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Introduct ion

What are the ultimate constituents of matter? This is one of the greatest

problems physicists have ever struggled with. Mendeleev thought he had the

answer when he constructed the periodic table. The system was too complex,

however. The proliferation of the elements and their systematical behaviour

indicated the possible existence of further substructure. Indeed, soon the

more fundamental electrons and nuclei appeared on the scene. Then later it was

shown that these nuclei consisted of protons and neutrons. At any stage of the

game one can always regard certain particles as provisionally fundamental and

keep the right to change one's mind. Assuming the nucleons and the electrons

are the fundamental building blocks of nature, what forces are responsible for

their interactions? The electromagnetic force acts on all charged particles

and binds the electrons and the nucleus together in an atom. The weak force

causes the relatively slow 6 decay. Gravitation is of course always there but

it can be neglected in the microscopic world. Finally, a strong force is

needed to overcome the electromagnetic repulsion of the protons when forming

nuclei.

In quantum field theory all forces are the result of particle exchange.

Quantum Electrodynamics (QED) employs the photon in this way. Yukawa

postulated in l."-35 that the n meson acted as mediatot of the strong

interaction. A search for such a particle was started and it was duly found.

So were a multitude of other new particles. Among these, two groups could be

distinguished, namely the hadrons which were subject to the strong interaction

and the leptons which were not. There are two kinds of hadrons, i.e. the

baryons with half integer spin and the mesons with integer spin. Some

interesting facts concerning these particles may be discerned. Hadrons have a

finite radius whereas leptons are to the best of our knowledge pointlike. The

hadrons are also too numerous for comfort and can be classified according to

symmetries. The situation, wiich presents itself, is familar.

In order to explain these symmetries the quark model was constructed

suggesting that the hadrons consisted of quarks. Three quarks make up a baryon

and a quark and an antiquark constitute a meson. Indeed, high energy electrons

scattering against protons proved that the charge distribution inside the

protons is not continuous. The fractionally charged quarks ought to be easy to

observe as free particles, but none was seen. To make ends meet in this

situation, Quantum Chromo Dynamics (QCD) was constructed to explain the strong

interaction. The interaction takes place through f.he exchange rf <-:qlv. vector



bcsons called gluons. The gluons couple to the quarks through a new quantum

number called colour. Each quark has a choice of three colours. This was

demanded by the quark model's seeming violation of Fermi scatistics and

confirmed by measurements of the total cross section for e e annihilation and

of the n lifetime. Only colourless or colour singlet systems seem to appear

in nature, that is, each quark in a baryon has to be of a different colour.

The gluons carry colour charge and they can therefore interact with each

other. This self-interaction has serious implications which can be illustrated

by comparing charge screening in QED and QCD. In the quantum field theory an

electron is not just an electron. It can emit photons which turn into electron

positron pairs. The positrons arrange themselves closer to the original

electron with the result that they screen the negative charge of the electron.

In a measurement of the charge, the closer one comes, the larger charge one

measures. The measured charge thus depends on the distance with which the

electron is probed.

The same happens in QCD except that colour charge rf the quarks can emit

gluons carrying the same colour. Here the results of QED are reversed, i.e. a

red charge is preferentially surrounded by other red charges. In other words,

the closer one comes, the amount of red cha'ge one measures decreases and an

antiscreening of the charge is obtained. This is called asymptotic freedom.

The coupling constant can to the lowest order be written as

(Q2) =
12n

(33-2n Q*

where n, is the number of flavours. Flavour is a quark designation. Q' is the

transferred momentum and is inversely proportional to the distance squared.

The parameter A sets the scale. However, as the distance between coloured

objects increases, a increases and the colour interaction of these objects

becomes stronger. If it is assumed that the colour force has constant energy

density per unit length, the potential increases linearly with the separation.

This can then explain the confinement of quarks to colour singlet hadrons.

The weak interaction was mentioned briefly in the beginning. It is responsible

for flavour changing transitions and neutral currents. In 1938 the idea of

unifying the weak and the electromagnetic interaction was presented by Oscar

Klein. He introduced two charged vector bosons, as companions of the photon,

to relate the coupling constant of the 0 interactions to the electric charge.



This concept was developed into the Standard Model by Glashow, Salam and

Weinberg. The neutral vector boson, the 2 , was added, masses were introduced

by the spontaneous symmetry breaking mechanism and a fourth quark called charm

was predicted to rid the theory of unobserved decays.

The e> -erimental success of the Standard Model is well known. The heavy vector
± o

bosons W and Z have been found in the CERN proton antiproton collider. The

charm quark has also been observed, together with yet another flavour, calLed

beauty. There is an abundant new heavy quark spectroscopy which can be

explained by the quark model and should constitute definite evidence of the

existence of quarks.

All in. all the Standard Model now comprises Six quarks, each appearing in

three different colours, six leptons, eight gluons, the heavy vector bosons

and the photon. This results in many independent parameters and once again

leads to considerations of further compos iteness. However, these theories

encounter many problems and so far no experimental clues have appeared.

When two high energy hadrons collide this results in the production of a great

number of particles. These are often not distributed uniformly in space but

tend to arrange themselves in clusters around certain directions, in other

words, they form jets. These jets can be taken to correspond to partons, i.e.

quarks and gluons, emerging from the collision. Thus a collision between

hadrons can be seen as a collision between their constituent partons. Assuming

there has been a hard scattering, that is to say a scattering involving large

momentum transfer between the partons and therefore resulting in a small a

value, perturbation theory can be applied as if there had been a scattering of

free partons. Thus perturbative QCD can be used to calculate the parton

momentum after tht reaction. However, when these partons move away from each

other, 0 grows and the perturbation expansion fails. To solve this QCD may be

supplemented by a phenomenological model. Several different models describing

the fragmentation of the partons into hadrons exist, of which string

fragmentation and independent fragmentation are the ores used most extensively

in hadron collisions.

Because of the number of particles involved, even the phenomenological models

may become difficult to solve analytically. This obstacle can be overcome by

using Monte Carlo computer programs. With the help of a random number

generator, reactions can be simulated and complete events can be obtained for

experimental comparisons. These comparisons show that the picture of one hard



scattering and the subsequent fragmentation does not always suffice to explain

the structure of hadronic events.

General description

In order to analyze a hadronic event, some simplification is called for. One

can start by disentangling the following components:

1) Structure functions

2) Initial state parton showers

3) Hard scattering

4) Final state parton showers

5) Beam jet structure

6) Fragmentation

The quark and gluon content of the hadron are needed for the hard

scattering.The structure functions give the probability for finding a certain

parton with a fraction x of the total energy momentum of the hadron, when this

hadron is probed at a scale Q1.

In QCD, scatterings between coloured partons result in the production of

additional partons just as in QED where scatterings between charged particles

are accompanied by the emission of photons. These radiation effects are

normally more important in QCD than in QED because a is larger than the
s

electromagnetic coupling constant and because gluons carry colour charge. In

general it is not possible to divide the bremsstrahlung into initial state and

final state radiation because of the presence of interference terms. This

approximation can however be made because final state radiation dominates in

the region close to the direction of the two outgoing partons and the

corresponding situation is true for initial state radiation. Instead of

calculating matrix elements to higher and higher orders a parton shower

approach can be used to describe the initial and final state radiation

separately. The basic parton branchings q+qg, g+gg and g>qq are applied

iteratively according to the Altarelli Parisi equations [l] with a multiparton

configuration as the result.

Yet there are differences in the structure of an initial and a final state

shower. Final state parton showers are timelike. The, parton that emerges from

the hard interaction has the largest mass, and it then successively branches



into partons with smaller and smaller masses and energies, until eventually

all partons end up on mass shell. The initial shower, however, is spacelike:

at least one of the partons in the cascade has a virtuality Q* - -m* > 0. As

the shower evolves, the energy is split between more and more partons, but the

virtuality Q* increases.

In paper I a Monte Carlo simulation of the initial state cascade is presented

in detail. A backwards evolution scheme is adopted. Using the structure

functions, the hard interaction is selected first and then the preceding

branchings are reconstructed step by step in falling Q2 sequence, back towards

the shower initiators at the low QJ scale. The transverse momentum spectrum of

W and 2 and the associated jet activity are experimentally the best signals
— +• -v ~ O

for initial state radiation. In processes like ud -»• W + e v or uu -• Z •

e e the final state does not contain any colour charges. All QCD

bremsstrahlung effects are due to initial state radiation. The bosons are

indeed produced with several GeV of transverse momentum [2]. We show that the

experimental data are well described by our model. The model can even be

varied in a number of ways without affecting the agreement. This is almost 5

pity because then the comparison with data does not provide us with any hints

regatding doubtful issues. The Monte Carlo is also compared with analytical

calculations [3]. There is an overall good agreement, but in a detailed

scrutiny some discrepancies appear, however not only between the Monte Carlo

and the analytical results, but also between the calculations themselves.

Each of the two incoming hadrons can be viewed as a beam of partons and when

the hadrons pass through each other several parton parton interactions should

be possible- The average interaction rate would still be given by perturbative

QCD. In paper III we argue with the support of Collider data that this is the

case. The AFS Collaboration has also found some evidence in favour of multiple

interactions [4].

If there is at most one hard interaction per event, the predicted multiplicity

distribution is much too narrow compared to the experimental one and the

experimentally observed forward backward multiplicity correlations are almost

absent. However, with a varying number of interactions in an event, the

multiplicity fluctuations are increased, and strong forward backward

correlations are introduced. Instead of assuming that the initial state of all

hard scatterings is the same, we now take into account that the hadrons are

extended objects and e :h collision is characterized by a varyirg impact

parameter b. A small b value corresponds to a large overlap between the two
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coilidir-.g hadrons and therefore to an enhanced probability for multiple

interactions. A large b, on the other hand, corresponds to a grazing

co lision, with a large probability that no parton interactions at all take

place. This effect will tend to broaden the minimum bias multiplicity

distribution at higher energies. In order to quantify this, some spherically

symmetric distribution of matter inside a hadron has to be assumed.

Good agreement is obtained with the UA1 mini jet phenomenology at 900 GeV [5].

Much of the data can be reproduced without any reference to varying impact

parameters. The pedestal effect proves to be an exception. To reach an

agreement here, a variable impact parameter picture is really needed. The

amount of broadening will also depend on the assumed matter distribution

inside the colliding hadrons. Several different possibilities he.ve been

compared, with a double Gaussian matter distribution being the best choice.

This possibility can be thought of as representing a hadron where half the

hadronic matter appears in local concentrations, like a hard hadronic core

surrounded by a pion cloud or separate cores around the three valence quarks.

In paper IV this mcdel is described in greater detail and further comparisons

with experimental data are presented. These mainly refer to Collider data

[5,6] but seme lower energy comparisons are also included. In the latter case

further improvements are needed but all in all the agreement is good.

Especially the rate of 1-jet, 2-jet, 3-jet and 4-jet events of the CJA1 minijet

analysis [7] offer evidence for multiple interactions, it is in the region of

relatively small transverse momentum that effects of multiple interactions are

expected to influence the multijet rate. Models without multiple interactions

or with multiple interactions but without an impact parameter dependence

cannot account for the rates. Only the double Gaussian matter distribution

successfully reproduces the data. Several predictions for the behaviour of our

model at higher energies are also shown in the paper.

