is included 
according to the 'backwards' evolution scheme of 
1,20]. For the fragmentation properties of the high-p• 
jets studied here, this is of less importance and will 

The data from the UA1 collaboration [4] used for 

this study is based on the 1983 run a t / s =  546 GeV 
with an integrated luminosity of 118 nb-1. Details 
of the trigger and selection criteria are given in [4, 
21]. In short, the events were obtained by a hardware 
trigger on central jets with Ez larger than a threshold 
varying between 15 and 25 GeV. To avoid trigger bias 
effects, essentially only away jets, i.e. jets opposite to 
the trigger jet, were used in the analysis giving 10,007 
jets satisfying: 

It/jot] < 1.4 or 1.7< II/jet[ <2 .5  

Pz~r > 15 GeV (with (Pzjet) = 39 GeV). 

This sample corresponds to a clean two-jet topology 
where events having a third jet with p• 

P• 1 + P •  x 2 or ]cos 0" [<  0.8 were removed (0" is the 

angle of the third jet with respect to the beam in 
the parton-parton c.m.s.). The removal of three-jet 
events has only a small influence on the longitudinal 
fragmentation properties, but significantly affects the 
transverse properties as discussed below. 

The energy and direction of a jet as obtained from 
the calorimeter measurement and jet finding algo- 
rithm are corrected for experimental inefficiences us- 
ing a method based on jet simulation with ISAJET 
[7] combined with detector simulation 1-21]. The 
'true' jet momentum was thereby considered to be 
given by the parton from the hard scattering before 
final state radiation and hadronization. This can be 
noticably different from, e.g., defining the jet momen- 
tum from all hadrons inside a particular cone. We 
also note that, in ISAJET, a gluon is fragmented as 
a quark of random flavour and therefore the only 
difference between a quark- and gluon-initiated jet 
lies in the perturbative cascade. This may underesti- 
mate the difference of quark and gluon jets. However, 
the energy corrections applied to the data are global, 
i.e. flavour independent. 

A charged particle is assigned to a jet if its track 
is close enough to the jet axis as measured in the 
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space of pseudorapidity and azimuthal angle, i.e. D tzl 

102 
d R = r  ~ t r a e k )  2 - I -  (q~ j  et - -  q~t raek)  2 S ] ,  ( 2 )  

and its fractional jet momentum not too small 

10 Ptrack" e~et > 0.01. (3) 
z -  I P j ~ , l  - 

The model events were obtained by the Monte 
Carlo program of [-5, 6] and criteria applied so as 1 _r 
to resemble the experimental situation. Jet events 
were defined by a minimum transverse momentum 
of 33 GeV in the hard scattering and, due to the men- 
tioned correction procedure, jet momenta defined by 10< -- 
the offshell par ton emerging from this 2 ~ 2 process�9 
Only jets within the experimental region of acceptance 
were used although essentially the same results are l d  2 _ 
found if all jets are included in the analysis�9 Hence, 
the effects due to limitations in the experimental ac- 
ceptance is generally small�9 With the effects from the 
initial state bremsstrahlung, the p~ distribution of jets 1(53 

0 is in reasonable agreement with the experimental one, 
although the latter has a longer tail to smaller p• 
due to the trigger and efficiency properties. The kine- 
matics of the two-jet system, like momentum transfer 
Qz and invariant mass Mjj of the two-jet system, also 
show good agreement. The subprocesses occuring in D Iz) 

the selected event sample are 19% qq---,qq, 46% l o  2 

q g ~ q g  and 35% g g ~ g g  (q is here a quark or anti- 
quark of any flavour). Gluon jets, which globally 
make up 58% of the jet sample, dominate for central 

10 rapidities, II/I < 1, and in the low transverse energy 
region, E• < 70 GeV. 

