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Soft Processes in Very High Energy 
Proton-Proton Collisions 1 

G. Ingelman 
Deutsches Elektronen-Synchrot.ron DESY 

Notkestrasse 85, D-2000 Hamburg 52, FRG 

Abstract 

Soft processes in terms of fragmentation of high-p.l and low-p.l jets are 
considered in relation to the high and low momentum transfer mecha
nisms that produce them. The evolution of high-p.1 jets can be reliably 
described based on perturbative QCD radiation and hadronization models 
tuned at present energies and we give realistic predictions for the proper
ties of such jets at very high energies. The modelling of low-p.l spectator 
jets and minimum bias events, on the other hand, involve important un
certain elements regarding the interaction mechanism and the resulting 
colour field structure which lead to large uncertainties in the resulting 
predictions. Diffractive scattering is discussed in terms of the nature of 
the pomeron and its interactions, in particular the possibility of parton 
constituents in the pomeron and 'hard diffractive scattering' is considered. 

Introduction 

The notion of 'soft' process is not quite well defined and when extrapolating to the 
enormous energies that the ELOISATRON would provide one has to first discuss its 
meaning, e.g. whether 'soft' is to be understood on an absolute or relative scale. Usu
ally a limited absolute scale in transverse momentum exchange of the order 1 GeV 
is thought of, and this will also be our attitude. A .scale increasing with total energy, 
.JS, would mean that many processes which are presently successfully described as 
hard would be classified as soft at future high energy machines. One should note, 
however, that the requirement of a low tran.1Ver.te momentum exchange does not ex· 
dude the occurence of substantial longitudinal momentum transfers. There are in 
fact models for minimum bias interactions that involve such longitudinal momentum 
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exchanges, either explicitly by construction or implicitly. Another aspect is that pro
cesses or objects that occur as hard processes at lower energies may also arise through 
soft processes at. larger energies. An example is provided by charm production which 
seems to be explained by hard QCD fusion processes at fixed target energies, but 
may have an important diffractive component at ISR energies. Another case is W 
and Z bosons which appear in hard processes at present collider energies, but in some 
circumstances can be treated by a Weizacker- Vi.'illiams 'equivalent boson' approxima
tion at supercollider energies. The recent discussion on 'minijets' and their possible 
relation to the total cross-section rise, also· illustrate the vague borderline between 
'hard' and 'soft' physics with increasing energy. 

There is thus an important interplay between the 'hard' and 'soft' physics that we 
might associate with the parton and hadron 'worlds', respectively. In the ultimate 
theory these aspects will be related, presulllably by colour confinement which today 
is a major unsolved problem in high energy hadron physics. It is only due to our 
present ignorance and limited calculational techniques, e.g. perturbation theory, that 
'hard' and 'soft' physics are treated separat-ely. To improve our understanding it is, 
therefore, interesting to investigate the relations between our present theories and 
models for hard and soft interactions. This is of importance also for practical reasons 
of planning future experiments, namely in order to make realistic predictions of what 
events will look like at supercollider energies. 

Although soft processes also include important issues like total cross-sections, 
elastic and diffractive scattering, this will not be discussed here. The only exception 
is the possibility of a parton structure in the pomeron and its consequences in terms 
of so-called 'hard diffractive scattering'. The organization of the paper is as follows. 
The properties of high-pl. jets resulting from perturbative jet evolution and non
perturbative hadronisation is discussed in Section 2, whereas Section 3 considers 
low-pl. jets in the sense of beam jets and minimum bias interactions. In Section 4 
some ideas on pomeron structure and interactions are discussed and, finally, we end 
with some concluding remarks in Section 5. 

2 Hard and soft components in high-pj_ jets 

The properties of high-P.t jets are influenced both by hard, or semihard, parton pro
cesses t.hat. can be calculated in perturbative QCD and by soft hadronization processes 
of a non~perturbative QCD origin which cannot be calculated from fundamental prin
ciples at present. Phenomenologically successful models for the latter exists and to 
the extent that these are not just parametrizations of data, but rather based on more 
or less elaborate physics ideas, they can have a large predictive power leading to 
useful tests of the assumptions involved in the models. The use of a separate treat
ment of the pertubative and non-perturbative phases is based on the assumption 
that they occur sequentially with two sufficiently well separated space·time scales. 
Nevertheless, the two parts must be properly connected and our attempts to under
stand high-p.1 jets in detail thus involve an interplay of 'hard' QCD theory and 'soft' 
models and can thereby serve as a suitable test bench for our purposes. 
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Figure 1: Initial and final Jtate parton radiation in high-pl. hadron-hadron Jcattering. 

2.1 Perturbative jet evolution 

The calculation of matrix elements in QCD perturbation theory is well defined, but 

quickly becomes very complicated for higher order processes. In high-pl. hadron

hadron scattering exact matrix elements have been calculated up to order a:: [1], 

corresponding to at most four part.ons in the final state (spec.tat.ors not counted). 

Still higher order diagrams, giving rise to multiparton final states, are important not 

only at higher energies, but also at present energies in order to understand detailed jet 

evolution properties. This requires the use of approximation schemes and the parton 

cascade approach (for a review see [2]) is particularly useful since the complete final 

part.on state can be dynamically simulated on a computer giving access to all possible 

variables. The basic. idea is that partons emitted in a large transverse momentum 

process ean be off mass shell and emit bremsstrahlung gluons, which may in turn 

split into gluon or qij pairs, leading to a shower of partons as illustrated in Fig. 1. 

Parton cascade models have been developed to a high degree over the last few 

years [3,4,5]. The common feature of su('h models is that first. order QCD matrix 

elements in the leading logarithm approximation is used for ea('h separate branehing, 

i.e. t.he Altarelli-Parisi equations [6] for the basic perturbative splitting processes 

q - qg, g - gg and g - qq are used in an iterative procedure whieh is stopped 

when all parton virtualities, ml, are below a ('.ut.off, tcut, usually chosen of order 1 

GeV2 • Together with Aqcv this cutoff regulates the amount of partons radiated. 

One should bear in mind that this approximation is not expeeted to work properly 

for hard gluon emission at large angles where interferences between diagrams with 

the gluon emitted from different part.on 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 beeause better higher order ealeulations are lacking 

at present; the general features will certainly be adequately deseribed although the 

rates and some distributions will not be exactly the correct ones. 

In a high-pl. proton-proton collision, Fig. 1, the scattered partons may have a 

virtual mass squared up to order Q2 and produce final state parton emission of a 

timelike character, i.e. all partons have m 2 2:: 0, which can be described by models 

developed for e+ e- annihilation. This usually involves an angular ordering to take 
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interferences between soft gluons into account /4] and very good agreement with 

experimental data can be obtained [7]. In hadron collisions, however, not only the 

scattered par1on, but also the partons entering the hard sc.at.tering process can emit 

radiation, Fig. 1. In this case, the radiating parton develops 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 fluctuation 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}:?: 0. For pradi,al reasons it is better to start with the hard scattering, 

given by the 2 ----" 2 exact matrix elements, and perform the initial cascade evolution 

backwards in l-ime. Such a scheme, developed in [8], must also take into account 

constraints from the structure functions, since at each intermediate step one should 

have the correct probability of finding a parton with momentum fraction X; at the 

proper momentum transfer scale Q~ as indicated in Fig. 1. This leads to a modified 

splitting probability 

dPb ~ jdtj a,(Q') L J dx' fo(x', t) po-l<(':.) 
211' Q x' fb(x, t} :r:' 

(I) 

with the ratio of the structure functions,/, before and after splitting as a weight. 