Finally, it is not the coloured partons that are experimentally observed but

the colour neutral hadrons. According to QCD there is a colour force field

between the partons. When they move apart they stretch the connecting force

fields and new qq pairs can be created from the available field energy. The

transverse dimensions of the colour cield are limited by the confining force

and compressed into a colour flux tube or vortex line. String fragmentation

(SF) [ö] uses the massless relativistic string to provide a causal and Lorentz

covariant description of the linear force field. Quarks and diquarks are

placed at the endpoints of the string and gluons are treated as energy and
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momentum carrying kinks on it. Energy, momentum and flavour are conserved at

each step of the fragmentation process.

Independent fragmentation (IF) [9] assumes that the fragmentation of each

outgoing parton proceeds independently of that of the others. Thus neither

colour, flavour, energy nor momentum is exactly conserved. It is this lack of

momentum conservation that will be crucial for the results of paper II. There

it is shown that the use of different fragmentation models can lead to the

reconstruction of different a values. The fraction of events that contain

three well separated jets is directly proportional to 1 and can be used to

measure a [io]. Fragmentation is one of the sources of error in the

determination and because the cross section decreases rapidly when moving from

two-jetlike to more and more distinctly three-jetlike events small systematic

effects assume a disproportional importance.

In the IF picture, different methods have been developed to counteract the

nonconservation of momentum. The rescaling method [ll] conserves transverse

momentum locally within each jet. The momentum of the gluon jet is scaled up

whereas that of the quark and antiquark are scaled down. From an energy

sharing point of view the event becomes more three-jet like. The boost method

[12] is constructed so that the Lorentz boosted event has vanishing total

momentum. The boost tends to be along the gluon-jet direction so that the q

and q jets become more back-to-back. Angularly the result is more two-jetlike.

In the SF model, the distribution of low momentum particles is shifted towards

the gluon jet. The event then looks less three-jetlike because the

reconstructed q and q are more back to back than the original partons. Thus

when using the boost method or SF a larger a is needed than for the rescaling

method.

The size of these effects were studied by simulating parton configurations

from hadron collisions at different energies and fragmenting each according to

the various methods. It was found that for the ISR data analysis the spread

may be up to a factor of two which is reduced to roughly 20 % at the higher

SppS energies. Of the models available today, SF is theoretically the most

sound one, leading to a values consistent with expectations from perturbative
s

QCD.
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Abstract:

A detailed model for hadronic events is presented, with particular emphasis

put on the event structure at low transverse momenta, i.e. "beam jets" and

"minijets". Specifically, .̂ e argue that hadronic events contain a varying

number of semihard parton-parton interactions, with average interaction rate

given by perturbative QCD, and the variation between different events by

Poissonian statistics for each impact parameter separately. Comparisons with

data are presented for a number of properties, such as multiplicity

distributions, forward-backward correlations, minijet phenomenology and the

"pedestal effeci:". Also predictions for the behaviour at higher energies are

included.



1. Int roductjqn

In current had ron colliders, the interaction between two incoming hadrons

typically results in the production of ten to a hundred outgoing particles. We

have every reason to believe that this process is described by the standard

model for strong and electroweak phenomena. Unfortunately, a correct quantum

mechanical treatment does not seem to be within reach, both because of the

sheer number of particles involved and because of the limited understanding of

nonperturbative QCD. We are therefore in an upside-down situation where the

rare processes, like W/Z or high-p jet production, are the easiest to

understand: since they involve large momentum transfers, they are also

amenable to perturbative analysis. Typical minimum bias events, which appear

with large cross-sections, offer no such handle.

The best that can be done at present is to try to develop simplified models.

In order to account for the phenomenology already known, these models still

have to be of a considerable complexity, as we shall see. In general terms,

the components needed include the generation of a hard interaction by a

convolution of (i) hard scattering matrix elements and (ii) structure

functions; the addition of (iii) initial state and (iv) final state radiation;

the inclusion of (v) beam jets; and, finally, (vi) the fragmentation of

partons into hadrons and the subsequent decay of unstable hadrons. Among these

subjects, the structure of beam jets is certainly the least well understood.

The objective of the present paper is to develop one particular scenario for

strong interaction physics at hadron colliders (elastic and diffractive events

excepted). Our basic philosophy will be as follows [1,2]. The total rate of

parton-parton interactions, as a function of the transverse momentum scale p ,

is assumed to be given by perturbative QCD. This is certainly true for

reasonably large p^ values, but in this paper we shall also extend the

perturbative parton-parton scattering framework into the low-p region. A

regularization of the divergence in the cross-section for p •* 0 has to be

introduced, however, which will provide us with one of the main free

parameters of the model. Since each incoming hadron is a composite object,

consisting of many partons, the possibility of several parton pairs

interacting when two nadrons collide should exist. It is not unreasonable to

assume that the different pairwise interactions take place essentially
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independently of each other, and that therefore the number of interactions in

a collision is given by a Poissonian distribution. Furthermore, hadrons are

not only composite but also extended objects, meaning that collisions range

from very central to rather peripheral ones. Reasonably, the average number of

interactions should be larger in the former than in the latter case. Whereas

the assumption of a Foissonian distribution should hold for each impact

parameter separately, the distribution in number of interactions should be

widened by the spread of impact parameters. The amount of widening will depend

on the assumed matter distribution inside the colliding hadrons. Different

possibilities will be compared.

The proposed route is njt an easy one. It leads to a fairly complex scenario,

which may make the resulting model look unattractive. However, the world cf

hadron physics is complicated, and if we err, it is most likely in being too

unsophisticated. The experience gained with the model, in failures as well as

successes, could be used as a guideline in the evolution of yet more detailed

models.

The complexity of the model excludes the possibility of obtaining significant

information by analytical techniques. Rather, the model has been implemented

within the framework of the Lund Monte Carlo programs, using PYTHIA version

4.8 [3] for points (i), (ii), (iii) and (v) above, and JETSET version 6.3 [4]

for (iv) and (vi). These programs are publicly available and can be used e.g.

to study implications for a given detector setup.

To the best of our knowledge, a scenario like the one outlined above has not

been studied before. Yet, none of the individual ideas is new. A number of

authors have studied the probability of having two hard interactions in an

event [5-7], in particular for the production of (three or) four high-p jets.

Within the framework of Dual Topological Unitarization (DTU) [8-ll], the

variation in the number of cut Pomer ns corresponds to our variation in the

number of semihard interactions. The difference is that DTU is a

nonperturbative approach, which describes the longitudinal structure of

particle production. Transverse degrees of freedom can be added [10], but this

is not an integral part of the framework. Put drastically, our approach is an

attempt to extend a perturbative, high-p picture down into the low-p region,

whereas the DTU approach provides a low-p model that could be extended to

higher p values. Also the effects of varying impact parameters have been

studied with respect to multiplicity distributions and forward-backward

correlations [12] , and with respect to the increase in tocal cross-section and
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the "blackening" of the proton with increasing e frgy .13] . No .detailed

studies have been done within the nramework of multiple pai '. -o-i interac-ions,

however.

The idea of multiple interactions has gained experrc.entil support y the

recent AFS study of four-jet events [l4] . The kinematics of these events

indicates that, while some of them can be attribut*.d to ?, single hard

scattering with associated bremsstrehiung, a fair fractior contains twj hard

interactions. While no direct comparisons are mace with the AfS signal a few

general comments are given in section 6.2.

The outline of the paper is as follows. In section 2 the general formalism of

multiple interactions is outlined, without the complication oc vc-iable impact

parameters. The resulting model, as well as models without any multiple

interactions at all, are compared with data in section 3, and some areas of

discrepancy are noted. Part of the material in these two sections is taken

from [l]. A variable impact parameter picture of hadronic interactions is

introduced in section 4, together with necessary modifications of the multiple

interaction formalism. The phenomenology of the resulting model is covered in

sections 5 and 6, in the former for multiplicity distributions and in the

latter for jet properties. A summary and outlook is given in section 7.

2. The Impact Parameter Independent Model

2.1. The QCD Jet Cross-Section

The natural starting point for our deliberations is provided by the

perturbative QCD cross-section for parton-parton interactions

III x ,Q2) f2(x ,Q 2). (1)

Here 9.. is the hard scattering cross-section for the k:th subprocess possible

between incoming partons i and j. The structure functions f.(x,Q ) give the

probability for finding a parton i carrying a fraction x of the energy (and

longitudinal momentum) of the incoming hadron a, if the hadron is probed at a

scale 0 . For massless partons, the three Mandelstam variables are related by

s + 6 + u = 0, and s = x x s. While the 9 are calculable in perturbative QCD

(see e.g. [l5]), the structure functions are not. In the following we have

chosen to use EHLQ set 1 [is] , with A = 0.2 GeV. The Q scale, which is also

ambiguous, has been get to
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Q2 - p2 = &. (2)

In the study of absolute jet cross-sections, it will become necessary to

introduce a /-factor, to account for higher order corrections to the lowest

order d. . results. This can be done in several different ways. In [l6] it has

been shown that a reasonable approximation to first order corrections is to
2 k 2

replace the a (p ) in the 9..:s by a (0.075-p ); this is the recipe that will
SI X J S k

be adopted when needed.

A reasonable measure for the "hardness" of a parton-parton interaction is
2 2

provided by the p scale. The differential cross-section as a function of p

is given by

da r dx
if j # k

k (S,e,u) f*(x ,Q2) 6(p2 - |H,

and the hard scattering cross-section above some p_ . by

s/4
flh.rd(lW * J

P* •Tmin

71 dPT (4)

2 4
Since the differential cross-section diverges roughly like dp /p , a , is

1 J. tid T u
also divergent for

different CM energies.

• 0 . This is illustrated in Fig. 1 for a few

There are two potential major sources of error to the results in Fig. 1.

Firstly, the "dense packing" problem [l7]: at small x values the effective

number of partons in a hadron can grow so fast that not all fit inside the

hadron. Then parton recombination effects become important, and the standard

Altarelli-Parisi evolution of structure functions is no longer valid.

Fortunately, it has been shown [l8] that p . values around or above 2 GeV

are safe all the way up to SSC energies. Secondly, the shape of the structure

functions at small x and small 0 values is given neither by experiment nor by

theory. Different reasonable ansätze could well give an order of magnitude

difference for the 0. j(p« • = 2 GeV) at 40 TeV [l9]. In our calculations,
nflfd Tin I fl

the effective shape at small x is roughly x , but arguments have been raised

for a behaviour more like x
-1.3 [20].
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At present collider energies, 0 ^'^T ' ' becomes comparable with the total

ross-section for = 1.5 - 2 GeV. This need not lead to contradictions:

o, , does not give the hadron-hadron cross-section but the parton-parton one.
hard

Each of the incoming hadrons may be viewed as a beam of partons, with the

possibility of having several parton-parton interactions when the hadrons pass

through each other. In this language, o A^Pm • ^at t *s s*mP^y t n e average

number per event of parton-parton scatterings above p . , and this number may

well be larger than unity.

