
PERTURBATIVE AND NONPERTURBATIVE ASPECTS OF

MULTIPARTICLE PRODUCTION

Per Dahlqvist

Department of Theoretical Physics

University of Lund

1989



Perturbative and Nonperturbative Aspects of

Multiparticle Production

Per Dahlqvist

Department of Theoretical Physics,

University of Lund

Thesis for the degree of Doctor of Philosophy

(Avhandling för doktorsexamen)

% •

To be presented, with the permission of the Faculty of Mathematics and Natural

Sciences of the University of Lund, for public criticism in the Auditorium of

the Department of Theoretical Physics on May 12, at 10.15 a.m.



8

Organization
LUND UNIVERSITY
Department of Theoretical Physics
Sölvegatan 14 A
S-223 62 LUND

Authors)

Per Dahlqvist

Document name
DOCTORAL DISSERTATION

Date of M K
Apr i l 1989

CODEN
LUNFD6/(TFME-1019)/1-11/(1989)

Sponsoring otpnizatioo

Title and subtitle

Perturbative and Nonperturbative Aspects of Multiparticle Production

Abstract

Different aspects of strong interaction in particle collisions are studied. A measure on

colour-connected parton states is presented. With this measure i t is possible to divide

the production process into the perturbative part (represented by the QCD cascade) and

the soft fragmentation. This is obtained both with respect to mult ipl ic i ty distributions

and momenta distributions of particles. I t is also demonstrated how to obtain informatior

on the partonic state with respect to this measure from experiment. This may serve as

a useful tool when studying strong interactions in multiparticle production. Parton

cascades si 'w nontrivial scaling behaviour in momenta of mult ip l ic i ty distributions

in small t o Jity intervals. This has been called intermittency. The connection with

mult i fr ; c ,.<> is discussed. I t is also demonstrated how this effect wi l l survive

fragmer v,. Further we study the production of soft photons inside the space-time

pictur i und string fragmentation. The results indicate that the reported excess

of 1 onj •aislength photons, i f confirmed, has an anomalous origin.

Key wc j ;
QCD CO '.ades, Fragmentation, Local Parton-Hadron Dual i ty , Intermit tency, Soft Photons,

Fract* ; , Minkowski Bananas.
Clawifit- ioa systeia and/or index tern» (if any)

Supplemi ntary bibliographical information

ISSN and key tide

Recipient's note* Number of pages

' " ^ E n g l i s h

ISBN
91-7900-698-1

Price

Security classification

j

Distribution by (name and address)

Per Dahlqvist, Dept. of Theoretical Physics, Sblvegatan 14 A, S-223 62 LUND
I, the undersigned, being the copyright owner of the abstnct of the above-mentioned dissertation, hereby grant to all reference
sources permission to publish and disseminate the abstnct of tbe above-mentioned dissertation.

March 14, 1989



This thesis is baseu on the following publications:

I. B. Andersson, P. Dahlqvist, G. Gustafson

Soft Photons in the Lund Model

LU TP 88-1

II. P. Dahlqvist

Soft Photons in Leptoproduction

LU TP 89-3

III. B. Andersson, P. Dahlqvist, G. Gustafson

An Infrared Stable Multiplicity Measure on QCD Parton States

Phys. Lett. B214 (1988) 604

IV. B. Andersson, P. Dahlqvist, G. Gustafson

On Local Parton Hadron Duality I. Multiplicity

LU TP 89-2

V. B. Andersson, P. Dahlqvist, G. Gustafson

On Local Parton Hadron Duality II. Momentum distributions

LU TP 89-4

VI. P. Dahlqvist, B. Andersson, G. Gustafson

Intermittency and Multifractal Structure in QCD Cascades

LU TP 89-5

VII. P. Dahlqvist

A Selfsimilar Curve with a Light-Like Tangent and a Minkowski Sausage in

Minkowski space

LU TP 88-11



First chapter, in which the author tries to put physics in a wider

perspective and make some remarkable comparisons between the histories of

music and physics

We human beings often try to convince ourselves that there is something

special with our species. For some reason we are worried to find

cockroaches and dolphins at a higher level than ourselves. Of course this

is a meaningless question, we are setting the rules of the game ourselves

and we can put our species at whatever level we want. However, one thing

that I myself enjoy with our species is the presence of culture. Culture

is something that connects each individual life into something much

bigger. Common in culture is an urge to learn, understand and perhaps

influence ''Life, the Universe and Everything" (LUE). One may roughly

divide culture into three subsets:

i/ Religion (from nature magic to the Salvation Army)

ii/ Art (music, literature, painting etc)

i i i/ Science (physics, mathematics etc).