Otherwise the procedure is similar to that of final state radiation. The structure 

funetions, however, has the effect of reducing the amount of radiation as compared 

to the case for final state radiation. For the properties ofhigh-p.L jets the initial state 

radiation is of less importance, but it does influenee the underlying event and also 

generate a transverse momentum of the hard scattering system. 

Although the parton shower approaeh is phenomenologically very useful, one 

should realize its limitations. Not only does it involve the QCD leading log approx

imation, but also some details which are not theoretically well-defined. It cannot, 

therefore, replace exact matrix element ealeulations for fundamental tests of QCD 

and the determination of Aqcn in a well-defined renormalization scheme. Ideally 

one would use exad matrix elements up to the order available and then add the 

higher order effects by a eascade model. This give rise, however, to problems of a 

proper joining of the two methods sueh that double counting is avoided; so far this 

is only solved for order a, matrix elements in e+c- annihilation [5]. Furthermore, o, 

used in each separate branehing depends on the momentum transfer in that vertex, 

and therefore becomes larger the further the caseade is evoh·ed and the perturbative 

approximation will break down at some point when the parton virtualities become 

small. The value for the parameter tcut> which determines the border line between 

the region where perturbative QCD can be considered trustworthy and the following 

non-perturbative region, is not given by theory but is basically a free parameter which 

is obtained from comparison with data after a method for the final hadronization step 

has been included. 

2.2 Non-perturbative hadronization 

The simplest fragmentation model where all partons from the shower hadronize in

dependently of each other using, e.g., the Field-Feynman parametrization [9] is not 

stable with respect to changes of this tcut value [10] and is therefore not suitable. Be

ing essentially a parametrizatiuon it is furthermore not so interesting sin('e it does not 
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Figure 2: {a} Preconfinement of perturbatively produced quanta into colour .singlet 
clu.ster.s. (b) Clu.ster ma.s.s di.stribution at a.symptotic energy. (c) Average ma.s.s ver.su.s 
energy .scale. Energie.s and ma.s.se.s are .scaled with Aqcv; q and 9 refer to quark and 
9luon jet, re.spectively. From [12j. 
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provide much understanding. Physically more interesting is the possibility of cluster 
formation from the partons and, in particular, the idea of preconfinement [11 ]. Given 
the well-defined colour ordering of the planar graph the partons can be associated 
with colour singlet clusters (Fig. 2a) which could form a link to the hadronic final 
state. Considering e+ e- annihilation for simplicity, the original qq colour singlet sys
tem can give rise to more than one cluster only if additional qq pairs are formed in 
the perturbative shower evolution. Consequently, the cluster multiplicity and mass 
spectrum depends on the frequency of the 9 ~ qq 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 (11]. More detailed investigations based on Monte Carlo simulations show that 
this is not quite correct [12}. The mass spectrum of suc.h clusters, Fig. 2h, has indeed 
a peak at small masses, but also a long tail to large masses which makes the average 
mass quite appreciable and also increasing with increasing Q2 ,·Fig. 2c. 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 connection 
between perturbatively produced clusters and the final state hadrons. 

Nevertheless, it is possible to construct phenomenological cluster models [4] by 
first splitting the gluons into qq pairs aud then let colour-connected qq pairs form 
lower mass clusters, which are finally decayed into ordinary hadrons (including reso
nances) using pure phase space. The continous cluster mass spectrum obtained will 
obviously depend on the parton shower cutoff value and hence a low cutoff is prefer
able in order to get cluster masses not too much above the hadron mass scale. Even 
with a small cutoff, however, large mass clusters will occ.ur and their isotropic phase 
space decay will produce too spherical events compared to e+ e- data. This is usually 
solved by splitting heavy clusters, with a ~ass larger than 3-4 GeV, into lower mass 
clusters using a longitudinal (string-like) decay. 

Another approach is to connect the perturbatively produced partons, whose colour 
ordering is given by the shower evolution, with a colour string force field and apply 
the Lund fragmentation model [13] for the final hadronization step. A colour triplet 
and antitriplet charge, e.g. q and q, are here represented by the endpoints and a 
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Figure 3: (a} Representation of a qijg .sy.stem u.sing a triplet .string .stretched via the 
colour octet gluon. The velocity of a .string piece i.s v = cos8/2. (b) Alternative gluon 

model with a colour octet .string joining the two triplet .string.s at a junction. 

gluon colour ocl-et charge by an energy-momentum carrying kink on the string, Fig. 
3a. Thus, a rather complicated string topology arise when many gluons have been 
emitted. The string model provides a desired stability [10,14], of the final hadron 
state properties with respect to variations of the arbitrary tc,.t parameter since the 
extra gluons emitted with a lower cutoff will only produce small disturbances on the 
string configuration obtained without them. In e+ e-, e.g., more than one colour string 
system will only occur if qq pairs have been produced in the perturbat.ive evolution; 
these strings thus correspond to the 'preconfinement clusters' in Fig. 2a. The string 
decays into pieces which are usually forced to correspond directly to final hadrons 
(including resonances), but in the symmetric Lund model [15] one could equally well 
have had an intermediate step with 'larger' pieces that would resemble the clusters 
in the previous model. Thus, the two models are not completely ortogonal, although 
they are constructed rather differently. 

Representing a gluon with a kink, Fig. 3a, 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., e+e- data. Gluon jet fragmentation is, however, experimentally not well 
measured and other models can certainly be conceived of. One possibility [16], 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. 3b. The position of 
the junction is determined by the rat-io !i9 / "-'l of the string tensions in the octet and 
triplet fields and if it is larger than two, as suggested by the ratio 9/4 obtained from 
the Casimir operator magnitudes for the octet and triplet representations of 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 oct.et field is, furthermore, 
unknown and additional assumptions would have to be made to construct a model. 
On general grounds one would expect an oct.et field to break by gluon pair creation 
resulting in the production of glueballs (if existing) and isoscalar particles, but such 
a model [17] has been found inconsistent with results on TJ and ¢ production in Y 
decays, whereas the Lund gluon-kink model does provide a good description [18]. 

2.3 Jets at present energies 

The importance of the higher order QCD effects included in the parton shower ap
proach has been demontrated by detailed studies of the rate of multijet events, event 
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Figure 4: n-jet event rate" ver.Hu cm.'l energy and acoplanarity diJtribution in e+e

data compared to model calculation" /19}. 

shape measures and internal jet properties. Using a cluster algorithm to find jets in 

e+ e- annihilation, the JADE ('ollaboration [19] at PETRA observes an excess of 4-jet 

events as compared to the expectations from order o.~ matrix elements. The parton 

shower model can, however, reproduce the jet rates observed in the data, Fig. 4a, as 

well as the acoplanarity distribution, Fig. 4b, where the tail of more spherical events 

is properly generated by the additional gluon radiation {'Om pared to the 0( o:!) model, 

which fails in this region. These deficiencies of the O(o:!) model cannot trivialy be 

cured by an inneased o:, since the 3-jet rate will then be overestimated, but the use 

of an optimized scale choice [20] may improve the agreement [21]. Nevertheless, the 

higher order effects are still needed for other observables and at higher energies. 

