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The properties of jets at the present Ge V energ:r scale is discussed in terms of 
perturbative QCD processes and non-perturbative hadronizatiou models. Based 
on this framework, the expected jet. characteristi<'s at HERA aud future ac.celer

ators in the Te V energy region are illustrated. 

1 Introduction 

The properties of high energy hadron jets are determined both by hard, or semihard, par
tan processes that can be calculated in perturbative QCD and by soft, i.e. low momentum 

transfer, hadronization processes which cannot be calculated from fundamental principles 
at present.. Jet physics is therefore an important subject for both practical and theoretical 

reasons. The theoretical calculations of fundamental interactions at the quark level must be 
related to the experimentally observable world of hadrons in order to make detailed compar
isons between theory and data. Moreover, in spite of the success of perturbative QCD we still 
lack a basic understanding of the hadronisation process. In fact, the confinement induced 
transition from perturbatively produced partons into final state hadrons is a major unsolved 
problem 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 haw· a large predictive 
power leading t.o useful tests of the underlying assumptions of tl1e modek Extrapolations to 

much higher energies is in this case also meaningfuL 

Jets may also serve as a tool for searching for new heavy objects that may be ,produced 

at futur~ accelerators. Since many such states are expected to decay into jets, or jets and 
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lPptons, one would like to measure jets and treat them as 'particles', i.e. 4-vectors, in a search 
for resonances iu the invariant mass combinations of jets. In order to judge how well this 
can made and what requirements the experimental equipment must meet, one needs detailed 
information on the properties of jets at the Te V energy scale. The fl. ow of energy and particles 
·within a jet is important for ('alorimetry and the possibilities to perform tracking in a jet 
environment to, e.g., measure special particles like leptons ~r photons. 

Although a jet can theoretically be identified with a quark or gluon produced in a large 
momentum transfer process, it is in reality a matter of experimental definition. This is usually 

done based on the energy flow of hadrons in a calorimeter using some cone to define the 
angular width of the jet. Since a parton from a hard scattering tend to emit bremsstrahlung 
gluons (and quarks to a lesser extent) the experimental jet can be the result of more than one 
parton. One therefore needs a complete model that takes both perturbative parton emission 
and the subsequent hadronization into account so that experimentally realistic jet finding 

algorithms ('an be employed to predict useful information on jet properties. 

2 Perturbative jet evolution 

The calculation of matrix elements in perturbation theory of the eledroweak and strong 
interactions is well defined, but quickly become very complicated for higher order processes 
in QCD. Therefore, only lowest order diagrams giving the leading a11d next-to-leading order 

processes can be <'alculated exactly so that only processes with a few final state partons can 
be treated in this way. In c+ e- annihilation and high-pj_ hadron-hadron scattering exad 
matrix elements have been calculated up to order o:~ [1] and a! [2], respectively, both giving 

rise t.o at most four partons in t.he final state (spectators not counted}. In deep inelastic 

scattering only order o:, matrix elements are available [3] giving two final partons in addition 
to the target remnant. For higher order diagrams, giving rise to multiparton final states, 

some approximation has to be made. Using analytical techniques, some effects arising from 
the emission of many but softer gluons can be obtained by a summation procedure based on 
the leading logarithm approximation, e.g. the energy-energy correlation in e+ e- annihilation 

[4[. 

In another method the parton radiation processes is dynamically simulated, which has the 

advantage that complete final part.on states can be generated such that any observable is in 
principle accessible. The basic idea is here that partons emitted in a large momentum process 

can be off their mass shell and will therefore emit. bremsstrahlung. For simplicity we consider 
the case of c+ c- annihilation at. a momentum transfer Q2 where the two emerging part.ons 
can be off shell up to 0( Q) and therefore cascade into a shower of partons as illustrated in 
Fig. 1. Such parton cascade models has been developed to a high degree over the last few 

years [5,6,7]. The common feature is that first order QCD matrix elements in the leading 
logarithm approximation is used for each separate branching. Provided that the offshellness 

of the partons are strongly ordered, i.e. mi :::;_-.. m~ :"?- mi etc in Fig. 1, the cros.s section for 
the whole process factorises into a product of the probabilities for each separate branching. 
This results in an iterative process, suitable for Monte Carlo simulation techniques, which is 

stopped when all parton virtualities, i.e. m?, are below a chose cutoff, fcut· Together with 

AqcD this cutoff regulates the amount of part.ons radiated. 
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One- should bear in mind that this approximation is not cxpeded to work properly for 
hard gluon emission at large angles where interferences between diagrams where the gluon 
is em.itt.ed from different parton lines are important. These models are rather intended for 
studies of e.g. jet broadening due to the emission of several but not very hard gluons at 
large angles. Nevertheless, these models may be used also for multiple jet phenomena simply 
b{'cause better higher order calculations are lacking at present; the general features will 
certainly be adequately described although the rates and some distributions will not be 
exactly the correct ones. 
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Figure 1: Schematic repreuntation of a parton cascade evolution from a quark-antiquark pair 
produced at a given Q2

, e.g. in e+e- anihilation. 