While the introduction of several interactions per event is the natural

consequence of allowing small p . values and hence large 0, , ones, it is

not the solution of c. ^(p . ) being divergent for p_ . -»0: the average s
hard Tmin ^ rTmin ^

of a scattering decreases slover with p_ . than the number of interactions
^Tmin

increases, so naively the total amount of scattered partonic energy becomes

infinite. One cutoff is therefore obtained via the need to introduce proper

multi-parton correlated structure functions inside a hadron. This is not a

part of the standard perturbative QCD formalism and is therefore not built

into eq. (4). In practice, it seems to be too weak a cut, i.e. it leads to a

picture with too little of the incoming energy remaining in the small-angle

beam jet region.

A more credible reason for an effective cutoff is that the incoming hadrons

are colour neutral objects. Therefore, when the p of an exchanged gluon is

made small and the transverse wavelength correspondingly large, the gluon can

no longer resolve the individual colour charges, and the effective coupling is

decreased. This mechanism is not in contradiction to perturbative QCD

calculations, which are always performed assuming scattering of free partons

(rather than partons inside hadrons), but neither does present knowledge of

QCD provide an understanding of how such a decoupling mechanism would work in

detail. For the purpose of this section, a sharp cutoff at some energy-

independent p . scale will be used, i.e. it will be assumed that do/dp = 0

£°r PT
 < PT • - The issue will be further discussed in section 4.

Finally, a word about total cross-sections. The a of hadron-hadron
tot

interactions is conveniently subdivided into a number of terms

°tot(s) = C e l ( s ) asd ( s ) add ( s ) + °nd(s) (5)

vhere 0 is the elastic cross-section, 0 , the single diffractive one, a,,
el sd dd

the double diffractive one and a , the nondiffractive, inelastic one. It is
nd

the latter class oE "ordinary multihadronic events" that this paper sets' out
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to study, and a knowledge of a A*) is therefore required. In this paper we

have used the Block-Cahn set 1 parametrization for o (s) and a ,(s) [21],
tot el

and diffractive cross-sections are given by the ansatz of Goulianos [22]. This

leaves a 0 of roughly 40 mb at 600 GeV and 100 mb at 40 TeV.

2.2. The Multiple Interaction Formal is»

In an event with several interactions, it is convenient to impose an ordering.

The logical choice is to arrange the scatterings in falling sequence of x =

2pT/s
1/2 The "first" scattering is thus the hardest one, with the

"subsequent" ("second", "third", etc.) successively softer. It is important to

remember that this terminology is in no way related to any picture in physical

time; we do not know anything about '•he latter. In principle, all the

scatterings that occur in an event must be correlated somehow, naively by

momentum and flavour conservation for the partons from each incoming hadron,

less naively by various quantum mechanical effects. When averaging over all

configurations of soft partons, however, one should effectively obtain the

standard QCD phenomenology for a hard scattering, e.g. in terms of structure

functions. Correlation effects, known or estimated, can be introduced in the

choice of subsequent scatterings, given that the "preceding" (harder) ones are

already known.

With a total cross-section of hard interactions o. .(p_ . ) to be distributed
hard Tmin

among o j(s) (nondiftractive, inelastic) events, the average number of

interactions per event is just the ratio c, .(pm • )/o -.(s). As a starting
hard Tmin nd

point we will assume that all hadron collisions are equivalent (no impact

parameter dependence), and that the different parton-parton interactions take

place completely independently of each other. The number of scatterings per

event is then distributed according to a Poissonian with mean
"i. j(Pm • )/0 ,(s). For Monte Carlo generation of these interactions it is
hard Tmin nd

useful to define

1 do
P<V -

nd
(S) (6)

with da/dx obtained by analogy with eq. (3). Then p(x ) is simply the

probability to have a parton-parton interaction at x , given that the two

hadrons undergo a nondiffractive, inelastic collision.
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The probability that the hardest interaction, i.e. the one with highest x , is

at x , is now given by

Tl
(7)

Tl

i.e. the naive probability to have a scattering at x multiplied by the

probability that there was no scattering with x larger than x .

Correspondingly, the probability to hav« the second hardest scattering at x

is given by
T2

Tl
J ix exp{- J p(x') dx'} p(x ) exp{- J p(xl) dx;} p(x ) =

TL T T Tl
T2 Tl T2

T2'

(8)
1

- J

i.e. the product of the probabilities to have no scattering between 1 and x ,

to have one at x , to have none between x and x and to have one at x ,

integrated over all possible x . In general, for the n:th scattering, the

exponentials always sum up to give the integral between x and 1. The nested

integral over scatterings X T 1 ="
 X
T 2

 >
> XT(n-l) > XTn U 9 i v e n b y

XT1
J dxT1 P(xT1) J dxT2 p(xT2)

Tn Tn

[n-2)
I dx

T(n-l)
XTn

(9)

(n-1

Tn

so that the probability for a n:th scattering at x becomes

(10)

XTn Tn

The total probability to have a scattering at x , irrespectively of it being

the first, second or whatever, obviously is

i i
P (V
1

"

The multiple interaction formalism thus retains the correct perturbative QCD

expression for the scattering probability at any given x .



A Multiple Interaction Model ...

With the help of the integral

s/4 I 2

T dpT
(12)

(where we assume P(x ) • • for x + 0) and its inverse P , the iterative

procedure to generate a chain of scatterings x > x > is described by

-Ii
XTi

(13)

Here the R. are random numbers evenly distributed between 0 and 1. The

iterative chain is started with a fictitious x = 1 and is terminated when

x_. is smaller than x_ . = 2p_ . /s . Sin'-- P and P are not known
Ti Tmin Tmin

analytically, the standard Monte Carlo procedure is to find a p(x_) > p(x_)

for all x > x . , with p a particularly simple function, like constant/x

(i.e. using tne approximate dp /p behaviour noted earlier), which can be

analytically integrated and inverted. From the chain generated with the use of

p(x ), a given x is to be retained w.th probability p(x . )/p(x . ).

In addition, for each x value chosen, further variables have to be found

according to the matrix element. This involves selecting T = x, x
? and x =

x - x for each incoming parton pair, resolving the twofold ambiguity between

£ and xm

(14)

choosing flavours for the incoming partons and, where necessary, for the

outgoing ones. All this can be handled using standard Monte Carlo techniques,

in particular by generalizing p(x ) and p(x ) above to be functions also of T,

xp etc.

Whereas the ordinary structure functions should be used for the hardest

scattering in order to reproduce standard QCD phenomenology, the structure

functions to be used for subsequent scatterings must depend on all preceding x

values and flavours chosen. We do ..ot know enough about the hadron wave

function to write down such joint probability distributions (some suggestions

are found in [23, 24, 6, 7]). To take into account the energy "already" used

in harder scatterings, a conservative approach is to evaluate the structure

functions, not at x for the n:th scattered parton from hadron a but at
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n-1
(15)

''

This will be our standard procedure in the following; we have tried a few

alternatives without finding any significantly different behaviour in the

final physics.

2.3. Further Model Details

Ii a fraction exp(-P(x . )) of the events studied, there will be no hard

scattering above x . when the iterative procedure in eq. (13) is applied. It
Tmi n

is therefore also necessary to have a model for what happens in events with no

(semi)hard interactions. The simplest possible way to produce an event is to

have an exchange of a very soft gluon between the two colliding hadrons.

Without (initially) affecting the momentum distribution of partons, the

"hadrons" become colour octet objects rather than colour singlet ones. If only

valence quarks are considered, the colour octet state of a baryon can be

decomposed into a colour triplet quark and an antitriplet diquark. In a

baryon-baryon collision, one would then obtain a two-string picture [25J, with

each string stretched from the quark of one baryon to the diquark of the

other, Fig. 2a. A baryon-antibaryon collision would give one string between a

quark and an antiquark and another one between a diquark and an antidiquark,

Fig. 2b.

It remains to be specified how the two strings should share the available

energy. Following [24] one may e.g. choose an ansat:

P(X) s
(1 - X)'

(X
2 1/4
)

(16)

for the fraction x that the quark takes of the baryon energy, with 1 - x taken

by the diquark. The cutoff c = 2m /s = 0.6 GeV/s is not really necessary

here, but is included for further reference.

If an event contains a hard interaction, the string drawing issues become more

complicated, since there may be many ways of connecting the colour charges of

the outgoing objects. Furthermore, the standard QCD cross-sections cannot be

uniquely split into a sum of terms, where each term corresponds to a well

defined colour flow, since also interference terms are present. These
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interference terms are suppressed by 1/Nr, where N = 3 is the number of

colours. By neglecting the interference terms, it is possible to obtain a

consistent scheme for selecting the string drawing in a given event [26]. One

possible string drawing for gg + gg scattering is shown in Fig. 2c. This

string drawing, as well as all other one-gluon exchange processes between

gluons and valence quarks, reduce to the simple low-p two-string picture when

the p of the hard scattering vanishes.

When several hard scatterings are present in an event, string drawing issues

become even more complicated. Specifically, the string drawing now depends on

the relative colour arrangement, in each hadron individually, of the partons

that are about to scatter. This is a subject about which nothing is known.

Many scenarios could therefore be envisioned. The simplest is to assume that,

following the hardest interaction, all subsequent ones are of the gg •* gg

type, with the two gluons in a colour singlet state. Then each interaction

will result in a double string being stretched directly between the two

outgoing gluons, decoupled from the rest of the system. Only the hardest

interaction gives strings coupled to the beam remnants. This is the solution

adopted for the moment, with further alternatives to be discussed in section

4.5. While details are sensitive to the choice made, the overall picture is

surprisingly stable, as will be shown later.

With the energy of scattered partons subtracted, eq. (16) could still be used

to give the sharing of remaining energy between the quark and the diquark. If

several interactions are to be allowed per event, this tends to lead to a too

high average charged multiplicity, so in the multiple interaction scenario eq.

(16) is replaced by the structure function inspired

(17)

throughout.

A hard interaction between coloured objects is, by necessity, associated with

the possibility of having initial and final state radiation. For technical

reasons, this is here included only for the hardest interaction. In practice,

there is no problem: except for the hardest interaction, which can be hard

because of experimental trigger conditions, it is unlikely for a parton

scattering to be so hard that radiation plays a significant role. The final

state radiation formalism used is the one presented in [27], including

coherence effects [28], while initial state radiation is described vith the
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help of the "backwards evolution" formalism developed in [29]. In the context

of the leading leg type parton showers thus described, the string drawing is

straightforward.

Given a set of outgoing coloured partons, with information about how these

partons are connected via strings, the Lund string fragmentation model [30]

provides a description of the subsequent hadronization. In its Monte Carlo

implementation [4], the developments in [31] are of vital importance,

including as they do the treatment of very complicated partonic states, where

some string pieces may also have rather small invariant masses.

3. Results with No Impact Parameter Dependence

In this section we wish to give a brief review of the shortcomings of some

simple models for hadronic events, with and without multiple interactions.