The properties of high-p.i jets in pp and pfi collisions are also infl.uemed by parton 

radiation processes. Thus, the jets measured by the U A1 l.'ollaboraf.ion [22] show I.' lear 

evideuce for these effects [23] in, e.g., the inclusive fragmentation function 

D(o) ~ 1_. dN,, 
NJ"d ---;[;-

Ptrack 'Pi<:t 

z = 1Pi.:t1 2 
(2) 

of charged partides. This is shown in Fig. 5 together with ISR data from the AFS 

collaboration [24] for comparison. The reason for the collider jets to be {'Onsiderably 

softer is two-fold. Firstly1 they are dominated by the intrinsically softer gluon jets, 

;:::;: 60% according to the model, whereas the ISR jet sample contains ~ 70% quark 

jets. Secondly1 the harder interaction at the collider, resulting iu < PJ.j~t >~ 39 GeV 

compared to 13 GeV at the ISR, leads to more parton radiation; an effect which is 

also more accentuated by the colour octet charge of a gluon jet. The parton radiation 

also generate significantly enhanced transverse momenta with respect to the jet axis 

as seen in Fig. 6a. The low-p1_ part of the distribution 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 PJ.· 
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The width of a jet, e.g. defined in terms of the energy flow versus rapidity around 
the jet axis as shown in Fig. 6b, 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, 1111 2:- 1, is considerably raised by the initial state 
parton radiation this is not sufficient to describe the observed energy flow plateau in 
Fig. 6b. This shows that the underlying event contains more physics than parton 
shower evolution and simple fragmentation. 

In [23] 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. 7a. There are, however, some tendency of a smaller quark-gluon 
difference in the data as compared to 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 can 
be considered satisfactory. The variation with t~e momentum transfer Q2 of the 
longitudinal and transverse jet properties are also found to be essentially the same in 
data and model, Fig. 7b. In the limited range covered by the UAl data, the the Q2 

variation is rather small as expected from ·the dominant leading log Q2 dependence 
in QCD. 

Current state-of-the-art models for the perturbative jet evolution and the non
perturbative fragmentation, either in terms of strings or clusters, are thus able to 
reproduce present-day data on jets quite well. 
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2.4 Jets at supercolliders 

Given that the jet models are based on sound physics input, and not just parametriza
tions of data, together with their ability to describe present-day jet data it becomes 
meaningful to make extrapolations to the TeV energy scale that may become available 
at future colliders; such as LHC, SSC and the ELOISATRON as the most extreme 
case. There ar~ also theoretical cross-checks that can be made to further increase 
the confidence in such extrapolations, e.g. by comparing Monte Carlo and analyti· 
cal calc.ulations in QCD [25]. Such a case is provided by the angular energy-energy 
correlation function defined by 

1 dE 11 11 da(e+e--tA+B+X) 
~--~ = -- dxAdXB · XAXB 
adcos8 a4E o dxAdx 8 dcos8 

(3) 

where the sum is over all particle pairs A, B with angle 8 between PA and the negative 
of fiB· This function is shown in Fig. 8 for e+e- -t qij at an invariant mass of 3 TeV. 
The peak centered at the back-to-hack direction 8 = 0 arise from two-jet final states 
in which one hadron is detected {rom 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-perturbative fragmentation based on fits 
to present data. Since this calculation is based on quite different assumptions and 
approximations compared to the Monte Carlo, histograms in Fig. 8, it is reassuring 
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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 part.on shower algorithm without the 

coherence among soft gluons taken into account gives a different result compared 

to 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 inost 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. structure. Between these 

two extremes there is, of course, a continous 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 is illustrated in Fig. 9. A very narrow jet is obtained 

with pure fragmentation, whereas a significant energy flow also at very large angles 

(with respect to the gluon direction) arise with the inclusion of parton radiation. 

The measured jet width will, however, be much smaller and depend on the resolution 

of sub-jet structures. This illustrates the importance of applying experimentally 

realistic jet definition criteria to the Monte Carlo generated events when predicting 

jet properties at Te V colliders. This can be done from the energy flow pattern, e.g., 

as follows. An idealized 'calorimeter' covers the full azimuthal angle around the 

beam axis and the pseudo-rapidity region I'll 'S 3 and is divided into cells of size 

b.ry X f::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 
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transverse energy of nearby cells within 

b.R = {Llry2 + Ll¢2 ;:; 0.7 (4) 

are summed. If L E.1. exceeds a certain cut-off value, Ec, then all particles/ cells within 

the rone are said to form a jet with axis given by the E1. -weighted center of the cells. 

This procedure is itemt.ed until all jets with EJ_ larger thanE" typically 10-20 GeV, 

are found. At TeV energies the details of this procedure 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 calo-rimeter, with c.ell size 

Llry x b.¢= 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. 

In order to give definite predictions of high-pJ_ jet properties at the TeV energy 

scale [26], we generate events using the Lund PYTHIA program [27] based on the 

2 -1 2 QCO matrix elements _combined with initial and final state parton caseade 

evolution and followed by hadronization using the Lund string model [13,28]. A 

cutoff to assure hard seattering is applied by requiring the part.ous emerging from 

the simple 2 -1 2 process to have 

X" 
2pJ_ 
,!' 2' 0.1 (5) 

(Due to the subsequent gluon radiation a final jet with this minimum pJ_ need not 

emerge.) To illustrate the dependence on centre-of-mass energy results are shown in 

the following for pfi collisions at .JS= 0.63 1 2, 18 and 100 TeV, with the x.l cutoff cor

responding to P.L = 30, 100 GeV and 1, 5 TeV, respectively. The events are analysed 

with the above jet algorithm keeping the parameters fixed with increasing energy, 

since they correspond to fixed detector properties. The jet multiplicity distributions 

are given in Fig. lOa and show the increasing number of jets with increasing ems 

energy. Naturally, most of the increase at TeV energies are 'lower' energy jets, since 

the cutoff is kept fixed at EJ_jd > 20 GeV which can be expected to be enough for 

the jets to stand out clearly above the underlying event. Seen on a TeV energy scale, 

however, the events are often quite clean with only a few, narrow energy clusters sur

rounded by additional activity at a reduced energy, Fig. lOb. Of course, the number 

of jets depend rather strongly on the basic jet resolution as illustrated in Fig. lOa 

by the curv(' for t:..R = 0.2, which is about the smallest value possible for the given 

calorimeter granularity before fluctuations be('ome important when only a few cells 

are used to define a jet. 

The characteristics of 'typical high energy' jets at each centre-of-mass energy is 

extracted by only taking jets in a 'window' around XJ_ '2::: 0.1 and separating quark and 

gluonjets [26]. The longitudinal distribution within the jets is illustrated in Fig. lla 

by the fraction of jet energy carried by particles with a minimum fractional energy 

z = Epa• tide/ Ejd, i.e. the integral of the energy-weighted fragmentation function 

I(z) = t d!! · D"11 (z'), 
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D"11 (::) = _I .. dN"u 
Njet• ---;;;;-

(6) 
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two Monte Carlo event& at Js = 100 Te V with a hard 2 ----* 2 QCD .scattering with 

P1. > 10 TeV. 

The much softer nature of the gluon jets compared to quark jets is evident as is the 
increased softness (in the scaling variable) for higher energy jets; e.g. 10% of the 

quark jet energy is carried by particles with z > 0.45, 0.3 at Js = 0.63, 100 TeV 
corresponding to particle energies of,...._ 15, 1500 GeV. The decreasing width of a jet 
with increasing energy is shown in Fig. 11-b in terms of the integrated energy flow 

inside a cone with half~angle fJ around the jet axis; e.g. 90% of the ·quark jet energy 

is inside a cone of 18°, 9° for a quark jet of 30 GeV and 5 TeV, respectively. The 
particle flow is less collimated compared to the energy flow due the occurence oflower 

energy particles at wider angles [26]. 
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event. 