An interesting sophistication of this kind of model is that interferencf' between soft gluons 
can be taken into account by imposing an angular ordering in the emission [6), i.e. 81 > 92 > 83 

etc in Fig. 1. Since this interference is destructive, fewer soft partons will be emitted {for 
a given tcut ), which can be intuitively understood as follows. A soft gluon, having a larger 
wavelength, cannot resolve the individual colour charges in the cascade, which therefore act 
coherently as a single colour charge for soft gluon emission. This strict angular ordering also 
takes some next-to-leading corrections effectively into account [8]. In the following the basic 
formalism of parton cascades will be illustrated, but for a more complete treatment we refer 
to [5,6 17]. 

The final state radiation is timelike, i.e. all part.ons have m 2 ?. 0, and is based on the 
iterative use of t.he parton braching as given by the Altarelli-Parisi equations [9] 

dPa~bc = a,(Q') dm~ P,_b,(o) do 
- ' 271' 111 u 

I I I 
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where Q2 is a function of the virtuality m~ of the 'mother' parton, a, the p_1_ in the branching 
and .:.:, whidt gives t}l{' sharing of energy (or more generally some function of energy and 
momentum) between the 'daughters' band c. The fund.ions P(z) are the splitting kernels 
given by 

Pq~q9 (z) 
4 1 + .:: 2 

(2) ~ 

3 I-= 

P9~9g(z) ~ 

6[1-z(l-z)[' 
z(l- z) 

(3) 

P9~qq( z) I ' ' (4) -- -[z+(l-z)[ 
2 

The probabitity that a parton does not branch is then obtained by exponentiation of eq. (1) 
giving the Sudakov form factor 

{ 
m' drn 12 

Sa(m2)=cxp -1 m'' 
t"'' l ,,(m') a,(Q') } 

dz -- P,_bc(z) 
-- (m') 27r 

(5) 

where m 2 is given by Q2 for the first branching and in later ones by m 2 in the previous 
branching. The probability distribution of the parton virtuality is then 

Pa(m~ax'm 2 ) dm 2 = Sa(m~ax) dd 
0 m 

and parton branches are generated by solving for m 2 in 

So(m~"') 
S,(m') ~ R 

I 
-- d ' 

Sa(m2) m 
(6) 

(7) 

where R is a random number in ]0,1[. The process is iterated until all parton virtualities are 
smaller than tcut at which point they are put on shell. 

p 

p 

Figure 2: Initial and final sf.ate parton mdiation in high-pl. hadron· hadron scatte:ing, e.g. pjj 

collisiom. 

In high-pj_ hadron-hadron collisions, not only the final scattered partons can emit gluon 
radiation, but also the part.ons entering into the hard scattering, Fig. 2. In this case, the 
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radiating parton developes a negative virtuality, i.e. has a space~ like 4-vector giving m 2 < 0. 
This initial state cascade evolution may be viewed as a quantum fluC-tuation which can only 
be realized in a large momentum transfer process which put the parton back on shell or to a 
positive virtuality, i.e. m? < 0 "--" m} 2: 0. For practical reasons it is better to start with the 
hard scattering, given by the 2 --t 2 exact matrix elements, and perform the parton cascade 
evolution backwards in time. Such a scheme, developed in (10], must also take constraints 
from the structure functions into account, since at each intermediate step one should have the 
correct probability of finding a parton with momentum fraction x; at the given momentum 
transfer scale Ql as indicated in Fig. 2. This leads to a modified splitting equation 

dP, = ldtl a,(Q') L j dx' J.(x',t) p (_:_) 
" 211" a x' !b( x, t) a-t be x' 

(8) 

and a modified form factor 

s,(x, tmo'O t) = exp {-1'--. dt' a.(Q') 
t t' 271" 

Ljdx' f.(x',t') p (_:_)} 
a X 1 f~>(x, t') a-tbc X 1 

(9) 

for the probability that a parton b remains at x from t.,.ax to t. Otherwise the procedure is 
sim.ilar to that of final state radiation. The structure functions, fa, has the effect of reducing 
the amount of radiation as compared to the case for final state radiation. For the properties 
of high-p.i jets the initial state radiation is of less importance and we will not pay much 
attention to it in the following. It does, however, influence the underlying event and also 
generate a transverse momentum of the hard scattering system. The P.i of a jet-jet system 
or a W can thus be described by this effect [11]. 