In religion it is the nature of the answers, their ability to give people

a sense of security, rather than the testability of them that is

important. Religion therefore give another meaning to the concept of

truth than science has. The borderline between religion and art is

diffuse. They have even a common origin, but eventually art developed a

more free and unbound relationship towards all dogms. This is (hopefully)

also true for science. Science is special in the sense that it is a way

to obtain objective knowledge about reality. Tt is not the choice of

subject which determines if something is science but rather the

methodology and the attitude towards the subject. It took mankind a long

time to formulate this methodology. A lot of important steps were taken

by one man, namely Galilei. One may even talk about the Galilean

revolution. Why did it take 2000 years after the physical (I'm now

restricting myself to physics) questions were formulated by thf» ancient

greeks until this revolution? In order to get a flavour of the profound

changes in man's picture of the world that took place during these 2000

years, I would like to point out some characteristics of modern (post-

Galilean) physics and compare them with the ancient ideas.

a/ Physics deals with abstractions like length, time, mass, force etc.

with a highly nontrivial correspondence to our daily experience. The

relation between reality (whatever it is) and our perception is much of



what philosophy and physics really is about.

b/ Physics studies relations between these abstractions expressed in a

mathematical language. Matnematics as a discipline has developed in close

interplay with physics. Take as an example the concept of derivative (for

instance the derivative of position with respect to time). The

development of this concept is deeply connected with the concept of speed

and change which caused the ancient greeks much puzzle. Zenon couldn't

understand how Achilles could overtake the turtle because the

mathematical concept of infinity was not developed. Aristotle didn't even

like to compare lengths and times since he thought that the world should

be described by dimensionless numbers and pure geometry.

c/ Physics assumes that the world develops on its own and according to

laws of nature which don't change in space or time. So if there is a god

he (or she or it) just pushed the button (marked "on"). He is not acting

as a "primus motor" and if this god makes wonders he must not do it so

often that we are prevented of making reproducible experiments.

d/ Nature develops due to causes (Descartes) and not in order to fulfil a

purpose (Aristotle). Point c/ and d/ are assumptions that cannot be

proved, but are very well grounded. Things just work out fine if one

works under these assumptions.

e/ Physics is centered around the Experiment. Before Galilei one tried to

construct theories that were consistent with available data and the dogms

of the church. They did not search for new data that could expose their

theory to a real trial. The new trend to make "demonstrations,

observations and experiments" (Galilei) revolts against the opinion of

Plato that the wcrld of phenomena (at least down on the Earth) is just a

faint shadow of the world of ideas. Thus/ according to Plato, if you

wanted to know the world you should look into yourself and think rather

than make trivial experiments.

f/ Physics describes the world, it does not tell us what it really is.

There is a natural psychological resistance against this idea because all

of us would like to know the inner secret of our wcrld rather than

looking for laws that more or less approximately describe it.

This new scientific attitude only dealt with one part of reality. Reality

had been divided (Descartes) into spirit (res cogitans) and matter (res

extensa). The world of matter was no longer a faint shadow of something

higher but a world on its own, worth to study. Then the church could

study the spirit and the scientist could study the laws of nature without

getting in conflict. Since most physicians were religious (although not



dogmatic) people they might imagine chat by unveiling the regularities

(rationality) of the universe they showed on the presence of God. It's

likely that this idea was an important driving force in the work of Isaac

Newton. It is interesting to compare this idea with the contemporary J.S.