The expected charged particle multiplicity in high-p1_ jets and in total for high-pi 

events at the ELOISATRON is shown in Fig. 12. The total multiplicity in particular, 

but also the jet multiplicity, should only be taken as an indic.ation since they depend 
on the model used for the underlying event. As mentioned above, see Fig. 6b, the 
underlying event in high-pJ. events is not well understood making extrapolations 

rather uncertain. This is related to the absence of a proper understanding of the 

spectator partons and minimum bias event properties in general. 
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3 Minimum bias physics and beam jets 

The low-pi interactions of minimum bias events provide most of the inelastic hadron 

scattering cross-section and in that sense constitute the dominant soft interaction. 

Although high statistics data on very detailed properties of the final mult.iparticle 

state are available our understanding of the interaction mechanism is far from.being 

understood. The hadronization models discussed, which successfully describe e+ e

annihilation, deep inelastic scattering and the high·pi jets in hadron scattering, 

could in principle work also for low-p_1_ interactions. The problem is that we have 

no calculable underlying pa.rton level process which can define the structure of the 

colour fields to which the fragmentation models can be applied. Nevertheless, models 

to describe the production of the final hadron state in minimum bias events have been 

developed and some of them work rather well in describing the data. 

3.1 Minimum bias models 

The simplest model is provided by the 'old' Lund low·p1_ model [29] where it is 

assumed that the main features can be understood by the fragmentation of a single 

colour triplet field, which hadronizes similar to the one in e+e-. Thus, a string is 

stretched between the interacting hadrons with the valence quarks distributed along 

it according to a. phenomenological recipe. It is remarkable how well this simple model 

can be tuned to fit data concerning the beam and target fragmentation regions at 

fixed target energies [30], but with increasing energy the model fails badly with too 

little activity in the central region and is therefore not useful at collider energies. 

Another approach is given by the dual topolr?Sical unita.rization (DTU) scheme 

[31], which is based on Regge theory, with 'cut pomerons', to give the probablity 

for a certain number of strings to be formed as illustrated in Fig. 13. In the lowest 

order process, a quark from one beam proton is connected with a diquark from the 

other and the remaining diquark with the corresponding quark, thus forming two 

colour triplet fields. Higher order effects give additional strings between sea quarks 

and antiquarks from the interacting protons. Quark structure functions are used 

to assign momenta to the quarks, antiquarks and diquarks, thereby specifying the 

invariant masses of the strings, which can then be ha.dronized using normal models 

15 

from e+ e- annihilation. This provides a non-perturbative approach to multipart on 

interactions giving a rather well defined model which is in fact very successfull in 

reproducing data even up to the SPS collider energy with respect to multiplicities, 

central rapidity plateau, long range correlat.ioils and p .L increase with multiplicity [31]. 

Some of these observables were, however, not predicted by the model, but reproduced 

by tuning and adding new detailed ingredients to the model. There may also be 

problems of a more fundament.al kind. Firstly, the model is founded on Regge theory 

and one may question whether this is the proper soft limit of QCD. Secondly, there 

are no dynamical gluons in the model. This is in my view disturbing since we know 

that in perturbative QCD, gluon scattering become dominatjng as the momentum 

transfer is decreased. Based on the assumption of a smooth transition to the soft 

limit one might therefore expect the gluons to play an important dynamical role in 

minimum bias interactions. Also the connection to diffractive scattering, although 

covered by Regge theory, may be problematic if the exchanged pomeron is a gluonic 

object as discussed below. Although this model works effectively in describing many 

aspects of the data, it need not reveal the true interaction mechanism. In any case, 

alternative models are important tools to investigate other ideas of the interaction 

mechanism. 

A new approach based on multiparton sc.attering in perturbative QCD has re

cently been developed [32,33], which leads to a natural connection to high-p_1_ scat

tering. The starting point is the cross-sec.tion in leading order QCD 

{ "'""" 2 2d(l u(p") = }, dx,dx,dt L f;(x,,Q )f;(x,,Q) d 
P.l.mon i,; f 

(7) 

which increases strongly for decreasing Pl_min and in fact becomes equal to the total 

cross-section at the SPS collider for P_l_min ~ 1.5 GeV. This is not necessarily un

physical since this cross-section is not the proton-proton cross-section, but a parton

parton one. Viewing the proton as a beam of partons one can interpret the ratio 

u(pl_min)futot as the number of parton-parton scatterings per proton-proton collision. 

Thus, a multiparton scattering situation naturally arise. One may still worry whether 

a perturbative calculation is really applicable at such small momentum transfers, but 

this is not a. conceptual problem but rather a technical one. In particular, higher 

order QCD corrections may be large making the numerical results unreliable. 

In a first attempt this probability for multiple parton scatterings, using a fixed 

value of P_l_min> was introduced in the Lund hadron scattering Monte Carlo !32]. The 

additional scatterings have the effect of producing a more complicated string topology 

with either extra. strings or more kinks on the existing ones, which in turn lead to 

an increased hadron multiplicity. In comparison to observed minimum bias event 

multiplicities, Fig. 14a, the result is not satisfactory, but encouraging when compared 

to the result of the previous case, including single 2 ..... 2 hard QCD processes and 

initial plus final state parton cascade evolution as discussed above. The result is, 

however, very sensitive to the exact value of the new basic parameter p l_min, as seen 

in Fig. 14a. In an improved version of the model an impact parameter picture is 

introduced [33]. For a large overlap between the colliding hadrons, associated with 

a small impact parameter, an enhanced probability for multiple interactions occur, 

resulting in 'more strings' and consequently increased multiplicity. An event with 

a high·PJ. process, i.e. a manifest pa.rton-parton scattering, should then involve a 
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Figure 15: P1·obability diJtributionJ for {a) impact parameter and {b) multiplicity in 
minimum bia.1 eventJ (daJhed) and high·pl. eventJ (full). 

larger overlap, compared to the average minimum bias event, and therefore give rise 
to a larger multiplicity, Fig. 15. 

To construct this model in detail the distribution of matter in the colliding hadrons 
has to be specified and a few simple functions was considered to describe the effective 
parton distributions. A solid sphere, a Gaussian or an exponential distribution give 
similar results that are not able to properly describe the pedestal effect, i.e. the 
increased rapidity plateau in high-p_t jet events. A better result is obt.ained with a 

17 

~ 50 
~ 

• 
" "" 4 

'" .'i 
'0 

--w 
'0 

% ::-

5 

a) 

-2 -1 0 2 

M 

b) 

-2 -1 0 2 

611 

cl I 

I ' I 
[_I I I I .. 1.. 

-2 -1 0 1 2 

tlll 

Figure 16: Jet energy profileJ in rapidity {f:..TJ = TJ- TJiet} in the '.same Jide' region, 
14>- <'Pidl < 90°. UA1 data {35} in compariJon to multiparton Jcattering model (33/ 
for {a) EJ.jd > 5 GeV, (b) EJ.iot > 10 GeV and {c) EJ.iet > 30 GeV. 

double Gaussian of the form 

p(r) = 1- {3 e_,lja~ + fe-rlfai 
a~ a~ 

(8) 

corresponding to a small core of radius a2 with a fraction f3 of the matter in the 
hadron, which has radius a1• One may speculate whether this two-component struc
htre is related to the pion cloud or a simple representation of a more complicated 
structure, e.g. with three cores corresponding to the valence quarks. Numerically, 
f3 = 0.5 and al/a2 = 5 was found appropriate. The problem remains with the diver
gence for p_t ~ 0 of the QCD 2 ~ 2 matrix elements, which are used for calculating 
the multiparton interaction probability. A regularization was enforced by replacing 
the 1/pi dependence with 1/(Pl +pl0 )

2 in the matrix element and using a,(pl +pl0 ), 

such that the basic cut-off parameter is P.1o which is assigned the value 2 GeV in or
der that the model can reproduce the wllider multiplicity distribution, Fig. 14b, 
rather well. The increasing rapidity plateau with energy can be reproduced and its 
behavoiur in high-p_t events is bet.t.er described, although the agreement is not per
fect, see Fig. 16. Correlations in forward-backward multiplicity and PJ.·multiplicity 
gets a natural explanation in terms of increased 'activity' from additional parton 

scatterings [33]. 