This will provide the incentive for introducing an impact parameter picture in

the next section.

3.1. The Simple Two-String Pic_ture

The simplest possible model for hadronic events is the two-string picture

described in section 2.3. There are no hard interactions at all, and the only

degrees of freedom are the two x variables, which determine the masses of the

two string systems.

In Fig. 3 this model is compared with the UA5 acceptance-corrected data on the

charged multiplicity distribution for 540 GeV pp events [32]. It is

immediately noted that the model gives far too narrow a distribution. This is

basically the statement that multiplicity distributions in e e annihilation

are much more narrow than in hadron physics. Comparing the two-string hadronic

events with the e e one-string ones, the fluctuation of string masses in the

former does broaden the distribution, but nowhere near enough.

Another interesting observable is the forward-backward correlation, defined in

the following way. Consider two bins in pseudorapidity/ one between Af|/2 and

An/2 + 1 (forward), the other between -An/2 and -(An/2 + 1) (backward), i.e.

two one unit wide bins separated by a central gap of .in. Call the charged

multiplicities in the two bins n and n , and define the correlation
r Ö
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coefficient by

b =
- <np>

p> - <np>
2

(18)

(for <n > = <n > and <n > = <n >). In Fig. 4 the correlation coefficient b is

plotted as a function of Art, again comparing the model with UA5 data [33].

Apart from a very small short-range effect, the model does not predict any

forward-backward correlations.

3.2. Introduction of Hard Interactions

A model that only contains partons with small transverse momenta is obviously

a simplification. With a sharp cutoff of . "le perturbative two-jet cross-

section at p . = 1.8 GeV, roughly two thirjs of all events would be expected

to contain a hard interaction. The remaining 1/3 is still assumed to be low-

PT.

The inclusion of hard interactions actually results in negligible improvements

of Figs. 3 and 4. The reason is that most "hard" interactions still have a p

for the scattered partons in the range 2 - 3 GeV, i.e. not enough to make a

difference in the event structure.

If initial and final state radiation effects are included, some further

improvements are noted in Figs. 3 and 4. Again the soft nature of most

interactions make the effect less than adequate, however.

Whereas some uncertainty may be present in the details of what is included up

to this point, even rather drastic variations are insufficient to come

anywhere near an explanation of the data.

3.3. Effects of Multiple Interactions

Multiple interactions are now introduced above some given p . scale, using

tie formalism explained in section 2.2. Events which do not give any

interactions above p , are again classified as two-string low-p events.



A Multiple Interaction Model ... 14

There is thus one main free parameter in the problem, p . . As p . is

decreased, the average number of interactions is increased, and so are the

fluctuations in this number. Events which contain a large number of

interactions also have large multiplicities. In Fig. 5 it is shown how the

multiplicity distribution evolves as pm . is decreased from 2.0 to 1.6 to 1.2r ' Tmin

GeV. At the same time, the average number of interactions per event is

increased from 0.56 to 1.01 to 2.11. A fair agreement with the high-

multiplicity tail is obtained for p . - 1.6 GeV. With an energy sharing

between diquark and quark given by eq. (17), the <n > values go from 29 to 33

to 42. Compared with the UA5 figure of <n > = 29 [32], only the first two

p . values are acceptable. If instead the energy sharing is given by eq.

(16), corresponding to a higher <n > before any hard interactions at all are

introduced, only the higher p . value would give an acceptable <n >, but

then without reproducing the high multiplicity tail.

With multiple interactions included, the forward-backward correlations are of

significant size, Fig. 6, since the number of scatterings strongly influences

the multiplicity in both hemispheres simultaneously. Also several other

observations, e.g. the rate of "hot spots" [34], are now understood.

There are other places where this scenario fails, however. One is that it

underestimates the energy away from the core of a jet, Fig. 7, i.e. there is

not a large enough "pedestal effect" in the model. This would seem to imply

that events containing one hard interaction also contain an above-average

amoui.t of extra semihard interactions, i.e. effects of varying impact

parameters.

4. The Model with Variable Impact Parameters

Up to this point, it has been assumed that the initial state is the same for

all hadron collisions, whereas in fact each collision also is characterized by

a varying impact parameter b. Within the classical framework of this paper, b

is to be thought of as a distance of closest approach, not as the Fourier

transform of the momentum transfer. A small b value corresponds to a large

overlap between the two colliding hadrons, and hence an enhanced probability

for multiple interactions. A large b, on the other hand, corresponds to a

grazing collision, with a large probability that no parton-parton interactions

at all take place.
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4.1. The Hadronic Matter Distribution

In order to quantify the concept of hadronic matter overlap, one may assume a

spherically symmetric distribution of matter inside the hadron, p(x) i x =

p(r) d x. For simplicity, the same spatial distribution is taken to apply for

all parton species and momenta. Four different parametrizations of the matter

distribution have been compared, to check how sensitive results are to this

choice. The first three are a solid sphere p (r) * 9(a-r), a Gaussian p (r) «

exp(-r /a ) and an exponential p.(r) « exp(-r/a). Since differences in physics

results between these three turned out to be smaller than anticipated, and

since none of them gave a sufficiently large pedestal effect, the fourth

possibility was chosen to be a double Gaussian

2 2
p (r) a (i - B) -r exp(- £-) + B -TT exp(- ^ — ) . (19)
4 J £. 3 £,

This corresponds to a distribution with a small core region, of radius a and

containing a fraction B of the total hadrcnic matter, embedded in a larger

hadron of radius a . While it is mathematically convenient to have the origin

of the two Gaussians coinciding, the physics could well correspond to having

three disjoint core regions, reflecting the presence of three valence quarks,

together carrying the fraction B- One could alternatively imagine a hard

hadronic core surrounded by a pion cloud, as in the chiral bag model [36]. To

be specific, the values B = 0.5 and a./a_ = 5 have been used throughout this

paper. The double Gaussian will be used as the standard matter distribution in

the following. It should be noted that the overall distance scale a (or a.)

never enters in the subsequent calculations, since the inelastic,

nondiftractive cross-section o .(s) is taken from literature rather than
nd

calculated from the p(r).

For a collision with impact parameter b, the time-integrated overlap between

the matter distributions of the colliding hadrons is given by

0(6) = // d3x dt P b o o s t e d(x-§, y, z-vt) 0 b o o s t e d ( * 4 Y>
 z + v t>' (20)

where v is the velocity in the CM frame and p. , the suitably Lorentz

contracted p(x). By a scale change in z, p. , can be replaced by p. After
boosted

a further scale change in t one obtains

ö(b) « Jj d x dt P(x-j, y, z--) p(x+-, y, z+-) =
(21)

= / dt / d3x p(x, /, z) p(x, y, z - (b2 + t2)I/2) .
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As an example, the double Gaussian of eq. (19) gives

.. . .2

expt- 26(1-6)
23 1

2 2
Va2

(22)

In addition to the ö(b) obtained with the p - p above, it is useful to have

an alternative Ön(ö) » 9(a-£>), i.e. where all events have the same overlap.

This may be thought of as collisions at an average, fixed impact parameter. It

will not be exactly equivalent to the formalism of section 2, for reasons that

will become apparent.

The overlap ö(b) is obviously strongly related to the eikonal ft(£>) of optical

models. We have kept a separate notation, since the physics context of the two

is slightly different: ti(b) is based on the quantum mechanical scattering of

waves in a potential, and is normally used to describe the elastic scattering

of a hadron-as-a-whole, while ö(£>) comes from a purely classical picture of

pointlike partons distributed inside the two colliding hadrons. Furthermore,

the normalization and energy dependence is differently realized in the two

formal isms.

4.2. The Variable Impact Parameter Formalism

The larger the overlap ö(b) is, the more likely it is to havo interactions

between partons in the two colliding hadrons. In fact, there should be a

linear relationship

<n(b)> = kö(i>) (23)

where in = 0, 1, 2, 3, ... counts the number of interactions when two hadrons

pass each other with an impact parameter b. The constant of proportionality,

k, is related to the parton-parton cross-section and hence increases with CM

energy.

For each given impact parameter, the number of interactions is assumed to be

distributed according to a Poissonian. If the matter distrioution has a tail

to infinity (which is true for the examples above, except for the solid

sphero), events may be obtained w i t- ii arbitrarily large b values. In order to
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obtain finite total cross-sections, it is necessary to assume that each event

contains at least one semihard interaction. The probability that two hadrons,

passing each other with an impact parameter b, will actually undergo a

collision is then given by

P.
iint

(24)

according to Poissonian statistics. The average number of interactions per

event at impact parameter b is now

(25)
Pint ( b ) - exp(-kö(b)

where the denominator comes from the removal of hadrons which passed without

colliding, i.e. with n = 0.

In section 2, the relationship <n> = 0, ,/a , was introduced for the average
^ hard nd ^

number of interactions per nondiffractive, inelastic event. When averaged over

all impact parameters, this relation must still hold true: the introduction of

variable impact parameters may give more interactions in some events and less

in others, but it does not affect either o, , or o ,. For the former this is
hard nd

because the perturbative QCD calcu_ations only depend on the total parton

flux, for the latter by construct ion. Integrating eq. (25) over b one then

obtains
J <n(i>)> P. (b) d b \ kö(b) å2b

hard

J ( 1 - exp(-kö(t>)))
(26)

For ö(b), O, , and 0 . given, with 0. ,/O , > 1, k can thus always be found
hard nd hard nd

(numerically) by solving the last equality.

The absolute norma ization of ö(b) is not interesting in itself, but only the

relative variation with impact parameter. It is therefore useful to introduce

an "enhancement factor" f(S>), which gauges how the interaction probability for

a passage with impact parameter b compares with the average, i.e.

- f(b) <kö>.

In other words,

(27)

(28)

'ief i n i he near: '.of ':! i "• h f h e c h . o i c ? • • .• L e 1
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be the average of all events, i.e. where n > 1,

J Pint(*)
(29)

one obtains

<f> =
f f(i7) P. (b) d b J ö(b) P. (b) d2b

_ _ _ -

J inf *

(30)

i.e. the average value of f(b) over all events is unity. A large f "aiue

corresponds to a high probability for several interactions, while a small f

corresponds to a peripheral collision with the minimal number of one

interaction. The larger a tail the hadronic matter distribution has, or the

more peaked it is at the origin, the wider the probability distribution in f

is.

A further number needed in the following is

f =
J 0(b)

int
(b) d b

J ö(b) d2b
(31)

which is impact parameter independent- Typically f is somewhat smaller than

one, approaching unity from below when a. ,/a + °>. The function of f will

be to compensate for the fact that the average number of interactions per

event is pushed up by the requirement that each event contain at least one

interaction.