Bach. In his later years, Bach abandons the frivolous ornamer.ts of the

Baroque and writes instead intriquate fugues and canons following strict

rules and symmetries, thus, according to Bach, revealing the nature of

God. Typical of his style is the presence of a ground key (absolute room)

in the middle of several transpositions (Galilean transformations). It is

therefore interesting to note that the discovery (Einstein 1905; of the

absence of an absolute room has its counterpart in music. Around 1905 the

presence of a ground key more and more disappears in the music by Arnold

Schönberg. After a long period of silence Schönberg postulates his

relativity principle around 1920 which guarantees that all twelve tones

are equally important.

I don't mean that these parallels should be taken literally. Physics and

other branches of culture develop in a common atmosphere of time. Often

the changes of man's conception of thp world have been initialized by

physical discoveries. But is there any influence in the reverse

direction? How does the cultural atmosphere influence the physicists in

what they are looking for, how they formulate the physical statements and

how they interpret their equations? What would physics look like if it

was developed in the eastern tradition or if it was developed by women

only. There are a lot of interesting questions to meditate around but

they fall far outside the subject of this thesis. Before we approach the

area of the thesis let us look at one more example of the interplay

between physics and music.

The method of reductionism has dominated the physics during this century.

It has influenced many composers who analyze the sounds according to

certain variables and then "construct" the music from laws acting on this

variable space. Can you really enjoy listening to such a piece? At least

there is one great exponent of this style and that is Anton Webern: In

his music more or less isolated tones and sounds shine as individual

atoms and particles, unknown rules govern the relations between the

islands of sound. We look with such large magnifying power that we hardly

can discern the whole. We are travelling into microcosmos.



Second chapter, in which the author puts his thesis in a physics

perspective

As the subject of this thesis is the strong force, I will begin by giving

some historical preliminairies.

Of all abstractions man had to develop, such as length, time and

velocity, in order to give a mathematical description of the phenomena,

force must have been the one offering worst struggle. The fact that a

body will retain its motion as long as no forces act upon it seems to be

contradicted by our daily experience. That the heavenly bodies never stop

even if no gods or angels keep moving them, that their motions are

determined by invisible forces acting over enormous empty distances must

have been hard to accept. Descartes understood that there must be a force

to change the motion of a body and not to retain it, but he developed a

bizarre theory of how gravitation was mediated by whirls in some cosmic

ether. The ingenious draw by Newton was to concentrate on the origin of

force (matter) and the action of force upon matter (the laws of motion)

and not being prevented by speculations about what force really is. (This

is an example of how physics can turn out to be more fruitful than

methaphysics.) In the 19th century other forces become the subject of the

main interest, namely the electric and magnetic forces. Maxwell unified

these forces in his famous equations and he found that light is an

electromagnetic wave motion. Now one expected that there should be some

medium through which this wave could propagate. This hypothetical medium

was called ether. Now we are back at the point where Descartes introduced

his whirls. This medium should also mediate the electrostatic force but

now we can't, like Newton, just ignore the nature of this possible ether.

If there is such a medium and you try to measure the speed of light your

result would depend on ycur own motion relati-e to this medium. No such

dependence was found (Michelson and Morley) and eventually Einstein

postulated that the speeo of light in vacuum is a universal constant

independent of your motion: there is no absolute space. In the general

theory of relativity he didn't even use the concept of (gravitational)

force. Instead he described how bodies influence the space itself and how

the bodies travel the shortest way through/ and thereby gradually

changing, this curved space. (He had thereby transformed the original

methaphysical question of what force really is to the equally

methaphysical question of why matter influence the space.) There is a

beautiful extension (Kaluza and Klein) of "Einstein's theory to include



electromagnetism. This was done by introducing a fifth (internal)

dimension. So far all seems well. But there are more forces and there is

Quantum Mechanics. So let's jump to the quantum mechanical branch of the

concept of force.