This model is thus able to give a rather satisfactory description of basic obser
vations of soft interactions. The smooth connection to hard scattering processes 
throught its modern parton language basis is theoretically appealing. This may, 
however, also be a weakness in the sense that such a description may be inadequate, 
or even invalid, at small momentum transfers. In any case·, calculational problems are 
certainly present in terms of possibly large higher order corrections in the perturba
tive expansion and a rather strong dependence on the basic P.l cutoff. Although this 

cutoff is introduced in a technically different way by the parameters PJ.min and p_to in 
the simple model and the impact parameter model, respectively, they represent the 
same problem giYing rise to a similar kind of UU("ertainty. Additional uncertainties 
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Figure 1 i: Expectations for pp collisions at Te V energie5 baJed on the model includ

ing impact parameter dependent nwll.iparfon Jcattering.l and high-p1_ proceJJeJ with 

parton caJcade evolution. (a} Charged particle mull.iplicil.y di,,fribution. (b) Depen

dence of mean charged multiplicity on the number of parton-parion intaactions. (c) 

Energy dependence of mean charged mult.iplicity for a fixed P.1o = 2 Ge V (dotted) 

and P.1o = 2 + 0.08ln( Js/540) (da.1hed). (d) Encr_qy dependence of mean tranJverJe 

momentum of central {daJhed) and all particleJ (full}. 

arise through the choice of string configurations which is not quite dear in case of 

mult.iple interactions. Nevertheless, we use this new interesting model for extrapola

tions to higher energies, but stress that t.he results should not he taken too lit-erally 

but rather a;; an educated guess of what can be expected at Te V colliders. In par

ti,ular, an unknown energy dependen("e of the PJ.o parameter cannot be excluded, 

although it 'an be argued to be essentially a constant or only varying logarithmically 

with energy. 

The multiplicity distribution, Fig. 17a, develops a ver;r long tail with increasing 

energy. This arises through events having many parton-parton c,ollisions, Fig. 1 7b, 

produdng additional strings and 'longer' strings with glubn kinks. The dept>ndence 

of the mean multiplicity with energy is given in Fig. 17c, for a fixed regularization 

p 1 o = 2 GeV and for a mildly energy dependent one, hut a stronger variation is not 

excluded. The increasing number of part.on collisions with increasing energy also give 

rise to an increased transverse activity as illustrated hy the mean PJ. in Fig. lid; in 

particular the central rapidity region is affected. 

19 

tc-lt 
~.. I Hulti-P~rt .::: •.. nn Distribution ~ to·l2 \sp~d. qu~rk) Lund M( 

~l$ 
I 
-- to·ll 

a) "• 

::;r;
' c •" J /\\i ... j' 

, " / Y··" 
w1s !i>"" 

- ~ J 
P > 10

-J, 
- E;:::: Js 1•;1 b.) 

l 10-J,,.__~- . 
0 0 1 0 ·2 0.3 04 . 0.5 0.6 I o.7 oe 09 to --

•; 
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scattering and the Jpectator jet. {b) Momentum diJtribution of the Jpectalor jet in 

the Lund approach and using multiparton momentum diJtributionJ, ue text. 

3.2 Beam jets in high-p_1_ processes 

The properties of the underlying event in hard scattering processes is given by there

maining partons in the colliding hadrons. These are often considered to be spectators 

that do not experience any hard scatter. I\'eyerthelcss, they prm·ide the dynamics for 

generating the colour field structure of the underlying ('Vent, which is in the Lund 

model connected to the high-pl. parlous. It is natural to relate the problem of the 

underlying event to that of minimum bias event strurlure and thus try to solve both 

with the same model. 

The properties of beam jets in high-p .1 events has hardly heen investigated experi

mentally; in particular the correlations with the high-pj_ process would be interesting. 

In a first study [36] the consequences of two simple and orthogonal models were con

sidered for the process pfi ----1 /9 + j, +X in Fig. 1Sa. The distribution of scaled 

momentum, x;, of the spedator jet is shown in Fig. 18b, for a prompt photon with 

P.1 > 10 GeV at zero rapidity. In one model, used in the pre\·ious Lund Monte 

Carlo [37], all spectator partons arc assumed to art. as a single colour charge with 

momentum fraction x. = 1- x 2 , reflecting the hard scattering direct!~·, and stretch

ing a single string which hadronizes in the usual way. A hard spectator jet will thus 

arise, the exact distribution depcndlng on the detailed definition of the jet wncept. 

A completely different., much softer, spectrum is obtained in a model using 2-parton 

momcnt.um distributions V(:r 2 ,.-rj) to admit that the remaining energy is distributed 

on different sp('d.ator partons that hadroniz(' independently. The diYision into several 

spectators in the latter model may seem unphysical but illustrates the main point, 

i.e. ;vhetht>r the spectator can be considered ns a whole or not which is not obvious 

as will become clear in the following. 

To illustrate the large m1certaintics concerning the beam jets •ve use the \'arious 

options available in the Lund hadron scattering l\Ionte Carlo [2i]. Fig. 19 show the 

angular energy flmv, :rEI CJ • da I d log 8, of I he final hadron!>, with XE = 2Eh/ vr:S, in 

pp collisions at viS= 100 TcV haYing a hard 2 ~\ 2 qCD scattering with p"- > 10 
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Figure 19: Scaled angular energy flow with re&pect to the beam a:tiJ in pp colli.sionJ 

at .Ji= 100 TeV having a hard 2--+ 2 QCD Jt;aitering with PJ. > 10 TeV. The curveJ 

are for Jimple proce.u (dotted), including parton radiation in initial {and final) .state 

(daJhed) and, in addition, multiparton .scattering& (full). Re&ult for minimum bia~ 

model, baud on multiple &cattering&, i& included for compari&on (long-da&hed}. 

TeV. Although the transverse partons and the forward spectator partons are usually 

connected by a string, the final jets are very clearly separated in the simplest model, 

but less so when the initial state parton radiation is taken into account. This pro

duces a wider energy flow in the beam jet, which is also strongly increased by the 

multiparton scattering mechanism. Even if the parton radiation process can be con~ 

sidered as rather well controlled, the multiple scattering model introduces significant. 

uncertainties of the beam jet properties. For comparison, the result of the minimum 

bias model is also given. Concentr_ating on the beam jet by selecting a forward cone 

of 100 mrad half-angle, the longitudinal and transverse particle spectra are shown in 

Fig. 20. For high-pl. events the rapidity distribution is strongly influenced by the 

gluon radiation and also to some extent by multiparton scattering. The transverse 

momentum distribution is similarly influenced, although the large-pl. tail is totally 

dominated by the parton cascade effects. The multiplicity distribution is particularly 

sensitive to the inclusion of these effects, Fig. 21, and the predictions correspondingly 

uncertain. 