4. Results 1 

4.1 Inclusive Jet Properties 

We first consider the inclusive fragmentation function 

1 dNoh 
D(z) = -- (4) 

Nje t dz 

for charged particles with z defined as in (3). Figure 2 
shows the UA1 data [4] and for comparison also 
ISR data from the AFS collaboration [-3]. The reason 
for the collider jets to be considerably softer is two- 
fold. Firstly, they are dominated by gluon jets, ~ 6 0 %  
according to the model, whereas the ISR jet sample 
contains ~ 70% quark jets. Secondly, the harder in- 
teraction at the collider, resulting in (P• ~ 39 GeV 
compared to 13 GeV at the ISR, leads to stronger 
scaling violations; an effect which is also more accen- 
tuated for the colour octet source of a gluon jet. These 
effects are also borne out in the Monte Carlo calcula- 
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Fig�9 2a, b. Fragmentation functions, (4), of high-p.L jets at SPS col- 
lider a and ISR b energies. Data from UA1 [4] and AFS [3] colla- 
borations with statistical (full) and systematic (dashed) error bars. 
The curves represent the model with the parton cascade included 
(full) and excluded (dashed), with quark and gluon jets mixed ac- 
cording to their relative cross-sections. Pure gluon jets including 
cascade are also shown (dotted curve) for comparison 
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tions. A few comments on model parameters are, 
however, needed at this point. 

Based on the assumption of universality of the 
non-perturbative hadronization process, the parame- 
ters of the string fragmentation model was kept at 
their values obtained from comparisons with data 
from e+e - annihilation and deep inelastic scattering. 
In this approach therefore, only the parameters of 
the parton cascade evolution can be modified. For 
AQco we use 250 MeV after having verified that rea- 
sonable variations do not give significant changes of 
the examined observables. The patton shower cut off 

can be chosen in the range 2 < ~ < 4 GeV to obtain 
equally good agreement with the UA1 data (both for 
D(z) and the following p• spectra). A lower value, 
like 1 GeV, can in fact also be accomodated together 
with a change of the fragmentation parameters still 
in agreement with e+e - data. The large-z region of 
the AFS data, although having large systematic errors 
as indicated, favours a larger value and ,hence we use 

= 4 GeV. Still, the limit as z --. 1 is not well repro- 
duced by the model which has a behaviour D(z)--. 0 
not observed in the data. This may indicate an inade- 
quacy of the fragmentation model, but we note that 
the z ~ 1 limit of the collider data is well reproduced 
as is also the case with e+e - data [223 and that the 
systematic errors in this z-region are usually domi- 
nated by the jet energy determination. For very low 
z, where the underlying event contributes, the model 
simulation is not expected to be perfect because of 
the lack of understanding of the beam jets. Neverthe- 
less, the model reproduces both ISR and Sp~S data 
quite well over essentially the whole z-range. 

Whereas the importance of the QCD parton 
bremsstrahlung process for collider jets is clearly dem- 
onstrated by comparing the model result without it, 
dashed curve in Fig. 2a, its effect on ISR jets is rather 
small. An important feature of the model is the con- 
siderably softer spectrum of gluon jets as compared 
to quark jets, illustrated by the dotted lines in Fig. 2 
which represent pure gluon Monte Carlo samples. 
This, together with the difference in scaling violations, 
accounts for the significantly softer gluon dominated 
collider jet sample compared to the quark dominated 
ISR jet sample. It is worth noting, however, that in 
spite of the dominance of gluon jets in the global 
collider jet sample, quark jets give the dominant con- 
tribution in the large z region due to their harder 
fragmentation function, see Fig. 2a. In this region 
therefore, the difference between ISR and collider jets 
are mainly due to scaling violation effects at the differ- 
ent Q2 scales. 