If eqs. (27), (29), (31) and (26) are combined, one obtains

2

= f(b) <kfl> =
J kö(b) PinAb) å2b

int
(32)

/ kö(b) dt

.nt

hard

°nd

This derivation, which has been given here ?or the total number of

interactions for two hadrons passing each other at an impact parameter b,

could equally well have been carried out for the number of interactions in a

given p bin (since, contrary to the case of n(b), there is no constraint of

the type n(b) > 1). The conclusion is therefore that the effective probability

p(x ) of eq. (6), giving the probability of having a scattering at x , should
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be replaced by

p(x p(x ) = fcf(i| ji-g-.
nd T

(33)

The naive generation procedure is thus to pick a £> according to the phase

space d b, find the relevant f(2>) and plug in the resulting p(x ,£>) in the

formalism of section 2.2. If at least one hard interaction is generated, the

event is retained, else a new b is to be found. This algorithm would work fine

for hadronic matter distributions which vanish outside some radius, so that

the d b phase space which needs to be probed is finite. Since this is not true

for the distributions under study, it is necessary to do better.

4.3. The Event Generation Formal isn

By analogy with eq. (7), it is possible to ask what the probability is to find

the hardest scattering of an event at X
T 1- F° r each impact parameter

separately, the probability to have an interaction at x is given by p(x ,i>)

in eq. (33), and this should be multiplied by the probability that the event

contains no interactions at a scale x' > x , to yield the total probability

distribut ion

dP.
hardest

d X

, p ( p ( } (34)

Tl XT1

There are two ways to proceed from this formula. One is to integrate eq. (34)

over all allowed x values, to give the probability that a passage produces at

least one interaction

dP
>1 j dx p(x_,b) expf- J p(x',b) dx'} = 1 - exp{- J p(x',£.) dx'} =

Tmin Tmin
TJ

(35)

hardi
= 1 - exp{- f t{b) — } = 1 - exp(-kÖ(b)) = P. (b)

c o , int
nd

in agreement with eq. (24). A proper procedure would therefore be to select a

b according to P. ..(£) d b. T'lis yields the f(b) value and hence the relevant

p(x ,b). The p(x ,b) can be directly plugged into the formalism of section

2.2, to yield a sequence of x . values for interactions. If no x values at

all are found above x . , which happens with probability exp(-kö(£>)), the

interaction generation chain i i Ko be restarted at x = 1, until a valid

c / o n f: ( w i t h f '- ;r; t f; r a c t ; '-n ) ; ; :" jir i .
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The procedure above is straightforward to implement, but it suffers from the

disadvantage that it is only relevant for the generation of the inclusive

sample of nondiftractive, inelastic events. In particular, it cannot be used

to generate the activity accompanying a high-p jet or a W, say, since such

events are not distributed according to P. (b), but rather are biased towards

smaller b values. The following trick can then be used.

If the treatment of the exponential in eq. (34) is deferred for a moment, the

equation reads

dP
hardest

—
d b dx

1 do— 5r
nd

(36)

Here the distribution in b and x appears in factorized form, so that the two

can be chosen independently of each other. In particular, a high-p jet or W

can be chosen with whatever kinematics desired. For a w (or any s-channel

resonance) there would be no obvious x scale by itself but, since x is used

as a measure of the hardness of an interaction, a choice x ~ T = s/s is not

unreasonable. With the b chosen according to f(i>) d b, the neglected

exponential

exp{- J p(x',b) dx'} = exp{- f £{b) ] pfx",) dx'} (37)

can now be evaluated, and the event retained with a probability proportional

to it. From the x scale of the selected interaction, a sequence of softer x

values may again be generated as in section 2.2, using the known p(x ,b). This

sequence may be empty, i.e. the event need not contain any further

interactions.

It is interesting to understand how the algorithm above works. By selecting b
2 2

according to f(b) d b, i.e. ö(i>) d b, the primary b distribution is maximally

biased towards small impact parameters. If the first interaction is hard, by

choice or by chance, the integral of the cross-section above •. . is small, and

the exponential in eq. (37) close to unity. Almost all events are therefore

retained. The large f(b) value is also likely to lead to the generation of

many further, softer interactions. If, on the other hand, the first

interaction is not hard, the exponential is no longer close to unity, and many

events are rejected. Since the exponent in eq. (37) is proportional to f(2>), a

large t{b) leads to an enhanced probability for rejection, whereas the chance

of acceptance is larger with a small f(ft). Among events where the hardest
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interaction is soft, the b distribution is therefore biased towards larger

values (smaller f(£>)), and there is a small probability for yet softer

interact ions.

4.4. Cross-Section Considerations

In this section, nothing has yet been assumed about the form of the do/dp

spectrum. Like in the impact parameter independent case, it is possible to use

a sharp cutoff at some given p . value. However, here each event is required

to have at least one interaction, whereas before events without interactions

were retained and put at p = 0. It is therefore aesthetically more appealing

to assume a more gradual turnoff, so that a (semi)hard interaction can be

rather soft part of the time. The matrix elements roughly diverge like
2 2 2 4a (PT)*dpT/pT for p + 0. They could therefore be regularized as follows.
S 4 4 2 2 2

Firstly, to remove the l/pT behaviour, multiply by a factor PT/(PT0
+Pm) •

Secondly, replace the p argument in a by PTn
 + p_ or, wi-.h the inclusion of

S 2 2 2
the K-factor introduced in section 2.1, replace 0.075*p by 0.075*(p +p ).

With these substitutions, a continuous p spectrum is obtained, stretching

from p = 0 to s /2. For p >> p the standard perturbative QCD cross-

section is recovered, while values p « p are strongly damped. The p,
TO

scale, which now is the main free parameter of the model, in practice comes

out to be of the same order of magnitude as p . did, i.e. roughly 2 GeV.

If gluons with large transverse wavelength decouple because of the colour

singlet nature of hadrons, and if the transverse structure of hadrons is

assumed to be energy-independent/ it is natural to assume that also p . and

p n are independent of the CM energy of the hadron collision. For the impact

parameter independent picture this works out fine, with all events being

reduced to low-p two-string ones when the CM energy is reduced. In the

variable impact parameter picture, the whole formalism only makes sense if

cr > 0 ,/ see e.g. eq. (26). Since 0 , does not vanish with decreasing
hard nd nd

energy, but 0 , would do that for a fixed PTn» this means that p has to be

reduced when the energy is decreased.

It is reasonable to ask how meaningful the whole physics scenario becomes at

small CM energies. The picture of multiple parton-parton interactions is

certainly easier to visualize as a hiqh-energy behaviour, and an involving

parton .;cat tor ings Jypica:ly w;tn a few GeV ot transverse momentum. In the
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description of events at lower energies, where more emphasis would have to be

put on interactions at small p values, the picture loses some of its lustre.

Possibly a physics description in other terms would be more sensible here -

although the correct answer is unique, different approximations may do more or

less well in a given region. Keeping this warning in mind, it is still

meaningful to see what happens as the energy is varied.

Going a bit ahead of the story, the p Q values at a given CM energy can be

determined "simply" by the requirement that the mean charged multiplicity in

the model should agree with the experimental one. Typical values obtained that

way (with an uncertainty not only due to experimental errors, but also in the

understanding of the relevant trigger conditions to use for Monte Carlo

comparisons) are shown in Fig. 8 as a function of CM energy for the double

Gaussian matter distribution. The increase of p with energy is fairly slow,

particularly for the higher energies. In the SppS energy range, a logarithmic

fit would give

PTQ - 2.0 GeV + 0.08 GeV • (38)

If anything, an extrapolation of this trend would probably overestimate the

p n at higher values. Taking the value at 540 GeV as a lower limit, this would

suggest 2.0 < p Q < 2.35 at 40 TeV. Although the variation of p with energy

in eq. (38) is slow, the effect on the average number of interactions per

event is rather drastic, leading to a considerably slower increase than is

obtained with a fix p , Fig. 9.

While predicting cross-sections is in no way the objective of this paper, it

could still be interesting to see what the p values determined above

correspond to in terms of the inelastic, nondiftractive cross-section o ,.
nd

Since no explicit scales have been introduced for the hadronic matter

distribution, the absolute normalization is not known, but the energy

dependence can be studied. In Fig. 10 the integral J P. {b) d b is shown,

normalized to the parametrized a , at 540 GeV. By and large, agreement with

the parametrization is not that bad at higher energies, which at least shows

that the model has some sense of internal consistency. The results at small

energies are fairly unreliable: the multiplicity distribution is here more

sensitive to variations in the string drawing algorithm (specifically, to the

method used for the hardest interaction) than to changes of p_n. Further, no

systematic attempt has been made to study and correctly include the small

differences in behaviour between pp and pp events.
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4.5. String Drawing Issues

In section 2.3, a description was given of one possible way of assigning

flavours to and drawing strings between the scattered partons. In general,

this formalism is retained. A few modifications have been introduced, however,

as described in the following. It is not obvious a priori whether these are

improvements or not, but this reflects the major uncertainties in this game.

With the introduction cf a soft regularization of the cross-section at p = 0,

many events come to contain a hardest interaction with a p in the region 0

1 GeV, i.e. fairly soft. Standard structure function parametrizations

typically extend down to some Q. scale in the order of 2 GeV. The normal

procedure, to use the structure function values at Q^ whenever p < Q , may

give an erroneous picture of the hadron at small Q scales. Specifically, it

leads to a dominance of gluon-gluon scatterings over gluon-quark or quark-

quark ones, whereas a not unreasonable scenario would have the valence quarks

dominate the low-Q hadron. We have therefore tried a simple recipe for

enhancing the valence quark content of the hadron at small p , as follows.

With kinematics for the interaction chosen, a fraction PTf]/(pTf,
 + PT) of the

events is reassigned to correspond to a scattering between two valence quarks

of the two incoming hadrons, while for the remaining fraction PT/(PTn+p_),

flavours are chosen as usual. The kinematics of the hard interaction therefore

replaces the selection of two x variables for most interactions at small p

values.

In section 2.3, it was assumed that all interactions after the hardest one

were gluon-gluon scatterings, with the two gluons in a colour singlet state.

Here a more realistic mix is introduced. One third of all non-hardest

interactions is assumed to be of the two-gluon type above, and an additional

one third is taken to give a string stretched between a qq pair (q = u, d or

s). The final 1/3 is again gluon-gluon scatterings, but here colour

correlations are assumed such that each of the gluons should be connected unto

one of the strings "already" present. Among the different possibilities of

connecting the colours of the gluon, the one which minimizes the total

increase in string length will be chosen. This is in contrast to the gluon-

gluon closed loop alternative, which roughly corresponds to a maximization of

the extra string length. The three alternatives are illustrated in Fig. 11.
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Sadly absent in the list above is the possibility that several of the valence

quarks of the incoming hadrons interact independently of each other. While the

scattering ot one valence quark out of the baryon leaves a colour antitriplet

diquark beam remnant carrying the baryon number, the scattering of a second

valence quark is likely to set the baryon number in transverse motion. One

simple scenario for this is to assume that the baryon is a Y-shaped string

configuration, with a quark at each endpoint and the baryon number effectively

associated with the junction point. If the ends are set in motion or re-

attached by gluon exchanges, the junction point will start moving in a wel l -

defined fashion [37] so as to minimize the total string length. As the three

legs of the Y-shaped string starts fragmenting, the baryon is going to be the

one created around the junction. Without invoking any kind of "hard diquark

scattering" mechanism [38], this could well explain the abnormal rate of

baryons at medium high p observed experimentally [39]. Unfortunately there is

a catch: the fragmentation of a Y-shaped string is extremely difficult to

handle in a consistent manner, and the problem has never been solved. We hope

to return to this issue, and to a more realistic flavour composition of the

non-hardest interactions, at a later date.