In summary it is evident that the beam jet properties are strongly dependent 

on variations within the modeL This is not particular for this model, but other 

models would tend to add to the 'theore~ical' uncertainty ,and the predictions for 

Te V energies will therefore span a rather wide region. It would be very valuable to 

have data from the present colliders to constrain the models, or even rule some out, 

in order to obtain a better understanding of the interaction mechanisms and be able 

to make more solid predictions to be tested at higher energies. 
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3.3 Speculative discussion 

condi-

Given the lack of a fundamental understanding of soft interaction mechanisms one 

has to consider modifications of the discussed models and, of course, be open to com

pletely new ideas. The hadron remnant in a high-pJ. interaction has conventionally 

been treated as a genuine spectator, i.e. non-interact.ing and more or less as a single 

system, Fig. 22a. Some of the remnant partons may, !wwever, interact via additional 

essentially independent scatterings as in the multipart.on scattering model and other 

interaction mechanisms are also possible. Given the additional gluon radiation in 
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Figure 23: Stretching of a Y -&haped baryon .string due to a hard .scattering and addi

tional &pectator interaction& re&ulting in a non-leading baryon. 

the process, gluon exchanges like in Fig. 22b may occur giving rise to 'interacting 

spectators' which are connected to the large Q1 process. This would be a kind of 

higher twist effect, but there are certainly severe calculational problems, such as what 

structure functions and q2 scale to use and how to obtain the colour field structure 

in order to apply a hadronization model, but the qualitative effects are clear. With 

increasing Q2 one would expect the forward jet to become softer and wider. The 

leading baryon may furthermore disappear, namely as illustrated in Fig. 23 where 

the baryon is considered as a Y-sbaped string and the remaining valence quarks are 

separated through this additional gluon exchange giving rise to leading mesons before 

the baryon is fbrmed. In pp collisions the baryons may totally disappear, but only 

if separate strlngs are formed between the valence quarks and antiquarks which is 

presumably very unlikely. 

More generally one may consider whether separate strings formed in a c,ollision 

can interac-.t with each other if they are 'overlapping' in space-time. In particular 

with multiple interactions, in the DTU model or the pertubative QCD approach, 

such cases arise. The degree of overlap depends on the transverse size of such colour 

flux tubes, which is usually taken as a typical hadron diameter of ......, 1 fm. Also 

very important is, however, the internal field configuration. One possibility (38] is a 

thin core surrounded by a more extended field, similar to a vortex line in a type II 

superconductor. In this case the most essential properties are given by the thin core, 

e.g. the dynamics via the massless relativistic string, and the effective overlap for 

interactions between strings would be reduced and the assumption on non-interacting 

strings be better founded. 

The possibility remain, however, that overlapping strings interact and could co

alesce into a field of higher colour representation. Alternatively, the original inter

action, e.g. via multiple gluon exchange, can generate higher colour charges on the 

separating hadron remnants leading to a colour field of a higher rank in between 

them. The probability for the generation of such different fields is unclear, but a 
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model based on a random walk in colour space has been proposed for the case of 

relativistic heavy ion collisions [39]. A model based on gluon exchange dynamics 

in QCD would be even more interest.ing. The most important question is, however, 

whether higher rank fields are more likely to be produced with increasing centre

of-mass energy? The string constant K, i.e. energy per unit length, of such fields 

can presumably be larger through the advocated connection to the magnitude of the 

Casimir operator which increases for higher colour representations. The increase is, 

however, not very strong as shown in Table 1 for the next few higher representa

tion of the SU(3) colour group in comparison to the basic triplet field. In the Lund 

model the string breaking is treated as a tunneling process giving a quark production 

probability 
P"' e-~m! e-;p~ (9) 

which is Gaussian in quark mass and transverse momentum. A simple application 

to higher rank fields would thus give an indication of the dependence on the string 

constant, K, as illustrated in Table 1. A moderate increase in mean transverse momen

tum, < PJ. >"-' ../K-, can thus be be expected and a significant increase of strangeness 

production. Charm product.ion 1 which is normally absent, may be dramatically in

creased to an observable level. 

Table 1 
rank of field 3 6,6 8 10,10 15 15' 

KjK3 1 10/4 9/4 9/2 4 7 

<Pi > (GeV) 0.4 0.64 0.6 0.84 0.8 1.0 

sS/uii 0.3 0.6 0.6 0.77 0.74 0.84 

cC/uii 10- 11 4 . 10-5 10-5 4. 10-3 2. 10-3 3 . 10-2 

A major problem is, however, that the decay or hadronization of such a field is not 

known. Given the fundamental colour charges 3, 3 and 8 of quarks, antiquarks and 

gluons the screening of the field in the breaking process would have to proceed by pair 

production of composite parton states, e.g. a 15-plet field could be broken by qg- qg 

pair production. Alternatively, q(j and/or gluon pair production can be made in a 

stepwise manner that successively reduce the rank of the intermediate field. Thus, the 

fragmentation function of such fields is basically unknown, but the larger energy per 

unit length implies a concentration of the energy and presumably a correspondingly 

higher central rapidity plateau. Correlations of forward-backward multiplicities and 

P-1--multiplicity would arise naturally through the occurence of different event classes 

in terms of different fields. 

Although these speculations are not very quantitative they illustrate the fact that 

confinement is an unsolved problem and complet~ly different approaches are certainly 

possible. One such is based on hydrodynamical concepts applied to a quark-gluon 

plasma !40], but is not yet developed to the extent that definite predictions for TeV 

colliders can be made. 

4 Pomeron structure and diffractive scattering 

The differential cross-section for elastic and diffractive scattering of hadrons has been 

well measured by the detection of the (quasi- )elastically scattered particle and can 
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Figure 24: {a) Pomeron ezchange in .single diffractive .scattering. (b) Double pomeron 

exchange proce.u. 

be 'understood' in Regge theory in terms of pomeron exchange [41]. Unfortunately, 

this has not lead to any real understanding of the true nature of the pomeron and its 

interactions. Since they involve hadrons and have cross-sections of order millibarn, 

they are clearly strong interaction processes. It is therefore natural to ask whether 

they can be understood in a 'modern language' based on an underlying parton level 

process. In particular, the pomeron itself may have a parton substructure, perhaps 

mainly of a gluonie nature [42]. 

In the following we will concentrate on the single diffraction process 

h 1 + h1 ---t ht +X, (10) 

with one beam hadron quasi-elastically scattered with a remaining large momentum, 

x = PJfp; > 0.9, and the other excited to a system X (Fig. 24a). This process 

has been studied with various combinations of incident particles and at different 

energies. Even up to the highest available SPS collider energies [43], it shows a 

consistent behaviour of the cross-section in terms of the excitation mass, -lMx, and 

momentum transfer, t, to the system X. However, the X system itself has not been 

much studied and its properties are largely unknown. The mass and rapidity of the 

excited system is given by 

Mi=(l-x)s, (11) 
.jS I . 

y~ln-~In ~ (~1.5 for x~0.95) 
Mx vl- x 

such that very large masses can be excited in a rather central region at TeV colliders, 

Table 2. Double pomeron exchange, Fig. 24b, provide pomeron-pomeron collisions 

giving excited states of mass 

M~ = (1- xt)(1- x2 )s (12) 

that can also be quite substantial at future colliders. The study of these systems 

should provide important information about the pomeron, its possible structure and 

interaction mechanisms which are essentially unknown at present. 

Table 2 

Mx (x - 0.95) My (x, x, 0.95) 

ISR 13 GeV 3 GeV 

SpjiS 140 GeV 30 GeV 

LHC 4 TeV 0.9 TeV 

ELOISATRON .jS ~ !00 TeV 22 TeV 5 TeV 
·- ·-
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4.1 Models for the pomeron-proton interaction 

Based on the observation that factorisation (between the upper and lower vertices in 

Fig. 24a) holds to a good approximation, the system X can be said to be the outcome 

of a pomeron-proton interac.t.ion. The nature of this interaction will clearly influence 

the properties of the diffractive system, e.g. whether its overall shape is isotropic 

in its centre-of-mass or longitudinal along some prefered axis. At high enough mass 

Mx, high-p.i jets may even emerge !44] to signal the occurence of a hard scattering 

at the parton level! 