Although these parton shower algorithms are phenomenologically very useful, one should 
realize their limitations. Not only do they involve the QCD leading log approximation, 
but also some ingredients which are not theoretically well-defined, like the definition of the 
:: and Q2 variables. Therefore, they cannot replace exact matrix element calculations for 
fundamental tests of QCD and the determination of AQcD in a well-defined renormalization 
scheme. 

Since a. used in each separate branching depends on the momentum transfer in that ver
tex, it gets larger the further the cascade is evolved and the perturbative approximation will 
then break down at some point when the parton virtualities become small. The parameter 
fcut determines t.he border line between the region where perturbative QCD can be consid
ered trustworthy and the following non-perturbative region, Fig. 1. There is no theoretical 
motivation for the choice of a partic.ular fc, 1-value, it is more related to ones confidence in the 
perturbative QCD shower approach and the method used for tlw final hadronization step. It 
is therefore desirable that. the complete model is stable against variations of this parameter. 

3 Non-perturbative hadronization 

The simplest fragmentation model is to let all part-ons from the shower hadronize indepen
dently of each other using, e.g., the Field-Feynman parametrization [12]. This leads, however, 
to a significant. dependence on fcut [13], since the additional soft gluons obtained by a lower 
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cutoff result. in an increasingly soft hadron spectrum and correspondingly increasing mul
tiplicity. Monte Carlo models that employ this scheme are foH·-ed to have a rather large 
parton shower cutoff in order to reproduce basic features of the data, but then loose effects 
of multiple soft gluon emission. 

Physically more interesting is the possibility of cluster .formation from the partons and, 
lll particular, the idea of preconfinement (14]. Given the well-defined colour ordering of the 
planar graph the partons can be associated to colour singlet clusters (Fig. 3a) which could 
form a link to the hadronic final state. Considering e+ e- annihilation for simplicity, the 
original qij colour singlet system can give rise to more than one cluster only if additional qij 
pairs arc formed in the perturbative shower evolution. Consequently, the duster multiplicity 
and mass sped rum depends on the frequency of the g ---J qij branching. Analytical calculations 
in an asymptotic limit indicates that the typical cluster mass is close to the shower cutoff, 
i.e. close to the hadronic mass scale, and, moreover, essentially independent of Q2 [14]. More 
detailed investigations based on Monte Carlo simulations show that this is not quite correct 
[15]. The mass spectrum of such clusters, Fig. 3b, has indeed a peak at small masse"s, but also 
a long tail to large masses which makes the average mass quite appreciable and also increasing 
with increasing Q2

, Fig. 3c. The cluster masses are therefore in reality significantly above 
the hadron mass scale and become even more so at higher energy scales. Unfortunately, this 
prevents an easy connedion betWeen perturbat.ively produced clusters and the final state 
hadrons. 
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Figure 3: (a) Preconfinement of perturbatively produced quanta into colour Jinglet cluJterJ. 
(b) CluJter maH diJtribution at a,cymtotic energy. (c) A11erage ma3J verJUJ energy Jcale. 
EnergieJ and maJJe3 are JCaled with ll..qcv; q and g refer to quark and gluon jet, reJpective/y. 
From /15/. 

Nevertheless, it is possible to construc-t phenomenological cluster models [6] by first split
ting the gluons int.o qij pairs and then let colour-connected qij pairs form lower mass dusters, 
which are finally decayed into ordinary hadrons (including resonances) using pure phase space. 
The rontinous cluster mass spectrum obtained will obviously depend on the parton shower 
cutoff value and hence a low cutoff is preferable in order to get cluster masses not too much 
above the hadron mass scale. Even with a small cutoff, however, large mass clusters will 
occur and their isotropic phase space decay will produce too spherical events compared to 
c~-c- data. This is usually solved by splitting heavy clusters, with a mass larger than 3-4 
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GeV, into lower mass dusters using a longitudinal decay. Another potential problem with this 
method is that. the particle composition may change with the cutoff value since with a lower 
fcut the cluster masses will become smaller and the rate of heavier particles, like baryons, may 
be reduced because of the reduced phase space available. 

Another approach is to connect the perturbatively produced parf.ons, whose colour or
dering is given by the shower evolution, with a colour string force field and apply the Lund 
fragmentation model [16] for the final hadronization step. A colour triplet and antitriplet 
charge, e.g. q and ij, are here represented by the endpoints and a gluon colour octet charge 
by an energy-momentum carrying kink on the string, Fig. Sa. Thus, a rather complicated 
string topology arise when many gluons have been emitted, which requires technical improve
ments of the model [17]. As discussf'd in [13,18], the string model provides the desired stability 
of the final hadron state properties with respect t.o variations of the arbitrary t<"tot parame-ter 
since the extra gluons emitted with a lower cutoff will only produce small disturbances on 
the string configuration obtained without them. In e+ c-, e.g., more than one colour string 
system will only occur if qij pairs have been produced in the perturbative evolution; these 
strings thus correspond to the 'preconfinement dusters' in Fig. 3a. 