The quantum mechanical branch begins with Planck who suggests that light

is quantized into small packets. Otherwise he saw no way to avoid

infinities in the theory of blackbody radiation. His hypothesis was

confirmed by the photoelectric effect (Einstein). This inspired de

Broglie to suggest that particles like the electron should be endowed

with wave properties. This was later confirmed by interference

experiments. This was the beginning of quantum mechanics. In its first

formulation by Heisenberg and Schrödinger, particles are descibed by wave

fields, and electromagetism is introduced in its classical form. Quantum

mechanics opens up a whole world of new phenomena but as we are

interested in the concept of force we must move on. This is because

electromagnetism here appears in its classical shape. Quantum mechanics

at this stage is semiclassical. Later Dirac gave a relativistic equation

of the electron from which he forecast the existens of the positron. In

the socalled second quantized theory the electromagnetic radiation is

also quantized, the appropriate interaction between the current due to

electrons and positrons and the electromagnetic field is introduced. The

theory thus obtained is called Quantum Electro Dynamics (QED). This is a

very successive theory describing a whole variety of electromagnetic

phenomena on the microscopic level, such as scattering of electrons,

electron-positron annihilation and the Lamb shift in the atom. One can

visualize the force in such a quantum field theory as interchange of

virtual particles (photons in the case of QED). Virtual means that the

particle doesn't have the correct mass during the exchange, which is

because energy and momentum must be conserved when it is emitted and when

it is absorbed again. According to the uncertainty relation this is

allowed only during a very short time. This description of force is

therefore only possible in a quantum theory. It now becomes convenient to

talk about interaction instead of force. Now we have one formalism

describing force as well as annihilation, pair creation, radioactive

decay and so on.

Sofar we have one theory describing the gravitational force and another

theory describing the electromagnetic force. One theory describes the

very big and the other the very small. The curvature of space plays the



same role as the photon field on a formal level, but there seems to be no

way of joining these theories. This is because the quantum fluctuations

on a very small scale (Planck scale) should be so big that space-time

would collapse to black wholes everywhere.

We leave this puzzle for a while. There are more fundamental forces than

the two we have discussed. The atom was found to have a dense nucleus

consisting of positive protons and neutral neutrons. Now there must be a

force, stronger than the electric force and acting on short distances, to

hold this nucleus together. This was called the strong force. Inspired by \

the success of QED one tried to look for other field theories to describe

the strong force. Interchange of a massless particle like the photon

leads to the inverse square law of electrostatics (or gravitation), and

as the strong force showed a quite different dependence on distance one

tried to explain it by interchange of a massive particle (Yukawa). Thr s

hypothetic particle was called meson and it was really found, having the

predicted mass. However, there where two problems. Firstly, the coupling

constant was nearly unity and it was thereby impossible to perform

perturbation theory. The second problem was that when the available t.

energies in the laboratories were increased one stood there at last with

a whole zoo of different baryons (particles like the proton with half-

integer spin) and mesons (with integer spin). These particles did not at

all seem fundamental as the electron did. One therefore searched for a

substructure of hadrons (baryons and mesons), and the quark model was

suggested. The baryons should consist of three quarks and the mesons of a

quark and an antiquark. Now one should also describe the strong force on

a more fundamental level. In order to save the Pauli principle for the

baryons, one postulated the existence of a new quantum number, a

generalized charge called colour. At this time one hade begun to

construct consistent field theories from symmetry properties. QED could

be derived from a socalled local U(l) symmetry acting on charge space.

Now it seemed reasonable to associate the strong force with the new .

quantum number: colour. As this charge was assumed to have a threefold .

symmetry, a possible candidate of a field theory was based on the

symmetry group SU(3). The theory thus obtained is called Quantum Chromo

Dymanics (QCD). In many aspects this theory is similar to QED but there ;

is one, important exception: The mediating particles, called gluons, carry

colour charge themselves. This makes it possible for gluons to interact

with gluons. This will lead to very special properties of QCD. The

effective coupling constant, which in QEP increases with energy, will in i



QCD decrease with energy. Thus the colour charge will increase with the

distance from where you measure it, and eventually it will grow

infinitely big. How is this possible? This problem is closely connected

with a phenomenon called confinement. It means that quarks and gluons

cannot appear as free particles and indeed none has been observed

experimentally. It is also believed that confinement is inherent in QCD.

Another aspect of confinement is that the colour force field between

widely seperated quarks will be compressed into a thin flux tube. There

are strong indications from lattice treatment that confinement really is •

a consequence of QCD.