For the main features of events, like the ones studied in this paper, the

effects of the uncertainties involved should probably not be overemphasized.

Whereas the three components above are usually evenly mixed, it is possible to

study what happens if only one is used. Since the three represents different

extremes, with the truth probably somewhere in between, it is comforting to

note that a fair description of the data (but with different p cutoffs) can

be obtained with either of the three extreme possibilities.

In the multiplicity distributions shown in section 3, one of the problems

always was that the model did not produce enough low-multiplicity events.

Whereas the UAS trigger conditions remove almost all single diffractive

events, most double diffractive ones survive and are included in the

multiplicity distributions. In the following, the generation of diffractive

events has therefore been included where relevant. This is made according to a

simple model, with a dM /M spectrum for the mass of each diffractive svstem.

Each system is represented by a string stretched between a diquark in the

forward end and a quark in the other one. Except for some tries with a double

string stretched from a diquark and a quark in the forward direction to a

central gluon, which gave only modest changes in the results, no attempts have

been made with more detailed models for diffractive states [40J.
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b. Multiplicity Distributions

The charged multiplicity distribution is interesting, despite its deceptive

simplicity, since most physical mechanisms (of those playing a role in minimum

bias events) contribute to the multiplicity buildup. This was illustrated in

section 3. From now on we will use the complete model, i.e. including multiple

interactions and varying impact parameters, to look more closely at the data.

Single and double diffractive events are now also included; with the UA5

triggering conditions roughly 3/4 of the generated double diffractive events

are retained, while the contribution from single diffraction is negligible.

5.1. Total Multiplicities

A final comparison with the UA5 data at 540 GeV is presented in Fig. 12, for

the double Gaussian matter distribution. The agreement is now generally good,

although the value at the peak is still a bit high. In this distribution, the

varying impact parameters do not play a major role; Cor comparison, Fig. 12

also includes the other extreme of a fix overlap Ön(2>) (with the use of the

formalism in section 4, i.e. requiring at least one semihard interaction per

event, so as to minimize other differences). The three other matter

distributions, solid sphere, Gaussian and exponential, are in between, and are

all compatible with the data.

Within the model, the total multiplicity distribution can be separated into

the contribution from (double) diffractive events, events with one

interaction, events with two interactions, and so on. Fig. 13. While 45% of

all events contain one interaction, the low-multiplicity tail is dominated by

double diffractive events and the high-multiplicity one by events with several

interactions. The average charged multiplicity increases with the number of

interactions, Fig. 14, but not proportionally: each additional interaction

gives a smalLer contribution than the preceding one. This is partly because of

energy-moir.entum conservation effects, and partly because the additional

"messing up" when new strinq pieces are added has less effect when many

strings already are present. The same phenomenon is displayed in Fig. 15, here

as a function of the "enhancement facto.:" f(£>), i.e. for increasingly central

collisions.
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The multiplicity distributions for the 200 and 900 GeV UA5 data have not been

published, but the moments have [_41J , and a comparison with these is presented

in Table 1. The <n > value was brought in reasonable agreement with the data,

at each energy separately, by a variation of the p . scale. The moments thus

obtained are in reasonable agreement with the data.

5.2. Energy Dependence

Extrapolating to higher energies, the evolution of average charged

multiplicity with energy is shown in Fig. 16. The results do depend on the

choice of p value, but not crucially so. In addition, the assumptions about

flavours and string drawing between scattered partons can be varied to give an

even wider band of possible <n > at higher energies. The dependence of <n >

on the number of interactions in the event is shown also for higher energies

in Fig. 14, and the dependence on the "enhancement factor" t(b) is shown in

?ig. 15.

The multiplicity distributions themselves are shown in Fig. 17, for 1.6, 5, 15

and 40 TeV CM energy, to exemplify the typical shape predicted. The

differences that come from the choice of matter distribution are illustrated

at 40 TeV in Fig. 18. Contrary to results at SppS, the dependence on this

choice is now appreciable. Thus the distributions for a solid sphere, a

Gaussian or an exponential all are narrower than for the 540 GeV data, while

the double Gaussian produces a much broader shape.

It is interesting to take the ratio D/<n>, t!ie dispersion over the mean, as a

measure of the width, and study how the energy variation changes when pieces

of physics are added on, Fig. 19. If hadronic events only consisted of one

string/ spanned between the two outgoing hadron remnants, the multiplicity

distribution would be essentially Poissonian, and D/<n> would decrease

monotonically with increasing energy. A minimal model for low-p events should

probably be based on a two-string model, however. Then the sharing of beam

remnant energy would lead to varying invariant masses for the two string

pieces, a variation which is enough to understand why 0/<n> does not decrease

in the fixed target energy range. (The higher D/<n> value for the one-string

model at low energies is due to a lower average multiplicity than in the two-

string model or in the data, and the dispersion itself is everywhere smaller

with one than with two strings.) At ISP. ./nergies, this variation would not

suffice, but here hard interactions (including associated initial and final



A Multiple Interaction Model ... 27

state radiation) start to play a rcle. The effect of having just one

interaction is not large, however, and it is only when a varying number of

interactions is included that a reasonable description is obtained at SppS

energies. If no variation in impact parameter is included, the distribution in

number of interactions is again Poissonian, ana thus with a relative width

that decreases as the average number increases. In fact, the scaled

multiplicity distribution would reach its maximum width already at around 1

TeV, in contradiction with the trend of the UA5 data. It is therefore

necessary to introduce the variable impact parameter picture. The distribution

in impact parameter b, and hence enhancement factor f, is not governed by

Poissonian statistics. Specifically, if the mean number of interactions per

event increases with energy, then so does the width of the f distribution. It

is only this step that ensures a non-shrinking multiplicity distribution at

higher energies. (The funny bump in D/<n> that appears at around 50 GeV is

strongly related to the assumptions about the string drawing for the hardest

interaction, sections 4.4 and 4.5, and should not be taken too seriously.)

Finally, the inclusion of double diffractive events is a separate issue in our

scenario, but one that is needed to understand the low-multiplicity region. It

also contributes to the D/<n> ratio measured by experiments.

In our model there is nothing natural about the approximate KNO scaling [42]

observed at lower energies: with the exception of the variable impact

parameters, each piece of physics by itself would asymptotically give a

shrinking distribution. There is therefore no support for the validity of

"two-component" scenarios [4 3], in which mini jet events with a higher <n >

are added on to an immutable low-p event KNO distribution.

The DTU-type models [8-ll] provide an explanation for the shape of the

multiplicity distribution akin to ours. In addition, a number of theoretical

models exist in which a simple underlying principle is sought (a few ct these

are found in [44]). Such models, which often lead to negative binc.iiial type

multiplicity distributions, are very successful in explaining multiplicity

phenomena. There is also an economy of parameters which contrasts markedly to

the complex scenario outlined in this paper. However, it remains to be seen if

the present simplicity can be maintained when these models are extended to

cover all particle production phenomena at hadron colliders, as our model in

principle attempts to do.
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5.3. Multiplicity _in Pseudorapidity Bins

The inclusive pseudorapidity distribution at 200, 540 and 900 GeV is compared

with UA5 data [_45J in Fig. 20. In fact, the p „ scales determined from the

average total multiplicity had to be lowered by roughly 0.1 GeV in order to

achieve the agreement observed; without it the curves would have been below

the data almost everywhere. The change corresponds to an increase in the total

charged multiplicity at 540 GeV roughly from 29 to 31. It is possible that

this comes from differences between our model and UA5:s extrapolations in the

region I n I > 5. Note that the dip at ri - 0 is entirely kinematical: had true

rapidity been used instead, there would have been no dip. The pseudorapidity

distribution for different multiplicity bins is displayed in Fig. 21.

Generally the agreement is satisfactory, but in the low-multiplicity bins we

predict a much deeper central dip than observed experimentally. This probably

indicates that our diffractive model is not entirely satisfactory. One

possibility would be to introduce a component of central diffraction at the

expense of double diffraction. Here experimental studies could be of help: are

the particles in a given low-multiplicity event still fairly evenly

distributed in r|, or are they concentrated in a smaller region, the position

of which varies from event to event?

The comparison with scaled multiplicity distributions in rapidity bins, Fig.

22, shows fair agreement with the UA5 data [47], but with a tendency to

overestimate fluctuations.

Forward-backward multiplicity correlations are again shown in Fig. 23,

compared with the UA5 results. It now seems we have somewhat stronger

correlations than the data, but it is not incompatible. To some extent, the

amount of fluctuations and correlations could be "fine-tuned" by a variation

of the details of the string-drawing, sect. 4.5.

6. Transverse Momentum Properties and Jets

The multiplicity distribution is mainly influenced by longitudinal

fragmentation properties. For the transverse momentum properties,

contributions are obtained from the fragmentation of simple strings, and from

high-p jet production with associated initial and final state radiation.

These add no new degrees of freedom, but are completely specified by the

properties of the model and by our knowledge of e e annihilation
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phenomenology. The only nontrivial input given was to use a (0.075'p *) for

the hard interaction; an effective K-factor = 1.5 or a A = 0.7 GeV (rather

than the 0.2 GeV used) would have done as well. It is therefore here that the

model can be checked.

Since the comparisons presented elsewhere are made without reference to the

particle species involved, Fig. 24 serves as a reminder that the model

actually also contains predictions for the flavour composition.

6.1. Mini jets

The UA1 mini jet studies contain a wealth of information [49-5l]. Unfortunately

it is difficult to make a precise comparison with the experimental results

without a detailed knowledge of the UA1 detector. All results quoted in the

following should therefore be understood to refer to a "poor man's" model of

Lhe UA1 detector and UA1 mini jet reconstruction procedure, as follows [4]. A

detector is assumed to stretch between -2.5 and +2.5 m pseudorapidity, evenly

divided into 25 layers of cells, with each layer consisting of 24 cells

covering the full azimuth. The transverse energy E (for massive particles

equated with the transverse mass) deposited in each cell is summed. A Gaussian

smearing of width 0.5'E is imposed cell-by-cell, cut off so that the

smeared E is never smaller than zero or larger than four times the true

value. All bins with E > 1.5 GeV are taken as possible initiators of jets,

and are tried in falling E sequence, to check whether the total Em summed

over cells wichin AR = {(An) +(A$) } < 1 exceeds 5 GeV. If so, these cells

together define one jet, with position given by the E -weighted center, and

are removed from further consideration. Jets which have Inl > 1.5 or 60 < |$|

< 120 are rejected.