'L 
Figure 4: Space-time picture of a .teparating quark and antiquark with intermediate colour 
.ttring field (hatched} which breakJ by qij creation leading to meJon production. 

The QCD force field between two colour charges is believed to form a flux tube with limited 
transverse size of the order of a hadron diameter. This different character as compared to the 
dipole field between electric charges is attributed to the self-interactions among the colour 
charged gluons that are the quanta of the field. Although this is not strictly proven, it 
is supported by non-perturbative lattice calculations (see !19] and references therein). The 
dynamics of this essentially one-dimensional field is in the Lund model approximated by that 
of the massless relativistic string, which is a relativistically invariant. and causal generalisation 
of a one-dimensional constant force field. The constant "' in the linearly rising potential 
l'(r) = ,.,;r, is the string tension which is estimated to be~ 1 GeV jfm, or in metric units 16 
tonsjm! The kinetic energy of the separating colour charges, e.g. the quark and antiquark 
produced in e+ e- annihilation, is thus t.ransfered into potential energy which can be lowered 
by the production of new qij pair$ in such a way that the colour field is screened and the string 
broken up into smaller parts, Fig. 4. The qij pair creation probability can be calculated as a 
tunneling process giving 

p ,..._. f'-;-m; f'-;--v~ (10) 

7 

which expresses the price in terms of field energy that has to be payed to produce the trans
verse mass of the qij pair. This results in a suppression of heavier flavours, uU :del: s.S : cC = 
1 1 : 0.3 10- 11

, and a Gaussian transverse momentum spectrum with < P-l >= 0.3- 0.4 
GeV of the final hadrons (w.r.t. the string); in agreement. with experimental findings. Thus, 
the string is broken by a qij pair production and a meson is formed with a 'nearby' q or ij, 

le-aving a reduced jet system and the procedure is iterate-d until the total available energy has 
been transformed into mesons, Fig. 4. Also baryons are produced through the effective pro
duction of diquark-antidiquark pairs in the string breaking, either directly in a simple model 
or trough stepwise qij production in a more elaborate model based on quantum fluctuations 
in the colour field [20]. 

The energy-momentum fraction, z, that a hadron takes from the total available in each 
step is given by a 'splitting' function,/(::), which is deduced from a symmetry condition, 
namely that it should not matter whether the string is being 'cut into mesons' from one side 
or the other. This results in an essentially unique splitting function [21,16] 

f(o) ~ (1 ~ ')" cxp{ _ bn:i} (11) 

where the parameters a and b are related to the only two important features (regarding the 
longitudinal structure) of this kind of iterative fragmentation model, namely the total multi
plicity or the height of the central rapidity plateau and the strenght of the rapidity correlation 
between nearby particles in the fragmentation chain. By uniqueness of eq. (11) is meant that 
if the hadronization process is essentially of a classical stochastic nature as assumed, then 
this is the only form which has this symmetry property, whereas this need not. be the case 
if quantum corrections are important. Hence the testing of eq. (11} probes fundamental 
properties of the hadronization process. An important phenomenlogical consequence of this 
function is that heavy particles, or more generally hadrons with a large transverse mass m.1, 
will have a harder fragmentation spectrum; as is also observed to be the case for charm and 
bot tom mesons . 

al /\,/ /' 

. 

----- --.. ' ' 
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bl •I '""" ·, 
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____.-, .·· .. ·'"·· ....... ,--...... 

Figure 5: {a) Repre3entation of a qijg Jy3tem uJing a triplet 3iring 3tretched via the colour 
octet gluon. The velocity of a .ttring piece iJ I'= cosB/2. (b) Alternative gluon model with a 
co/om· octet Jt1·ing joining the two triplet .1tring.1 at a junction. 