It is important to get a proper understanding of QCD for mainly two

reasons. Firstly, we want to know if it is the correct theory and must

therefore confront it with experiment. Secondly, when we look at other

interactions in high energy experiments, strong interaction will (almost)

always be involved. So in order to find the needle in the haystack we

must know a lot about the haystack. In multiparticle production in e+e~-

annihilations several aspects of QCD have to be taken into account. In

the first phase we must take the possibility of gluon bremstrahlung into

account. Since the energy is high this is in principle calculable from

perturbative QCD. But the value of the coupling constant at present

accelerator energies is of the order of 0.2, which means that one must

perform the perturbative expansion to high order. The calculations soon

get extremely involved, partly because of the three gluon vertex, and in

practice impossible. There is a need for approximation schemes. Since the

final state is very complex, these schemes are most conveniently

implemented in computer programs. One such approximation of special

interest to this thesis is the colour dipole approximation. Apart from

being theoretically well-founded it has the virtue of having the

following intuitively simple interpretation: The original pair-produced

quark and antiquark will besides from acting as an electric dipole also

act as a colour dipole. This dipole will radiate and this radiation will

consist of gluons. But gluons are coloured objects, and when the first

gluon is emitted the colour flow has changed radically. The new system

quark-gluon-antiquark can be viewed as two (new) dipoles. These will emit

dipole radiation independent of each other (apart from a small correction

which is neglected in this approximation). It's now easy to imagine how

. this will continue as a cascade.

J , : • •
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In the first step a number of quarks and gluons were generated. Now

confinement comes into the play. These quarks and gluons are prevented

from going out in the detector as free particles. There must be a process

converting them into hadrons. This is called fragmentation. This is

governed by nonperturbative aspects of QCD. There has been no successful

attempt to describe this process directly from the underlying theory. The

Lund Fragmentation Model is a successful phenomenological model based on

the idea of a stringlike force field connecting the quark with the

antiquark. Gluons are in this theory treated as internal excitations,

kinks, on this string. The dipole cascade therefore corresponds to a

gradual bending of the final string state. Quark-antiquark pairs might

eventually be created in this forcefield through a tunnelling process.

Mesons can then be formed as string segments, each containing a quark and

an antiquark. Baryons may also be introduced in this model via diquark-

antidiquark production along the string.

I would like to end this chapter with some comments on the recent attempt

to unify all forces (including gravitation) and find a Theory of

Everything (TOE). The basic idea is that strings rather than pointlike

particles are the fundamental constituents of the world. One virtue of

this theory is that the particles as well as the gauge fields (force

mediating particles) basically are one and the same particle; you don't

have to impose something into your theory from outside. There have even

been speculations about the possibility to show that only one consistent

theory is possible. Is there a possibility that physicists in the future

will be unemployed? One can make (at least) two comforting comments about

this: First, it's one thing to write down an equation, it's something

quite different to solve it. The fascinating research around chaos shows

that one can find new interesting aspects of equations that are up to

four hundred years old. Isn't this also to learn about nature? I'm sure

that superstring theory can provide the theorists with that kind of work

for centuries. Secondly, as we saw in the first chapter, physical

theories are always based on a set of assumptions, that may be

wellfounded but impossible to prove. If they are wrong they can in

principle be disproved and history of science shows us how we again and

again must revise our basic assumptions of how the world works. So, when

almost everybody thinks that the whole journey is over, someone, perhaps

somebody employed by a Patent Office, will look at reality from an

entirely new perspective. And the whole journey starts off again.

r



Third chapter, in which the real constituents of the thesis are briefly

discussed: The Papers.

In Paper I we develop a model for production of long wavelength photons

within the spacetime picture of the Lund Fragmentation Model. The basic

motivation is some recent observations of low kT-phenomena. There is a

close connection between the wavelength of the emitted radiation and the

size of the space-time volume emitting it. The whole production region,

which in this context is the biggest antenna you could imagine, is in the

string picture governed by the available energy and the string tension

(energy per unit length of the string). Within the Lund Fragmentation

Model it is possible to construct a realistic model of the emission of

soft photons from this fragmentation region. In Paper I we study in

particular the production of soft electron-positron pairs originating

from such (virtual) photons. We compare the result with data from the

AFS-collaboration and find that data significantly exceed our result, by

a factor of 2-3, in the long wavelength limit. (The data are from proton-

proton collisions at 63 GeV and we use the Lund Fritiof Model for the

soft hadronic interactions.) This result also seems stable against a set

of variations of the assumptions in the model. In paper II we apply the

model on muon-proton scattering. The result is compared with measurements

of soft photons by the EMC-collaboration. Again the experimental

measurements exceed our calculation by about one order of magnitude. It

seems difficult to explain such an excess inside a space-time model of

this type. However, it would be interesting to see how possible quantum-

mechanical correction to the string fragmentation picture, like Bose-

Einstein correlations, would effect the emission of soft photons.