A coherent pomeron-proton interaction could conceivably excite the proton wave 

function as a whole without any prefered direction. This could lead to a decay into a 

spherically symmetric state, if angular momentum effects are not important. Even for 

a system which is overall isotropic there can be internal asymmetries. The momentum 

vector of the final baryon may, for example, be aligned with the direction of the 

incoming proton. A mechanism for this is not easily construd.ed within a fireball 

type model, but one could perhaps think of 'hard' valence quarks which go forward 

with less disturbance, whereas the softer sea and glue components 'thermalize' with 

the many soft gluons that could make up the pomeron. 

A very interesting model [45] for the pomeron interaction is based on the apparent 

similarity with photon interactions, which is deeper than the obvious diagrammatic 

one {in Fig. 24a replace the upper proton line with a lepton and the exchanged 

pomeron with a photon). The pomeron is thus assumed t.o haYe a pointlike coupling 

to quarks with a strength, (3, that can be determined from elastic scattering. Within 

this framework the differential cross-sed.ion for single diffraction can be written as 

(when the approximation o:p(t)=l is made for simplicity) [45] 

d1 u 1 1 Mz _ 
dtdM' ~ 4~[3,/lF,(t)[' 'f' (1- -2-)fl'F,(x Q') 

X J> X .$ ' 
(13) 

where F1 is the proton formfactor (upper vertex in Fig. 24a) and F1 the {lower 

vertex) proton structure function (normal F1 but without quark charges) evaluated 

at x = M.(~Q~ ~ * and Q1 = -t. The resemblence with deep inelastic scattering 

appears dearly in the cross-section formula, which for deep inelastic electron or muon 

scattering is 
~u 1 ~ 1 A1 2 

-~~"' 4~[Q,J' M} (I- -j'-)F,(x,Q') (14) 

in the kinematic region (y «: 1, [Q1
- m!l«=Ml) of interest for the comparison with 

single diffractive scattering. 

The amazing thing with eq. (13) is that it has no free parameters and yet it does 

reproduce data quite nicely [45]. Furthermore, this model has very clear consequences 

for the properties of the system X. Viewed in the pomeron-proton ems, a proton 

quark (or antiquark) would be back-scattered by the pomeron, leaving forward-going 

spectator quarks (in the simplest case a diquark). The separated colour charges are 

then expec.ted to stretch a colour field which hadronizc in the same way as is obseved 

in deep inelastic scattering. Obviously, this leads to a longitudinal event structure 

with a leading baryon in the direction of the initial proton. Based on the pomeron

photon analogy one can thus construct a detailed model for the production of the 
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diffractive system !46]. It is still mu·Jear, however, why the pomeron should couple 
in a poiritlike way, or perhaps only effectively appears to. Furthermore, why should 
it c.ouple to quarks only and not to the gluon component of the proton"? 

In another approach the pomeron is considered to have hadronic properties and 
gluonic interactions could then be of great importance. Being a strongly interacting 
object, one could expect the pomeron to contain coloured parton <"Onstituents. In 
su<"h a pomeron-hadron analogy the pomeron-proton interaction should resemble a 
normal hadron-hadron interaction and typic.ally give rise to a minimum bias topology, 
i.e. longitudinal event shape with a leading baryon effect. It was suggested more 
than ten years ago that the pomeron could be a gluonic system !42]. However, the 
simplest case of a two-gluon system, where the two gluons could couple to the same 
or different quarks, has theoretical problems with gauge in variance and factorization 
breaking !47j. A more complicated many-gluon system may work, but is difficult to 
calculate and is still an open question. Some non-perturbative developments have, 
however, been made recently !48] in this context. 

Experimentally there has been progress by the clear observation of a longitudinal 
structure of the X system (in its ems) both at ISR !46J and the SPS collider [49J. 
Although the diffractive mass is only a few Ge V at the ISR, a detailed compari
son with model simulations show a clear longitudinal structure along the pomeron
proton collision axis. The final state proton momentum is, furthermore, found to be 
aligned along the incoming proton, an effect which becomes more pronounced with 
increasing diffractive mass [46]. At collider energies, the longitudinal structure is 
directly revealed in the rapidity distribution of the hadrons in the diffractive system 
[49j. Spherical symmetry is thus clearly ruled out and thereby all kinds of 'fireball' 
models. A further interesting result is the evidence for pomeron single-quark inter
actions obtained by a study of the fully reconstructed exclusive diffractive reactions 
pp ~ (A0 </>° K+)p and pp ~ (A0 A0p)p by the R608 Collaboration at the ISR [50J. As 
seen in the proton-pomeron ems, there is in each case a forward A 0 in correlation 
with a backw~rd K+ or p, respectively, whereas the ¢0 and A 0 , which do not contain 
any proton valence quarks, show no such behaviour but are centrally produced. In 
particular the first reaction is a very suitable analyzer of the interaction mechanism 
since the fate of the proton valence quarks are well defined; a valence ud diquark goes 
forward and the remaining u valence quark is apparently back-scattered leading to a 
quark-diquark separation which hadronizes into the forward A 0 , backward K+ and 
central ¢0 by the creation of two sS pairs. This result is certainly in qualitative agree
ment with point-like pomeron-quark coupling used in the pomeron-photon analogy, 
but it may also be consistent with a pomeron-hadron picture having a qi.j component 
such that the ij can annihilate a proton valence quark and the observed backward 
quark be viewed as a spectator from the pomeron. Independently of the details of 
these interpretations, however, the conclusion of an underlying partonic process in 
the pomeron-proton interaction seems unavoidable. 

4.2 Hard diffractive scattering 

If the pomeron has a parton substructure it may be possible to probe it in a hard 
scattering process [44] as, for example, between a gluon in the pomeron and a parton 
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Figure 25: (a) The hard parton-parton scattering JubproceJJ in the pomeron-proton 
JyJtem, i.e. the lower vertex (or "blob") in Fig. 2.fa. {b) The "topology of the Jcatter
ing proceJJ aJ Jeen in the overall pjj cmJ; P! iJ the quaJi-elaJtical/y Jcattered antipro
ton, J denoteJ the jetJ from the hard uattering and S denoteJ Jpectator jetJ. Double 
arrowJ are jetJ originating from the pomeron, while Jimple arrowJ are thoJe from the 
proton. 

in the proton (Fig. 25a). This would give rise to a very characteristic event topology, 
as illustrated in Fig. 25b, with a quasi-elastically scattered particle and an opposite 
(in rapidity) system having two high-p.l jets and two low-p_1_ spectator jets from 
the non-interacting partons in the pomeron and proton respectively. Of course, for 
this jet-strudure to be observable, the diffractive mass has to be large enough, i.e. 
colliders are needed (Table 2). 