Representing a gluon with a kink, Fig. 5a, means that no additional assumptions and 
parameters are needed for the gluon fragmentation model, since it is determined by the basic 
break-up of the colour triplet field as given by quark jets and constrained by, e.g., c+e
data. The two strings stretched from the gluon imply a considerably softer fragmentation 
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of a gluon jet as compared to that obtained from the single string quark jet. Gluon jet 
fragmentation is, however, experimentally not well measured and other models can certainly 
be conceived of. One possibility [22], which can be included in the string framework, is that 
the gluon stretches a colour octet field which is split into two triplet fields at a junction, Fig. 
5b, The position of the junction is determined by the ratio K 9 /!i 9 of the string tensions in 
the odet and triplet fields and if it is larger than two, as suggested by the relevant Casimir 
operator eigenvalues in QCD, it is energetically favourable for the octet field to collapse to 
zero length; thus giving the gluon as a kink on the string. The hadronization of an octet field 
is, furthermore, unknown and additional assumptions would have to be made to construct a 
model. On general grounds one would expect an octet field to break by gluon pair creation 
resulting in the production of glueballs (if existing) and isoscalar particles, but such a model 
[23] has been found inconsistent with results on 17 and¢ production in 1 decays, whereas the 
Lund gluon-kink model does provide a good description [24]. 

Both the string and the cluster hadronization models are well tuned to describe present 
dat.a, in particular from PETRA/PEP, and give therefore very similar results, although char
acteristic differences occurs in some particular observables. For the results discussed below, 
both at present energies and at the TeV energy scale, the two models give surprisingly good 
agreement aud only string model results will therefore be given. 

4 Jet properties at present energies 

The importance of the higher order QCD effects included in the parton shower approach has 
been shown in e+f- annihilation at PETRA by the JADE collaboration [25]. Using a cluster 
algorithm to find jets, an excess of 4-jet events is observed as compared to the expectations 
from fixed order, but exact matrix elements up to order a;. This deficiency cannot be cured 
by an increased o:, since .the 3-jet rate will then be overestimated. The par ton shower model 
can, however, reproduce the jet rates observed in the data, Fig. 6a, as well as the acoplanarity 
distribution, Fig. 6b, where the tail of more more spherical events is properly generated by 
the additional gluon radiation compared to the O(o:!) model, which fails in this region. 

The properties ofhigh-p_1_ jets in pp and pp collisions are also influeneed by parton radiation 
processes. Thus, the jets measured by the U Al collaboration [26] show clear evidence for these 
effects [27] in, e.g., the inclusive fragmentation function 

D(o) ~ I_. dN,, 
Njet d~ 

Ptrad: • PJet 
'~ IPJo~l 2 

(12) 

of charged particles. This is shown in Fig. 7 together with ISR data from the AFS col
laboration [28] for comparison. The reason for the collider jets to be considerably softer is 
two-fold. Firstly, they are dominated by the intrinsically softer gluon jets,~ 60% according 
to the model, whereas the ISR jet sample contains :::::: 70% quark jets. Secondly, the harder 
interaction at the collider, resulting in < PlJet ..::.--::::: 39 GeV compared to 13 GeV at the ISR, 
leads to more parton radiation; B.n effect which is also more accentuat-ed by the colour oct.et 
charge of a gluon jet. The partou radiation also generate significantly enhanced transverse 
momenta with respect. to the jet axis as seen in Fig. Sa. The low-p1 part of the distribution 
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depends rather 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 mismatch between 

data and model calculation for the effective z-cut used may cause the observed difference at 

low Pl· The width of a jet, e.g. defined in terms of the energy flow versus rapidity around 

the jet axis as shown in Fig. Sb, can be rather well described with the inclusion of the final 

state parton radiation model, whereas without it a much too narrow jet is obtained with 

non-perturbative fragmentation alone. Although the rapidity distribution away from the jet, 

1771 _:-: 1, is considerably raised by the initial state parton radiation this is not sufficient to 

describe the observed energy flow plateau in Fig. Sb. This shows that the underlying event 

contains more physics than parton shower evolution and simple fragnwntation. 
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Figure 8: (a} Tran.wer$e momentum distribution of charged particles with respect to the jet 
axis /27). {b) Transverse energy flow of high-pj_ jets versus the rapidity distance to the jet 
axi.s (10}. Model curves including (full) and excluding (dashed} parton radiation (in(~) only 
final Jtate emission). 

In [27] the properties of quark and gluon jets are investigated and a fair agreement between 

data and model is found. As expected, gluon jets are softer and wider than quark jets, 

Fig. 9a. There are, however, some tendency of a smaller quark-gluon difference in the data 

as compared the model. This could indicate an inadequacy of the model, but since they 

could also follow from a non-complete separation of quark and gluon jets or other systematic 

uncertainties in the data the model ran be t•onsidered satisfactory. The variation with the 

momentum transfer Q2 of the longitudinal and transverse jd properties are also found to 

he essentially the same in data and model, Fig. Db. In lht> limited range covered by the 

UA1 data, the the Q2 variation is rather small as exped<'d frum th<' dominant lt'ading lug Q! 
dependence in QCD. 
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Figure 9: (a} Fragmentation junction for .separated quark and gluon jet sampleJ in data 
compared to pure quark and gluon model predictionJ. (b) Fragmentation function for gluon 
enriched jet samples at different Q2 ~caleJ Jhowing scaling violations in data and model. 