Another aspect of the longitudinal fragmentation 
of a jet is shown by the rapidity distribution of parti- 
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Fig. 3. Rapidity distribution of charged particles along the jet axis. 
UA1 data for jet-jet masses 100 < Mj~< 120 GeV compared to mod-  
el with (full curve) and without (dashed curve) parton cascade evolu- 
tion 

cles along the jet axis, Fig. 3, which reveals the ex- 
pected rapidity plateau. The model without cascade 
gives a significantly lower plateau and a correspond- 
ing longer tail to large rapidities whereas the complete 
model gives a good description of the data. We note 
that the large rapidity tail, which corresponds to small 
angles (y=4 and 5 correspond approximately to 2 
and 1 degree respectively), is sensitive to the precise 
jet axis definition. By extrapolation of the rapidity 
plateau to y =  0 as in [4] a jet multiplicity can be 
defined by integrating the distribution. In Fig. 4 this 
multiplicity is given as a function of the two-jet invar- 
iant mass, Mjj. The faster increase of the gluon jet 
multiplicity is compensated by the reduced rate of 
gluon jets with increased Mjj. With the quark-gluon 
mixture of the model, good agreement with the data 
is obtained, taking the systematic error (___ 1 particle 
both in data and model) of the extrapolation method 
in account. Extrapolation of the TASSO [23] quark 
jet multiplicities to collider energies (not explicitly 
shown) gives a reasonable agreement, within this sys- 
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Fig. 4. Charged particle multiplicity, N~0~t as defined in the text, 
of jets in a jet-jet system of mass  Mjj.  Data  from UA1 [4], UA2 
[2] and TASSO [23] compared with model results for quark and 
gluon jets separately as well as their proper mixture 
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tematic error, although a tendency for lower energy 
collider jets to have a larger multiplicity than expected 
from such an extrapolation can be observed. This may 
be related to the underlying event at the collider. 

By integrating the distribution z. D(z), the fraction 
of the jet momentum carried by charged particles was 
found to be (pCL~/pj~t)= 0.47 4-0.02-t-0.05 in the UA1 
data [-4]. A similar value, 0.5, was found by AFS 
[-3]. Given the size of the errors, the large event-by- 
event fluctuations of the charged energy fraction and 
the z --+ 0 extrapolation, we do not consider this result 
significantly different from the Monte  Carlo result of 
0.61. Although this ratio varies with z, the small z-cut 
used (eq. (3)) implies a negligible bias. 

Turning now to the transverse fragmentation 
properties within a jet, we show the inclusive pz distri- 
bution of charged particles, Fig. 5, and the variation 
of the mean p• along the jet, i.e. (p•  in Fig. 6. 
The jet axis is here defined by the momentum sum 
of all charged particles in the jet rather than by the 
calorimeter to avoid systematically overestimated rel- 
ative p~. In fact, the Monte Carlo result depends more 
on the details of the jet sample selection and the jet 
axis definition than on the model parameters, like 
teu t. The rejection of three-jet events does, e.g., signifi- 
cantly reduce the rate of high-p• particles and thereby 
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Fig. 5. Transverse momentum distribution of charged particles with 
respect to the jet axis. UA1 [4] data and model curves representing 
the inclusion (full curve) and omission (dashed curve) of gluon 
bremsstrahlung effects 
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decrease the (p j_). The low-p_L part of the distribution 
in Fig. 5 depends sensitively on the cut applied to 
remove soft particles from the underlying event as 
illustrated with the two z-cuts shown for the data. 
Therefore, a small mismatch between data and model 
for the effective z-cut used may cause the observed 
difference at low p• Due to the exponential fall-off 
with p• the low Pi  region is important  for the mean 
value, thus @ •  and 850 MeV/c in the data 
for z > 0.05 and 0.1 respectively. The slightly underes- 
timated (p•  of the model, Fig. 6, is thus partly relat- 
ed to its excess of low-p j_ particles in Fig. 5 and partly 
to the jet axis definition as mentioned. For  the 
large-p• region the z-cut is of no importance. Here, 
however, the strong effect from the gluon radiation, 
as treated in the par ton cascade, is clearly seen by 
comparing with the result obtained without it (dashed 
curve in Figs. 5 and 6). The ability of the QCD cas- 
cade model to describe the p• and the in- 
crease of (p•  from ISR to the collider energies lends 
strong support to it. 