The process proceeds via the emission of a pomeron with a small momentum 
transfer (upper vertex in Fig. 24a), and one of its constituent partons then experience 
a hard scatter against a proton quark or gluon. Although the pomeron is often 
thought to interact coherently in the dominant low momentum transfer processes, 
one may assume an individual coupling of its constituents at the lower vertex because 
of the large momentum transfer at that vertex. Factorization allows the diffractive 
two-jet cross-section to be written [44] 

d2 0" iJ 

dtdM} 
d2

a.d O"Pp-JJ 

dtdM} . O"pp-X 
(15) 

The single diffractive cross-section, a.d, has been measured at the collider by UA4 
!43] and can be parametrized as d~:M1 = ~} [e 5

·
61 + 0.04 · e21 J. A 'pomeron-proton 

total cross-section' of O"Pp-oX:::::: 1mb can be extracted from data using Regge analysis 
[51]. The pomeron-proton hard scattering into jets can be calculated in QCD 

J 
_ 

2 
da~ 

O"Pp-oJi(Mx) = dx1dx2dt L f;(xt, Q )G(x2)-. 
i,k dt 

(16) 

if a pomeron structure function, G(x), is provided. This function is clearly unknown, 
but with the assumption of only gluons in the pomeron one may try different pos
sibilities to investigate the sensitivity. A function like xG(x) = 6x(1- x) would be 
expected if only two gluons share the pomeron momentum, or xG(x) = 6(1- x) 5 

if the pomeron were a many-gluon system. The gluon distribution is in principle 
experimentally measurable because a change in its shape shifts the part.on-parton 
ems with respect to the X ems, which in turn changes the distribution of the high-p1_ 
jets. 
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Figure 26: Crou-Jection for diffractive eventJ with jetJ having PJ. > PJ.min in the 
region 1111 < 3. The curveJ correJpond to different pp collider energieJ and gluon 
Jtructure functionJ of the pomeron given by xG(x) = 6x(l- x) (full) and 6(1- x)5 

{da•h<d). 

The resulting cross-sections for diffractive jet production are found to be quite 
large [44]. At the SPS collider the total cross-section for jets with PJ. ;::: 8 GeV is 
between 4 and 6 x 10-29 cm2 depending on the pomeron structure function. Extra
polating to TeV energy colliders one obtains cross-sections as shown in Fig. ·26. Since 
there are several uncertainties in this approach, see below, this naive extrapolation 
should not be taken too seriously, but rather as a first order of magnitude estimate. 
The expected major background process is given by normal QCD high-pJ. scattering 
where the spectator part-ons hadronize into a leading, diffractiv~-like proton with 
xp ;=:: 0.9. At SPS energies, this process was estimated to have a cross-section two 
orders of magnitude below the diffractive jet signal [52]. This is, however, rather an 
upper limit since the uncertain elements of the beam jet fragmentation, as discussed 
above, tend to soft.en the beam jet. 

These ideas are the starting point for 'hard diffraction' which has seen interest
ing developments since. First, heavy flavour production was consider~d [53] through 
gluon-gluon fusion into QQ as the hard subprocess in the pomeron-proton interac
tion. The charm cross-section is, however, found to be far below the experimentally 
observed ones at the ISR. Due to the softness of the exchanged pomeron this is natu
ral, since the available gluon-gluon ems energy is much lower than that for the same 
subprocess in non-diffractive proton-proto~ interactions, which is already below the 
data. The explanation for the large charm cross-sections at the ISR has to be sought 

elsewhere! 

The theoretical basis for parton scatterings in the pomeron-proton interaction has 
furthermore been strengthened using Regge theory [54]. The important factorisation 
property is valid to the ext-ent that Regge factorisation is valid in normal diffractive 
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scattering. Triple Regge theory and counting rules suggest a gluon structure function 
of the pomeron of the form xg( x) = (0.18 + 5.46x )( 1- x) which fulfills the momentum 
sum rule f~ xg(x) d;~; = 1. One should note that this is very close to the 'hard' 
structure function used as Ansatz and that the resulting phenomenology therefore 
will be the same. Based on the pomeron-photon analogy a different scheme has been 
proposed [55], in which the pomeron structure function is more similar to the photon 
structure function. Thus, a dominant qij structure is advocated with a structure 
function xq( x) = 0.2x(l-x ), which is normalised to J~ xg( x )dx = 1/30, Although the 
same shape as the simple 'hard' Ansatz is used, the hard diffradive cross-sections will 
be correspondingly reduced by this normalisation. The dominance of quarks rather 
than gluons would reduce the jet cross-sections further, due to the smaller colour 
charge, and exclude heavy flavour production in leading order, but would on the 
other hand give rise to other interesting processes like, e.g., Drell-Yan production of 
muon pairs and weak bosons at high enough diffractive masses. A quark substructure 
in the pomeron could also be directly measured in ep collisions at HERA, whereas a 

gluon structure would involve a more indirect, higher order process like photon-gluon 

fusion [44,56]. 

The idea of probing a possible pomeron parton structure by hard scattering pro
cesses has thus been well established. From a theoreti<-al point of view it is hard to 
judge which of these scenarios is preferable and hence experimental information is 
needed to make progress. The UA8 collaboration has given preliminary results [57] 
which clearly hint at the existence of high-pJ. jets emerging from diffractively excited 
systems. The first indication of a smaller rate than expected should not be taken too 
literally since experimental jet finding problems were not included in the comparison 
with theoretical parton level calculations. A proper study is, however, in progress 
and the results will be most interesting, whichever way they will point! 

5 Conclusions 

Some important soft processes have been discussed in connection with the hard pro
cesses aiming at an understanding of the soft processes also in terms of a mod
ern parton framework. This interplay between hard perturbative processes and soft 
hadronization is well developed for high-pJ. jets, which are well under control based 
on their production through leading order QCD Feyman diagram calculations, their 
perturbative evolution described by the parton cascade approach and finally their 
hadroniz~tion in terms of elaborate phenomenological models. The extrapolations to 
Te V colliders presented should therefore be taken seriously. Smaller discrepancies in 
comparison with future data may be cured by improving the modelS, but large ones 
would presumably indicate the occurrence of new physics phenomena! 

Beam 'spectator' jets and minimum bias event structure cannot be considered 
understood, although models exist which are able to describe present energy data 
rather well. The increased activity, in terms of multiplicity and transverse momenta, 
with increasing energy seem to require some kind of multiple interactions, such as 
in the DTU approach or the new model based on perturbative QCD which can both 
be tuned to obtain good agreement with present data. The latter, although having 
some problems related to the cut-off against low-p_1_ divergences, seems promising 
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since it provides a smooth transition to high-p1_ scattering. When extrapolating to 
future Ti:V collider energies a rather wide range of results are obtalned due to the 

unknown energy dependence of some parameters in the models. Multiplicities are 

notoriously difficult to predict, whereas energy flows are more stable beC"ause of their 

smaller sensitivity to very soft particles. 

Although the presently used fragmentation models work quite well in describ

ing the experimental observations, the confinement problem is unsolved and there

fore unconventional models are not excluded and some possibilities were mentioned. 

Therefore, this topic certalnly leaves room for surprises! 

In the field of diffractive scattering the discusSion was concentrated on the new 

topic of 'hard diffraction' which was invented recently and had interesting devel

opments. The notion of partons in the exchanged pomeron which ('an participate 

in hard scattering processes has become a theoretically realistic possibility and the 

first experimental indication for its occurence has been seen in terms of transverse 
energy dusters. This may lead to an exploration of the pomeron structure and it.s 

interac-tions in a parton level framework which provides an alternative, or perhaps 

complementary, treatment compared to the previous Regge analysis. 

In conclusion, soft processes have for a long time been considered 'dirty' in the 

sense that a fundamental theory for proper calculations has been lacking. Neverthe

less, they have many interesting aspects and are cert.alnly very important for a general 

understanding of high energy interadions. New ideas and models are an important 

tool for improving our knowledge and crucial tests of their predictions will C"ertalnly 

involve, or even require, t.he higher energy interac-tions at. future TeV colliders. 
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