Current state-of-the-art models for the pert.urbative jet evolution and the non-perturbative 

fragmentation, either in terms of strings or dusters, are thus able to reproduce present-day 

data on jets quite well. 

5 Jets at HERA 

In deep inelastic lepton-nucleon scattering [29), the leading order quark parton model (QPM) 

process gives rise to two hadronic jets; the quark sc.attered by the exchanged vector boson 

and the target remnant spectator jet. In first order QCD an additional jet can be produced 

by hard gluon emission from the struck quark or 1 alternatively, through the boson-gluon 

fusion process into a quark-antiquark pair. At SPS/FNAL fixed target energies a model 

[30.31] based on these ingredients can successfully describe the experimental observations. In 

particular the European Muon Collaboration (EMC) has shown clear QCD effects in terms of 

transverse momentum properties and also evidence for the occurence of additional jets from 

glum1 radiation [32]. The much higher energies that will be available through ep collisions 

at HERA will make higher order QCD corrections important [33]. These can ~e taken into 

account through the parton shower models by letting the struck quark radiate before and 

nfkr it couples to the virtual boson. Alt.hough this ls very similar to the initial and final 

state enllssion in high-pl scattering di~cusse(l ahove. there are technical differences in the 

algorithms [34~. It. is also ambigous whether Ql or H- 2 sets the scale for the maximum 

]? 



virtuality in the shower, but M12 seem to be the prefered choice [33,34]. Jets at HERA will be 
produced at an energy scale not. very much larger than that presently studied in e+ e- and pp 
colliders so that only modest, and therefore more reliable, extrapolations have to be made. 
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Figure 10: Distribution of (a) energy-weighted scaled longitudinal momenta and (b) 7'a]lidity 
for charged particles in the hadronic CM frame of HERA events with Qz, W 2 > 103 Ge lf2 
(:rF > 0 for the current jet and J'p < 0 for the target remnant jet). (c) Charged particle 
rapidity distribution in the lab frame for HERA events with :z· = 0.1, y = 0.3. Cw·ves (lre for 
quark-parton model (dotted), first order QCD matrix elements (dashed), pal'ton shower (full} 
and, in (a) only, f+e- events at the same energy (dash-dotted) /33}. 

Studies of the hadronic final state is usually best performed in its CM frame wht•re the 
separation of the current quark and the target remnant is much clearer than in the lah 
system where they can be close due to the strong boosts occuring in ep collider events. 
The longitudinal momentum distribution, Fig. lOa, for simulated HERA events [35) shmv 
the expected strong difference between the forward quark and backward target remnant 
hemispheres. The final state parton radiation from the struck quark makes the forward 
particles much softer than those originating from the non-radiating spectator remnant. This 
remnant, in the simplest case a diquark, produces a baryon which usually takes a larger energy 
fraction than a meson and thereby accenhtate the forward-backward asymmetry [31). The;;e 
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effects give a rather different :r F-spectrum and lower multiplicity as compared to that obtained 
from a qij system produced in e+e- annihilation (at the same energy). The predominance of 
QCD radiation in the forward region is more clearly illustrated in the charged particle rapidity 
distribution, Fig. lOb. For the parton showers, this is partly related to the suppression of 
the initial state radiation due to the structure function constraints discussed in section 2. At 
fixed kinematical variables the current quark jet appears in the QPM model at a fixed lab 
rapidity resulting in a narrow peak in the charged particle rapidity distribution, shown in 
Fig. lOc which also illustrates the increasing jet width as first and higher order QCD effects 
are taken into account. By using less inclusive distributions it should be possible to make 
more detailed tests of QCD, e.g. based on the energy flow asymmetry, the energy-energy 
correlation and multijet events [33]. 

6 Jet characteristics at the Te V energy scale 

Given that the jet models are based on sound physics input, i.e. are not just parametrizations 
of data, together with their ability to describe present-day jet data it becomes meaningful 
to make extrapolations to the much higher energy scale that will be available at future TeV 
colliders. There are also theoretical cross-checks that can be made to further increase the 
confidence in such extrapolations, e.g. by comparing Monte Carlo and analytical calculations 
in QCD [36]. Such a caSe is provided by the angular energy-energy correlation function [4], 
which is defined by 