4.2 Quark and Gluon Jet Results 

A method to assign a flavour to each observed jet 
was devised in [4, 21]. From the measured two-jet 
kinematics, incoming parton momenta (xl, x2) and 
hard scattering variables (g, t, Q) are calculated and 
the subprocess cross-section 

2 d# d dc~~ =fo(x~, Q2).fb(x2, Q )'-d-? x~ dx~ df (5) 

used to define the probability for a particular subpro- 
t e s s  

P(ab ~ cd) = ..~ da~b--'~d 
Lijkl dalj-~kl 

(6) 
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where the summation is over all 2 ~ 2 processes. The 
probability for a jet to be a gluon is then defined 
by 

Pg= Y' P(ab~gluon+X) (7) 
a,b,X 

and Pq = 1-Pg is the probability that it is a quark 
jet. Jets with Pg > 0.55 define a gluon enriched sample 
and those with Pg<0.35 a quark enriched sample. A 
further requirement of I cos 0* ] > 0.25, where 0* is the 
scattering angle in the parton c.m.s., was imposed to 
avoid ambigous configurations. In order to take the 
finite probabilities into account and estimate the pure 
quark and gluon distributions, a system of linear 
equations (see [4, 21] for details) was solved, for each 
z-bin, to obtain the experimental quark and gluon 
jet fragmentation functions in Fig. 7. (Note the restric- 
tion z < 0.5 in this figure, due to large statistical uncer- 
tainties for larger z-values). 

In order to separate the quark-gluon differences 
from scaling violation effects, the QZ-range is here 
restricted to 1,600 < Q2 < 2,600 GeV z. The gluon jets 

�9 are, as expected, observed to be softer than the quark 
jets although the difference is not quite as pronounced 
as in the model calculation. A possible reason for 
this discrepancy could be the global jet energy correc- 
tion applied to the data. If gluon jets are indeed softer 
than quark jets, their energy correction should be 
larger. An energy correction proportional to the 
gluon jet probability gives indeed a tendency for a 
larger difference, but this systematic uncertainty was 
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Fig. 7. Fragmentation function for quark and gluon jets, extracted 
as discussed in the text, from UA1 [4] data compared to model 
predictions for pure jet samples. (Note the restricted range of the 
z-variable). 

estimated to be smaller than the statistical errors and 
was therefore not used [21]. If gluon jets, as expected, 
are wider than quark jets they will loose more energy 
outside the A R = 1 cone. In the Monte Carlo events 
a typical energy loss is thus 12% for gluon jets and 
8% for quark jets, but with a longer tail to larger 
energy losses for the gluon jets. Using a weighted 
mean value for the energy correction will thus tend 
to underestimate (overestimate) the gluon (quark) jet 
energy and thereby tend to produce a too hard (soft) 
gluon (quark) fragmentation function and thus reduce 
their difference. 

Another possible difference between quark and 
gluon jets is their content of neutral and charged par- 
ticles and the resulting electromagnetic and hadronic 
energies to which the calorimeter respond differently. 
Although the global charged energy fraction is found 
to be the same for quark and gluon jets in the data 
I-4], it may be different for high energy particles. With- 
in our model a gluon jet does indeed have relatively 
more high energy neutral particles, essentially rc~ 
giving photons to be absorbed in the electromagnetic 
calorimeter, as compared to a quark jet. A calorimeter 
'e/~z'-ratio larger than unity which is not fully cor- 
rected for will thus lead to a systematic difference 
of the measured energy of quark and gluon jets. If 
however gluons hadronize as a q~ pair or a quark 
of random flavour, like assumed in ISAJET used for 
the energy correction estimate, this difference will not 
be present. 

On the theoretical side there is the uncertainty 
that quark and gluon jet production cross-sections 
may have different higher order corrections which are 
not taken into account in the jet flavour assignement 
and which would affect the purity of the quark and 
gluon samples. Given the possible differences between 
quark and gluon jets just mentioned, it would be de- 
sirable to make energy corrections for quark and 
gluon jets separately. From the above discussion it 
is also clear, however, that this is extremely difficult 
to do in a model-independent way. The procedure 
of global energy corrections chosen for the data has 
only little model dependence. It need not, however, 
give the proper results for quark and gluon jets sepa- 
rately; a reduced quark-gluon difference may result 
as indicated. 