With these constraints, the minijet rate and some simple properties in the

nojet and jet samples are shown in Table 2. The number of charged particles

and their mean transverse momentum are for particles with |r|| < 2.5; so is the

IE of all particles. The general agreement is good, but there seems to be a

tendency in the model to have too large a split in charged multiplicity

between the nojet and the jet samples. A part of that discrepancy (but not

all) is related to an overestimation in the model of the fraction of events

with very low multiplicity in I r| | < 2.5, and may come from an imperfect

simulation of UA1 triggering conditions.
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6.2. Evidence for Multiple Interactions

The probability that multiple interactions should give rise to two or more

pairs of high-p jets is small, in particular when compared with the

probability to produce high-p jets by a single hard interaction with

associated initial and final state radiation. It is therefore in the region of

relatively small p that effects of multiple interactions are expected to

influence the multijet rate. This can be studied by comparing the rate of 1-

jet, 2-jet, 3-jet and 4-jet events in the UA1 minijet analysis. In fact, most

events contain only one jet: although jets should be produced in pairs

(neglecting radiation), there are many reasons why only one is observed. Jets

are only searched for in some angular regions; a bona fide jet is not found if

there is no initiator cell with E > 1.5 GeV; or a jet may fall below the EE

requirement while its partner does not, by calorimetric fluctuations or

fluctuations in the beam jet background.

A steady decrease in rate as the minijet number is increased1 is therefore to

be expected. The decrease in the data [5l] is not as marked as in models

without multiple interactions, however, see Table 3. Also models with multiple

interactions, but without impact parameter dependence or with a simple

Gaussian matter distribution, fail to account for the data. A general

agreement is obtained with the double Gaussian matter distribution. In

principle, the comparison between data and models is marred by uncertainties

in the simulation of the UA1 detector. The absolute rate of jet production

could also be changed by variations in the K-factor. These two effects would

tend to compensate each other, so that the relative pattern should be

preserved given e.g. that the 1-jet rate is fixed by data. The case for

multiple interactions in the UAl event sample is therefore strong.

A major uncertainty in the minijet analysis is provided by the calorimetric

fluctuations: since the E spectrum is rapidly falling, one gains more

minijets by upwards fluctuations than one looses by downwards ones. At 630

GeV, the average number of mini jets per event would have been 0.112 without

fluctuations, but becomes 0.190 with. A helpful cross-check would be to re-do

the minijet analysis using only charged particles. One could then reduce the

jet initiator minimum E to 1 GeV and the minijet E threshold to 3 GeV.

Assuming that the solid angle covered remains the same, we then obtain almost

the same minijet rate as with the "smeared" calorimeter. Also the variation in

number of jets and in separation between nojet and jet samples is preserved.
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In the future, it would be interesting to study event properties not only for

jet and nojet events, but also the evolution of <n >, <?_> etc. as a function

of the number of minijets. This should preferentially also be done for smaller

jet opening angles, i.e. smaller AR.

As noted in the introduction, evidence for multiple interactions has already

been presented by the AFS Collaboration [l4]. The AFS jets are of about the

same E E but, because of the smaller CM energy (63 GeV), of considerably

higher x . Therefore the definition of correlated structure functions is more

important. Using a simple recipe similar to the one in this paper, the

observed rate of double parton scattering is about a factor six higher than

expected from Poissonian statistics with no impact parameter dependence [l4] .

For the double Gaussian matter distribution the average enhancement factor

<f(ö)> in the AFS events should be = 3.7, while a simple Gaussian would give

only = 1.7 (the related f are 0.92 and 0.89, resepctively, and do not change

the picture). The general trend of the UA1 and the AFS data is therefore the

same: not only is there evidence for multiple interactions, but at a rate that

would suggest regions of denser matter inside the colliding hadrons.

6.3. Correlation Between Multiplicity and Transverse Momentum

The KNO multiplicity distributions for the jet and nojet event samples

separately are shown in Fig. 25. One should remember that the seemingly narrow

distribution in the jet case is an artefact of using scaled multiplicity; in

actual fact the jet event sample at 900 GeV has a width of 17.3 units compared

with 8.9 for the nojet one. In our model, KNO scaling does not hold either for

the jet or the nojet samples, except as an approximation over some limited

energy range.

The average transverse momentum of charged particles (with 111 < 2.5) has also

been studied as a function of the charged multiplicity. Results for 200 GeV

are shown in Fig. 26; the corresponding figure for 900 GeV is to be found in

[2]. The nojet data are reasonably well reproduced, while agreement is less

good for the jet case. At low multiplicities we believe the results to be very

sensitive to the details of the minijet trigger, i.e. how often fluctuations

in the calorimeter leads to the reconstruction of "false" minijets. The region

of high multiplicities is one of the places where the details of the string

drawing does matter, as follows. If the flavour assignment of scattered

partons and the string drawing between them are chosen so as to minimize the
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number of particles produced, then, for a given observed multiplicity, it is

necessary to have more interactions (i.e. a smaller p ). With the summed p

of scattered partons being large, this is partly inherited by the particles

produced. Correspondingly, a maximization of particle production implies the

need for fewer interactions and therefore less parton p to be shared. The

results at 900 GeV are shown in Fig. 27 for the three extreme scenarios

implemented in the program: only qq-scatterings, only gg-scatterings with

"maximal" string length, and only gg-scatterings with "minimal" string length.

In order to obtain the same average multiplicity in the three cases, the p .

values had to be slightly retuned.

The increase of < P T
> with n is a high energy phenomenon, and at lower CM

energies the opposite behaviour may be observed. This is not unnatural, since

multiplicity fluctuations here come less often from a varying number of

interactions and more from the fragmentation and decay components. In Fig. 28

one such comparison is presented, with SFM data at 63 and 31 GeV [52]. We do

not understand the change in the level of < P T
> values between the 31 and 63

GeV data, but the n . dependence is consistent with model results. On the

other hand, the < P T
> dependence on n will become even more pronounced as the

energy is increased, Fig. 29. (Note that the behaviour at small multiplicities

is affected by the noninclusion of (double) diffractive events.) The range of

populated n values is obviously increasing, and so is the <n >, so there is

a steady increase with energy of the < P T
> of all charged particles, Fig. 30.

The trend is enhanced if only central particles, I TI | < 2, are included.

6.4. Jet Profiles

One of the earliest discoveries of jet studies at the SppS was the "pedestal

effect" [35J, i.e. that events containing a hard jet also has an above-average

particle production away from the jet core. Initial state radiation may

account for part of this effect, but not all [29]. Multiple interactions can

not solve the problem so long as all collisions are assumed to be equivalent

[l], but the introduction of variable impact parameters offers a solution, as

follows. Since the average number of jets is larger in central collisions than

in peripheral ones, the sample of events containing a hard interaction is

biased towards central collisions. These events are then likely to contain

additional jet activity. We will now proceed to show that our standard

multiple interaction scenario, with a double Gaussian matter distribution,

indeed gives a satisfactory agreement with data.
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Jet profiles for 5 GeV, 10 GeV and 30 GeV jet triggers are compared with UA1

data at 630 GeV ["0] in Fig. 31. The quantity shown is dE /dn as a function of

ri-7). in the "same side" region i $-$. | < 90 . One should emphasize that,

for the lower jet energies, the profile of the jet core is significantly

broadened by the redefinition of the n.

than the position of the initiator cell.

broadened by the redefinition of the n. to be the E -weighted center rather

The average value of the dE_/d7) in the range 1 < 171-71. .1 < 2 is shown in Pig.

32 as a function of E . . Note the seeming inconsistency in UA1 data between

Fig. 31 and Fig. 32; we choose to trust the latter. The curve has been

extended below E = 5 GeV by forming a jet around any initiator cell with

E > 1.5 GeV. The rise of <dE /-3n> up to E = 12 GeV is due to a shift in

the composition of events, from one dominated by fairly peripheral collisions

to one strongly biased towards central ones. In the model, there is a limit

for how far this biasing can go: once

PT
= °hard(PT> K< °nd ( 3 9 )

the exponential in eq. (34) can be neglected. The probability distribution in

b is then given by ö{b) d b, independently of the p value. The condition (39)

is fulfilled for p ~ E . ~ 10 GeV, leading to a plateau above that. There

is even a slight drop with energy, due to a change from predominantly gluon-

gluon scatterings to predominantly quark-quark ones [29]. By comparison, in a

scenario without multiple interactions, there is no natural mechanism for

obtaining a significant pedestal effect, Fig. 32. Furthermore, whereas the

E value where a plateau is attained is a stable prediction of the model»

the height of that plateau is sensitive to the hadronic matter distribution

assumed. The standard double Gaussian here gives a good description.

At higher energies, the level of the plateau is predicted to increase

successively, but the E . value where the plateau starts will vary only

slowly. In Fig. 33 sorr.e jet profiles at 2, 10 and 40 TeV (still using the UA1

inspired jet algorithm; results could well be slightly different with the

actual CDF/DO etc. reconstruction procedures) are shown. Fig. 34 contains the

predictions for the plateau level <dE /dri>(E ) in 1 < |TI-
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7. Summary and Outlook

In this paper we have tried to present a realistic model for particle

production in hadron-hadron collisions. If the measure of success is the

degree of simplicity achieved, then ours is a complete failure. From physics

considerations, backed by comparisons with data, we have been led to the

formulation of a very complex and detailed model. The list of factors that

influence the multiplicity distribution (section 5.2) contains six major

points, each of which requires the development of specific models, and each of

which has a number of free parameters. And yet, it is very difficult to

imagine how any of the six points could be discarded in order to obtain a

simpler model. It is therefore likely that a better model would also have to

be an even more detailed one.

Considering the complexity and the number of unanswered questions, is it

meaningful to trust the model at all? Probably yes, at least up to a point.

Many of the components can be independently checked: fragmentation and parton

showers in e e annihilation, hard parton-parton interactions (whether one per

event or more) by jet studies, and so on. In this paper we have presented

several successful comparisons with data, and a few not so successful. In

particular, the model provides an understanding of the event rate of multiple

minijet production and the variation of pedestal level with jet energy,

effects which are not easily accommodated in simpler models. The main problem

seems to be the understanding of low-multiplicity events, be that double

diffractive or whatever. Since the complete model is publicly available in

Monte Carlo form [3,4], further checks could be made in the context of more

realistic detector simulations.

In addition, different uncertainties do not necessarily add up the way one

might expect. If some detail in the model is varied, generally the p scale

has to be retuned somewhat to retain the same average charged multiplicity,

and the two changes usually tend to compensate each other. This is one of the

reasons why the major uncertainties in string drawing issues (and in

quark/gluon composition of scattered flavours) are not all that important for

the overall picture.

It is easy to enumerate aspects where further studies ought to be made, if

only one knew how. The model contains none of the quantum mechanical

complexities that must be there, such as interference effects between

different setnihard interactions. The simultaneous definition of structure
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functions for several partons inside a hadror. is achieved in the most naive

fashion possible. The whole description of a hadronic matter distribution for

the colliding hadrons, with the spatial distribution of partons completely

decoupled from the momentum distribution, is overly simplistic. The

regularization of the perturbative QCD cross-section at small p values,

although not unreasonable, is certainly arbitrary. A description in terms of

independently fragmenting simple colour strings may or may not be a good

approximation to what is actually happening. The choice of colour flow

structure is only a first attempt. Multiple interactions could come from one

initial parton cascading into many, whereof several scatter against partons in

the colliding hadron; this could actually be the reason why we were forced to

introduce local concentrations of matter inside the hadrons.