1 d"E 

ad cosO 

11 ,~ i' dff(e+e- ~A+ B +X) = -~ L..., d:rAdJ'B ·XAXB 
a4A,B o dxAdxBdcosO 

(13) 

where the sum is over all particle pairs A, B with angle 0 between fA and the negative of 
fiB. This function is shown in Fig. 11 for e+e- ---t qq at an invariant mass of 3 TeV. The 
peak centered at the back-to-back direction 8 = 0 arise from two-jet final states in which 
one hadron is detected from each jet and the width of the peak is thus a measure of the 
angular width of a jet and is strongly affected by soft and collinear gluon emission. The two 
curves correspond to the analytical QCD calculation using two different approximations for 
the non-pert.urbative fragmentation, taken into account based on fits to pr'esent data. Since 
this calculation is based on quite different assumptions and approximations compared to the 
Monte Carlo, histograms in Fig. 11, it is reassuring to see the good agreement between the two 
approaches even when extrapolating to energies much higher than presently available, where 
they are both tuned to the data. It is also interesting to note that a parton shower algorithm 
without the coherence among soft. gluons taken into account gives a different result compared 
t.o the coherent shower and the analytic calculation. This, and other considerations, make 
the incoherent cascade theoretically disfavoured, although such models can also be tuned to 
fit most aspects of current data which are, however, in a rather restricted energy region. 

Although the bremsstrahlung nature of the QCD radiation predominantly results in soft 
and collinear parton emission, there will also be occasional hard emission at large angles 
resulting in the splitting of a jet. into a sub~ jet struchire. Between these two extremes there 
is, of course, a continons distribution which makes the concept of a jet rather arbitrary 
from the theoretical point of view. The angular energy flow arising from a 1 TeV gluon jet 
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Figure 11: The energy-energy correlation function, eq. (13), for a quark-antiquark &y&tem at 

Q = 3 TeV obtained from Monte Carlo &imulation (hi&togram&) of coherent parton &hower 
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is illustrated in Fig. 12. A very narrow jet is obtained with pure fragmentation, whereas a 

significant energy flow also at very large angle-s (with respect to the gluon direction) arise with 

the inclusion of parton radiation. Tht> measured jet width will, however, be much smaller and 

depend on the resolution of sub-jet. structures. This illustratPs the importance of applying 

experimentally realistiC" jet definition criteria to the Monte Carlo generated events when 

predicting jet properties at. TeV ('Olliders. This ran be done from the energy flow pattern, 

e.g., as follows. Au idealized 'calorimeter' covers the full azimuthal angle around the beam 

axis and the pseudo-rapidity region lr/1 :5 3 and is divided into cells of size l:J.ry x l:J.¢ == 0.1 x 5° 

in each of which the particle energies of a Monte Carlo generated event are summed. Starting 

from the cell with largest transverse energy, Ej_, the transverse energy of nearby cells within 

a cone of half-angle 

6R ~ j 6~' + 6¢' S o. 7 (14) 

are stunmed. If Z E.1 exceeds a rertain cut-off value, Ec, then all the particles within the cone 

are said to form a jet with axis given by the E.1 -weighted center of the reUs. This procedure 

is iterated until all jets with £.1 larger than E.,, typically 10-20 GeV, are found. At TeV 

energies the details of this pror.edure make no difference. Thus, alternatives like using total 

energy rather than transverse energy or summing cell 4-vectors obtained from the energy 

deposited in and the location of the calorimeter cells, give essentially the same results. A 

coarser grained calorimeter, with cell size D17 x 6¢ = 0.2 x 10°, also give similar results. The 

size of the cone used for the jet definition is, however, important for the jet properties since 

it regulates not only how many soft, wide angle particles that are included in the jet, but 

also the experimental resolution to separate nearby jets as indicated above. 
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Figure 13: (a) Number of recon&tructed jets per e+ c- event at 2 Te V. For the ~tandard jet cone 

size b..R = 0. 7: Coherent QCD cascade (full line), conventional ca&cade (dotted), znd order 

matrix element& (dashed). For a &mailer cone b.R = 0.2: coher·ent ca&Cade (dash-dotted). 

(b) Energy di&tributiun of recon&tructed jets in c+c- at 2 TeV (left hand uale): Coherent 

QCD cascade (full curve), 2"d order matrix element& (dotted), coherent ca&cade with 6.R 

0.2 (da.~hed). Da&h-dotied curve give-! fraction of quark jet& (right hand &cale). From (37/. 