The expected larger width of a gluon jet relative 
to a quark jet is shown in Fig. 8 in terms of the parti- 
cle flow in the ~/-q5 space, i.e. A R, relative to the 
calorimetric jet axis. Again the quark-gluon difference 
is slightly larger in the model. Given the uncertainties 
discussed above, we do not consider these differences 
between model and data to be significant enough to 
provide a real discrepancy. 

Extending the method for jet flavour assignement 
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Table 1. Charges for flavour assigned jets" 

Jet flavour (Qjet) data (Qjet) Monte Carlo 

gluon - 0.03 + 0.01 0.0 
u-quark +0.15-t-0.03 +0.19 
~i-quark -0 .15+0.03  -0 .19  

a For  the data, the jet flavour is defined by requiring that the corre- 
sponding probability is larger that 0.5, e.g. Pg>0.5, whereas the 
Monte Carlo results are obtained from a mixture of the known 
parton flavours to obtain the same probability. For the data an 
additional systematic error of approximately _+0.02 should be added 

in an obvious way to include also individual quark 
flavours it becomes interesting to relate the parton 
charges to the observed jet charges, defined by Q jet 
= ~i  Qi'z~/3 with summation over all tracks in the 

jet. The results, shown in Table 1, agrees with the 
expectations from the model. 

4.3 Scaling ldolation Effects 

To study scaling violation effects the data sample was 
divided into a low and high Q2 region, 
1,000<Q2<1,600 and 2 ,600<Q2<4,000GeV 2 re- 
spectively. In order to avoid a varying quark-gluon 
mixture, which could introduce other variations than 
those due to the change of momentum transfer scale, 
this mixture was kept essentially fixed by selecting 
a gluon enriched sample with Pg > 0.5. A correspond- 
ing quark enriched sample suffers from limited statis- 
tics and was therefore not used. For the Monte Carlo 

result, pure quark and gluon jet results were mixed 
to obtain the same mean gluon probability of (Pg) 
=0.65 as in the data sample. The value of Q2 is in 
both cases calculated from the 'measured" two-jet 

2~ffi 
kinematics using the definition QZ = gz + ~2 + ft2. 

The resulting QZ-dependence is shown in Fig. 9 
for both the longitudinal and transverse jet properties. 
The variation of the data is in the direction anticipat- 
ed, i.e. softer and wider jets at larger Q2. The variation 
seem, however, to be slightly larger than that of the 
model. We note that, from the theoretical point of 
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view, only small effects are anticipated since they scale 
with lnQ 2 only. In order to verify that the model 
results shown are not sensitive to parameters in the 
calculation, we have varied Aoc D and tout within rea- 
sonable limits and found the same magnitude of the 
Q2 variation. Also a change of the offshellness scale, 
and its relation to the hard scattering variables, Q2 
and parton-parton invariant mass g, does not lead 
to a significantly stronger Q2 dependence. Further- 
more, a simple cross check with another parton cas- 
cade evolution implementation [15] gives essentially 
the same result and we therefore conclude that the 
model result shown is very stable against variations 
of the theoretical framework. 

We note that more important variations occur 
through changes of the relative quark-gluon mixture 
in the two samples. The gluon probability distribution 
is, however, essentially the same for the two data sam- 
ples. To obtain an increased Q2 dependence, the rela- 
tive rate of gluon jets would have to increase with 
Q2 contrary to normal expectations, unless higher 
order corrections (K-factors) invalidate this. We thus 
conclude that the Q2 dependences expected from the 
QCD evolution is borne out by the data, which show 
a tendency to be somewhat stronger than anticipated 
although the precision of the data is not high enough 
for a firm conclusion on this point. 