In conclusion, the model presented here offers a description of high-p and

low-p phenomena within one single framework. It may be used as a base on

which further developments could be added. The ultimate objective, to provide

a description of all particle production phenomena in hadron collisions, is

obviously not yet within reach. Important further tests of the basic ideas

will already come with the data from the new Tevatron I Collider and, on a

longer time scale, with the advent of SSC/LHC.
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Table 1

Moments of the multiplicity distribution at 200, 540 and 900 GeV, UA5 data

[4l] compared with model results.

<n>

D

<n>/D

C2

C3
C.

200 GeV

UA5

21.4*0.8

10.9*0.4

1.96*0.09

1.26*0.03

1.91*0.12

3.3*0.3

model

21.0

9.9

2.11

1.22

1.80

3.2

540 GeV

UA5

29.1*0.9

16.3+0.4

1.79*0.06

1.31*0.03

2.12*0.11

4.1*0.3

model

28.8

15.8

1.82

1.30

2.18

4.6

900 GeV

UA5

34.6±1.2

20.2*0.6

1.72+0.07

1.34*0.03

2.22*0.13

4.3+0.4

model

34.7

20.5

1.69

1.35

2.40

5.4

Table 2

Minijet phenomenology, comparison between UA1 data [49] and model results.

Quoted UA1 erroi

region Inl < 2.5.

Quoted UA1 errors are statistical only. <n > and <PT> are evaluated for the

jet event fraction (%)

ch nojet

<nch>j.t

( G e V )

<PT>jet

200 GeV

UA1

5.9

13.81+0.07

26.49+0.23

0.382+0.005

0.474+0.007

model

5.7

11.9

27.9

0.385

0.453

900 GeV

UA1

17.2

15.93+0.07

32.89+0.13

0.411+0.005

0.516+0.006

model

15.0

14.4

34.2

0.400

0.496
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Table 3

Jet rate and other properties of jet and nojet events at 630 GeV, UA1 data

[51,49] and different models. <n >, < P T
> a n d <^ E

T
> a r e evaluated for the

region Inl < 2.5.

>1 jet fraction (%)

1 jet fraction (%)

2 jet fraction (%)

3 jet fraction (%)

4 jet fraction (%)

5 jet fraction {%)

<n

<n

n >
ch nojet
>. .

ch jet
( G e V )

<PT>jet (GeV)

<ZVnojet
 (GeV)

.et (G.V)

UA1

14.8

9.96

3.45

1.12

0.22

0.05

15.06

32.21

0.407

0.502

no multiple

interactions

17.0

14.30

2.45

0.22

0.01

0.00

14.3

23.7

0.415

0.508

13.5

26.2

impact

parameter

independent

14.3

11.51

2.45

0.32

0.04

0.00

11.9

26.6

0.398

0.515

11.0

29.3

simple

Gaussian

13.7

10.79

2.70

0.19

0.05

0.01

13.5

30.9

0.395

0.473

12.4

32.1

double

Gaussian

12.6

8.88

2.67

0.74

0.25

0-07

12.9

34.2

0.392

0.471

12.5

38.2
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Figure Capt ions

Fig. l. The integrated parton-parton cross-section o, J ( P T . ) as a function

of the p . cutoff scale. Curves are, from bottom to top, for 63

GeV, 540 GeV, 5 TeV and 40 TeV, respectively. No effective K-factors

are included here.

Fig. 2. Schematic view of colour string drawing in hadron collisions. Full

lines indicate strings, dashed outline outgoing hadron remnants, with

a dot for each valence quark (antiquark) and an extra ellipse marking

an effective diquark (antidiquark).

a) Baryon-baryon collision.

b) Baryon-antibaryon collision.

c) Baryon-antibaryon collision containing a hard gluon-gluon

scattering.

Fig. 3. Charged multiplicity distribution at 540 GeV, UA5 results [32] vs.

simple models: dashed low-p only, full including hard scatterings,

dash-dotted also including initial and final state radiation.

Fig. 4. Forward-backward multiplicity correlation at 540 GeV, UA5 results

[33] vs. simple models; latter with notation as in Fig. 3.

Fig. 5. Charged multiplicity distribution at 540 GeV, UA5 results [32] vs.

impact parameter independent multiple interaction model: dashed p .

= 2.0 GeV, full P T m i n = 1.6 GeV, dash-dotted P T m i n = 1.2 GeV.

Fig. 6. Forward-backward multiplicity correlation at 540 GeV, UA5 results

[33] vs. impact parameter independent multiple interaction model;

latter with notation as in Fig. 5.

Fig. 7. Jet energy profile for E > 35 GeV at 540 GeV, UA1 data [35] vs.

model results: dashed without multiple interactions, full with

multiple interactions (impact parameter independent), dash-dotted

with multiple interaction rate arbitrarily increased by a factor

four.
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Fig. 8. Values for the cutoff parameter p . as a function of CM energy, as

determined from comparisons with the average charged multiplicity.

Dashed with a logarithmic extrapolation to higher energies, eq. (38),

dotted if assumed constant above 900 GeV.

Fig. 9. The average number of interactions per nondiftractive event as a

function of CM energy. Extrapolations shown correspond to the two

extremes of Fig. 8.

Fig. 10. Variation of the total inelastic, nondiftractive cross-section

obtained in the variable impact parameter picture, normalized to a

standard parametrization [21,22] at 540 GeV. Dashed model results

(with p = 2 GeV above 900 GeV), full the p.irametrizat ion.

Fig. 11. Schematic view of the three string drawing possibilities that are

used, evenly mixed, to describe subsequent interactions. For notation

cf. Fig. 2.; in addition thick lines denote scattered quarks.

a) Double string between scattered gluons.

b) Simple string between scattered qq pair.

c) Scattered gluons attached to nearby string pieces.

Fig. 12. Charged multiplicity distribution at 540 GeV, UA5 results [32] vs.

multiple interaction model with variable impact parameter: full

double Gaussian matter distribution, dashed with fix impact parameter

(i.e. 0Q(i»)).

Fig. 13. Separation of multiplicity distribution at 540 GeV by number of

interactions in event for double Gaussian matter distribution. Long

dashes (double) diffractive, dash-dotted one interaction, thick full

two, dashed three, dotted four or more, thin full sum of everything.

Fig. 14. Average charged multiplicity as a function of the number of

interactions. Full line at 540 GeV, dashed at 5 TeV, dash-dotted at

40 TeV.

Fig. 15. Average charged multiplicity as a function of the "enhancement

factor" f(fc). Notation as in Fig. 14.

Fig. 16. Average charged multiplicity for nondiftractive events as a function
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of CM energy. Dotted assuming pfTO
=2.0 constant above 540 GeV,

dashed using the logarithmic extrapolation of eq. (38), cf. Fig. 8.

Fig. 17. Predicted multiplicity distributions for higher energies, taking p

= 2.0 GeV and assuming a double Gaussian matter distribution. Dash-

dotted at 1.6 TeV, dashed at 5 TeV, dotted at 15 TeV and full at 40

TeV.

Fig. 18. Scaled multiplicity distribution (KNO plot [42]) at 40 TeV. Dashed

with fix impact parameter (Ö-), dotted with Gaussian and full with

double Gaussian matter distribution.

Fig. 19. Ratio D/<n>, i.e. the dispersion over the mean value for the charged

multiplicity distribution, as a function of the CM energy, shown as

different pieces of physics are successively added on. Lower dashed a

one-string scenario, lower full simple two-string model, dash-dotted

including a hard interaction with initial and final state radiation,

dotted with multiple interactions in the impact parameter independent

scenario, upper dashed with variable impact parameters and upper full

including double diffractive events.

Fig. 20. Charged particle pseudorapidity distribution at 200 GeV, 540 GeV and

900 GeV, from bottom to top. Data points from UA5 [45].

Fig. 21. Charged particle pseudorapidity distribution at 540 GeV for different

bins in total charged multiplicity. From bottom to top for n

12 - 20, 42 - 50 and 72 - 80. Data points from UA5 [46].

10,

Fig. 22. Scaled multiplicity distributions in pseudorapidity bins, model

compared with UA5 data at 540 GeV [47].

Fig. 23. Forward-backward multiplicity correlations at 540 GeV, UA5 results

[33] vs. multiple interaction model: full double Gaussian matter

distribution, dashed with fix impact parameter (0 n).

Fig. 24. The K/n ratio as a function of transverse momentum, UA5 data points

[48] and model results.

Fig. 25. Scaled multiplicity plots for a) minijet events, b) nojet events.

Full line shows average UA1 data in the range 203 - 900 GeV [49],
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dashed model results at 200 GeV, dotted at 900 GeV.

Fig. 26. Average transverse momentum of charged particles in I r| | < 2.5 as a

function of the multiplicity, for jet and nojet samples separately.

UA1 data points at 200 GeV [49] compared with model results.

Fig. 27. Average transverse momentum of charged particles in InI < 2.5 as a

function o I the multiplicity. UA1 data points [49] at 900 GeV

compared with the model for different assumptions about the nature of

the subsequent (non-hardest) interactions. Dashed assuming qq-

scatterings only, dotted gg-scatterings with "maximal" string length,

full gg-scatterings with "minimal" string length.

Fig. 28. Average transverse momentum of charged particles in |r|| < 2 as a

function of the multiplicity, SFM data points at 63 and 31 GeV [52]

vs. model curves, full at 63 GeV and dashed at 31 GeV.

Fig. 29. Average transverse momentum of charged particles in I T| I < 2.5 as a

function of the multiplicity, full curve at 540 GeV, dotted at 5 TeV

and dashed at 40 TeV. Only nondiffractive events are included.

Fig. 30. Average transverse momentum as a function of the CM energy, full for

all charged particles, dashed for charged particles with \r\\ < 2.

Fig. 31. Jet profiles, dE /dn as a

region |$-$. | < 90 . Histograms are

curves model results.

a, E T j e t > 5 GeV.

function of n~1 • . > in the "same side"

UA1 data at 630 GeV [50],

b ) E Tjet 1 0 G e V'
c, E T j e t > 30 GeV.

Fig. 32. Average transverse energy <dE /dn> in 1 < I r|—n . I < 2, I <)>-$. I <

90 as a function of the E . trigger. Data points UA1 at 630 GeV

l50], dashed curve with impact parameter independent model, dotted

with Gaussian and full with double Gaussian matter distribution.

Fig. 33 Jet profiles, dE /dTj as a

$. I < 90°. Full model results at 2 TeV, dashed at 10 TeV

function of T\~T\ . . , in the "same side"
jet

region

and dotted at 40 TeV (with UA1 inspired jet algorithm).

a, E T j e t > 5 GeV.
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b) E

c)

> 10 GeV.

> 30 GeV.

Fig. 34. Average transverse energy <dE /dr|> in 1 < I n—̂ _;̂ ,̂. I * 2,

90 as a function of the E . trigger (UA1 inspired jet algorithm),

Full curve at 2 TeV, dashed at 10 TeV and dotted at 40 TeV.
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