A study [37] based on event simulation within t.he discussed framework [38] at a 2 TeV 

linear c+c- C"ollider (discussed as a future possibility at CERN [39]) show the increase of the 
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jet multiplicity per event, Fig. 13a, as the higher order QCD effects in the parton shower is 
included, and also when the jet cone is decreased in size such that a finer sub-jet structure 

is resolved. As seen in the energy distribution of recoustructed jets, Fig. 13b, the additional 

jets arising in the par ton shower model, compared to the 0( a;) model, is mainly of lower 

energy and are predominantly gluon jets. Selecting only the higher energy jets produced at 

CM energies of 45, 100 and 2000 GeV (for details see [37]), the longitudinal and transverse 

energy flows within a jet are given in Fig. 14. The (relative) softening and narrowing of the 

jets with increasing energy is clearly seen. As an example for 1 TeV jets, 50% {10%) of the 

jet energy is carried by particles having fractional momentum z > 0.08 (0.3) corresponding to 

an absolute energy larger than 80 (300) GeV. The particle flow is furthermore less collimated 

than the energy flow, 50% of the particle~ in a jet are contained in a cone of half-angle of 

approximately 8°, 6° and 3° for 45, 100 and 2000 GeV respectively, whereas 50% of the energy 

is within 6°, 3° and 2° respectively. 
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Figure 14: (a} Integral of fragmentation junction for all particles in 'high energy' jets (ue (b)) 

in e+e- annihilation. At 2 TeV: Coherent QCD caJcade {full curve), conventional cascade 

(dotted), coherent cascade with b.R = 0.2 (daJh-dotted}. Coherent QCD caJcade with clu~te1' 

hadronization /6} (long dashn}. At 100 GeV: coherent cascade (da~hed). 

(b) Integrated angular energy flow for all particles assigned to reconstructed 'high energy' jets, 

i.e. Ejet within {Ig,Joj, /45,55} and /900,1100} GeV in c+c- annihilation at em~ energies of 

4 S (dashed curve), 100 (dotted} and 2000 Ge V (full), re~peclively. Cuhaent part on ca~cade 

and ~tring fragmentation in all case~. (Angle in radians.) 

At a TeV hadron collider, like e.g. t.he LHC proposed at CERN [39], gluou jets will Le 
abundantly produced. These are considerably softer than the quark jets, e.g. only 3.4% of 

the gluon jet energy is carried by particles having fractional momenta:: > 0.2. whereas the 

corresponding numbet· for quark jets is 23%. One should note that quark jets from a hadron 
collider are expected to have very similar properties as those from c+e- annihilation, sinee 

ther are produced at comparable Q 2 scales. The soft fragmentation is independent of Q1 aud 

the perturbative scaling violations of the cas,ade vary as logQ2
. The indicated results are 
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therefore more generally applicable. Furthermore, since the jet properties depend essentially 

only on the momentum transfer scale and not on the specific process producing them, jets 

originating from, e.g., the decay of some high mass state will have very similar properties. 

In fact, a significant part of the jet cross-section in 2 TeV e+e- collisons is due to w+w

produdion and decay into quark-antiquark pairs. Since t.he effective Q2-scale for the gluon 

radiation from such quark jets is given by the W mass, these jets will have fragmentation 

properties similar to those at SLC/LEP (though boosted in the W-direction). The basic 

expectations of jet properties at the Te V energy scale should be rather clear from these 

examples and more details are not given here, but can be found in [37]. 

7 Conclusions 

The importance of jet physics for understanding both perturbative and and non-perturbative 

aspects of QCD have been illustrated by discussing in some detail models for jet evolution 

in relation to existing experimental data and by indicating the energy dependence of the 

effects by extrapolation to future energy scales. The perturbative jet evolution models, taking 

higher order QCD into account by the part.on shower approach, have reached a rather mature 

state including non-leading effects such as soft gluon coherence. The more phenomenological 

treatment of the non-perturbative hadronization has also developed into highly non-trivial 

models based of cluster formation or string formation and decay. It should be noted that 

these are not necessarily exclusive possibilities. A string can first decay into ·larger pieces', 

which can be identified with clusters, and then decay further into 'smaller pieces' or hadrons. 

In the Lund scheme, this is essentially equivalent to the chosen decay directly into hadrons. 

Cluster models, on the other hand, usually invoke a string-like longitudinal splitting oflarge 

mass clusters before the phase space decay is applied to cluster with mass below 3-4 GeV. 

The complete jet. simulation models formed from these physics input are capable of a rather 

precise description of present-day data, which thus serve to check the assumptions made and, 

furthermore, fix some crucial parameters. Considering also the theoretical constraints and 

cro!is-checks that are available, on can conclude that the extrapolation in order to predict jet 

properties in the TeV energy region can be viewed with rather much confidence. Of course, 

this extrapolation may turn out to fail when compared with reality. Even this should lead 

to an improved understanding since strictly speaking, as Bacon told us long ago, it is only 
possible to disprove a model by comparison with observation, although an agreement may 

justify some confidence. Smaller discrepancies may be cured by improving the models; large 
ones could be even morf' interesting since t-hey would presumably indicate the occurrence of 

new physics phenomena! 
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