5. Discussion 

The SPS collider jets studied here are produced at 
an energy scale which is an order of magnitude larger 
than previously available and therefore provides a 
challenge and interesting testing ground for current 
models for jet evolution and fragmentation. We have 
thus carried out a first detailed study by comparing 
data with theoretical expectations based on an elabo- 
rate Monte Carlo model. Globally, the jet properties 
are as expected and can be satisfactorily described 
by the model. By comparison with lower energy jets, 
e.g. at the ISR, we demonstrate the importance of 
the scaling violation effects originating from the radia- 
tion processes at the parton level. The parton cascade 
approximation based on QCD in the leading loga- 
rithm approach is able to describe this feature quite 
well when combined with a realistic model for the 
subsequent soft hadronization process. Comparisons 
of Monte Carlo results with analytic QCD calcula- 
tions [24] give additional support for the implemen- 
tation of the parton cascade approach presented here. 

The main parameter, teut, which sets the mass- 
scale of the boundary between the perturbative and 
non-perturbative evolution of the parton jet to the 

final hadrons was here chosen as t ~ t = 4  GeV, al- 

though a smaller value is acceptable by the UA1 data. 
The larger value used is only forced by the fragmenta- 
tion function at large z observed for (quark)jets at 
the ISR. If this indication that non-perturbative ef- 
fects set in at a mass scale of several GeV is verified 
by further studies, it would be important for our un- 
derstanding of the hadronization mechanism. A con- 
sequence from such a scenario regarding heavy quark 
production in jets has been discussed in [-25]. 

We have verified that the model results shown 
in this paper do not depend sensitively on the parame- 
ters of the model, which is in fact rather stable to 
such parameter variations within realistic limits. A 
particularly interesting variation of the model is the 
use of a conventional model for the parton cascade 
evolution [26], without the angular ordering prescrip- 
tion of [15] and therefore without taking soft gluon 
interference effects into account. We found no signifi- 
cant deviations compared to the coherent cascade and 
therefore conclude that, for the observables under in- 
vestigation, the soft gluon interference do not produce 
observable effects. In [27] i t  has also been argued 
that the effects from the coherence are too small to 
be observable and well within the uncertainty asso- 
ciated with the parton cascade cutoff. 

The SPS collider also provides the first opportuni- 
ty to study gluon jets at an energy where they are 
clearly separable from the remaining event. This is 
particularly interesting since it has not been possible 
so far to make detailed comparisons of gluon jet frag- 
mentation models with data and they are therefore 
poorely understood as compared to quark jets. We 
have studied separate quark and gluon jet samples 
and found systematic differences in the way expected 
from models, although the data show slightly smaller 
quark-gluon differences than the model. These devia- 
tions could, however, follow from a non-complete 
quark-gluon separation of the data sample and/or a 
slightly underestimated difference in the energy cor- 
rection procedure as discussed above. These differ- 
ences may also indicate an inadequacy of the particu- 
lar model used and we note that other gluon fragmen- 
tation models can certainly be conceived of. One pos- 
sibility [28], which can be included in the string mod- 
el framework, is that a gluon stretches a colour octet 
field instead of two triplet fields as assumed in the 
Lund model [17]. The fragmentation properties of 
such an octet field are, however, not known so that 
modelling it would need new assumptions and param- 
eters. One may expect that it breaks by gluon pair 
production (rather than q~ production) leading to 
glueballs and SU(3) singlets [29] resulting in more 
leading neutral particles in gluon jets as compared 
to quark jets. The idea of preconfinement leading to 
intermediate mass colour singlet clusters is another 
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possibility [-30, 31]. It is, however, beyond the scope 
of the present paper to make a detailed comparison 
also with these models, in particular since they are 
not so well developed for high-p• physics. 

The data also show a tendency for a somewhat 
larger Q2-evolution of the jet properties than expected 
from the model. However, both these deviations are 
small and the precision of the data not high enough 
to really make a clear discrepancy with respect to 
the model. The high-p• jets in hadronic interactions 
can thus be described relatively well using perturba- 
tive QCD and soft fragmentation based on e+e - data 
via the assumption of jet universality. We have in 
this study only considered the high-p• jets in a had- 
ronic collision and neglected the underlying event 
with its spectator jets from the beam particle rem- 
nants. That part of the events is still poorely under- 
stood and provides a further challenge for model 
builders and Monte Carlo event generators. 
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