ri
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Paper III-V are concerned with the relationship between the parton

cascade and the subsequent soft fragmentation in the case of e+e~-

interaction. We use the Lund dipole approximation as a model of the

(perturbative) QCD-cascade and the Lund string model for the

hadroniza;ion. In Paper III we define a measure on the partonic state

related to the final state hadronic multiplicity. We derive approximate

expressions for the probability distribution of this measure, thus

related to the distribution of the final state hadronic multiplicity. In

paper IV these expressions are compared to a more realistic Monte Carlo

calculation where all kinematical constraints are taken into account and

some small corrections are introduced.



10

In Paper IV we further generalize this multiplicity measure in an

infrared stable way. With this measure at hand we can divide the total

multiplicity distribution into one part stemming frori the partonic

cascade and one part from the subsequent fragmentation. We find that the

width of the multiplicity distribution at higher energies will be

dominated by the fluctuations in the partonic state. We have thus, we

believe, given a quantitative realization of the socalled Local Parton

Hadron Duality (LPHD).

In Paper V we continue the study of LPHD to the energy-momentum

distribution of particles (we study in particular rapidity and transverse

momentum distributions). This is obtained by studying a special time-like

curve in energy-momentum space (called x-curve) given in terms of the

parton momenta and whose length is the multiplicity measure previously

studied. By dividing this curve into segments with hadronic masses we

obtain a minimal fragmentation model where the final hadronic state is

directely given by the underlying partonic state. The energy-momentum

distributions of the full fragmentation process will at high energies

and/or high sphericity approach the energy-momentum distributions from

the nrnimal model. This is again a realization of LPHD. We end this Paper

by showing that the measure of the cascade for a given partonic event is

close to the minimal value it can take on for that event if we vary the

colour ordering or the parton. Even if the partonic state isn't

measurable we can obtain a fairly good estimate of it by a calorimeter

setup. If we associate partons with the content in each calorimeter cell

and vary the colour order of them in order to find the one giving the

minimal measure we obtain a rather good estimate of the underlying

partonic state.

In paper VI we study moments of multiplicity distributions in rapidity

bins with variable size. A nontrivial scaling behaviour, which has been

named intermittency, is expected if there is a cascade mechanism in the

production of particles. One candidate to such a cascade mechanism is of

course the QCD cascade. We show in this note, where we use the x-curve as

a measure on the parton state, that there is such a scaling behaviour in

the parton state. This effect will, at least at high energy and/or high

sphericity where we expect LPHD, survive fragmentation. These results are

conveniently represented in terms of multifractal dimensions.
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Paper VII is a purely mathematical note. It studies curves in Minkowski

space with a light-like tangent from a fractal point of view. A light-

like tangent will itself have no Hausdorff measure and this will imply

that these curves will have a Hausdorff-dimension less than one, and

thereby a dimension less than the topological one. Indeed, if the curve

with a light-like tangent is (almost) everywhere differentiable, it will

have a Hausdorff dimension D=l/2. I also present a selfsimilar curve with

D=l/2. Further I suggest a generalization of a Minkowski sausage (which

in Euclidean space is built from spheres along the curve) to Minkowski

space. Studies of its scaling properties will give another definition of

the fractal dimension. For the special case of a regular curve the volume

of this generalized Minkowski sausage (called Minkowski banana) will be

proportional to the Hausdorff measure and we again obtain D=l/2.

Last chapter

where I simply want to thank a set of persons who in (very) different

ways have helped me during my work. Namely: Bo, Gösta, Lena, Torbjörn,

Carsten, Ulf, Leif, J.S. and Cissi. There is no correlation what so ever

between the shortness of this acknowledgement and my gratitude.
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