
Studies of High Energy

Lepton-Nucleon Scattering

by

Gunnar Ingelman

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 l^th, 1982, at

10.15 a.m.



Organization
I.tNU LNIVI.RSII V

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

D o c u m e n t n a m e

\ I O l S M - . k I ' M U > \

Dan- .>t ""'"•' May 1982

com v
LUNFD6/ ( N F T F - m O 4 \ / 1 - 1 8 / ( 1 9 8 2 )

Author(s)
Gunnar Ingelman

Sponsoring organization

I nit jnil submlc

Studies of high energy lepton-nucleon scattering

Abstract
The first part of this thesis is related to the problem of detect ing
charmed particles. A new technique for observing very short decay
paths in nuclear emulsions is developed and applied on a sample of
neutrino induced reactions. Techniques for producing thick pellicles
of nuclear track emulsion are also developed.

In the second part, phenomenological investigations of deep inelastic
lepton-nucleon scattering are made. Monte Carlo computer programs,
based on the parton model and perturbative QCD for the initial hard
process and the Lund model for the following soft nadronization, are
used to simulate these reactions and thereby obtain explicit results,
Generally good agreement is found when comparing these with experi-
mental data, thus supporting this basic framework. Predictions to
test QCD are made. Transverse momentum properties are studied in
detail, in particular effects from soft gluon emission.

The properties of a model for baryon production, both from the target
remnant and the colour force field, are discussed and the results
found to agree /. -.h data.

We show that,
energy flow i
in the target

••i t.he presently available energies, the observable
:'; due to QCD, but arises from the baryon production
/» ̂ mentation.

In a model tc <- ̂ Jain the observed A polarization, we suggest a
connection bet '©in the confinement of quarks and these polarization
phenomena.

Key words
Deep . elastic scattering, perturbative QCD, soft
hadrc*vzation, transverse momentum, baryon production,
A pol<; c ization .

Classification system • i/or index terms (if any)

Supplementary bibl io r iphicul information

English

I S S N j n i l kev t i t le ISI5N

Recipient s notes Number ot
18

Security < lassiliiamin

Distribution by (namr and address) Depar tment of T h e o r e t i c a l P h y s i c s
S ö l v e g a t a n 14A, S-223 62 LUND

I, the undersigned, bring the copyright owner of Ihr abstract of the abovr-mrntioned dissertation, hereby tyrant to all
reference sources permission 10 publish and disseminate the abstract of the above-mentioned dissertation.

Signature '^-JgefV Date
1982-03-19



This thesis is based on the papers listed below. It

contains both theoretical and experimental work in the

area of elementary particle physics with main emphasis on

high energy lepton-nucleon scattering.
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...but the basic stuff

Is indestructible, so things remain

Intact, unharmed, until a force is found

Proportionate to their texture, to effect

Revision to their elements,...

Lucretius, De Rerum Natura (55 B.C.)

1• Introduction.

High energy physics deals with the basic constituents of

matter and the interactions between them. Prom a

philosophical point of view this problem has aroused man's

interest since ancient times. The natural and appealing

thought that all matter is built up of basic constituents,

that can not be further divided, was first formulated by

greek natural philosophers in the 5:th and 4:th century

B.C.

It has, however, turned out that objects which seemed

Indivisible could in fact be divided when enough energy

became available to overcome the attractive forces between

the smaller constituents of the object. In this way it was

found that the atoms were built up by a nucleus surrounded

by electrons which are bound to the nucleus with an energy

of the order electron volt (eV). The nucleus, in turn, is

built up of protons and neutrons with binding energies of

the order MeV (106 eV).



The general method to search for a possible internal

structure of an object !s to scatter some projectile

particle against it. Fror.< the scattering of o-particles

(helium nuclei) against a thin gold foil Rutherford could,

in 1911, deduce the structure of the atom.

The smaller structures to be studied, the larger resolving

power is needed. According to quantum mechanics a particle

with momentum p can be described as a wave motion with

wave length X.=h/p, where h is a fundamental constant.

Hence, with a larger energy and a correspondingly smaller

wave length the ability to probe small structures

increases.

In the fifties beams of electrons having energies around

100 MeV, were used to study the structure of the atomic

nucleus. With the construction of even more powerful

particle accelerators it was possible to accelerate
Q

electrons to an energy of several GeV (10 eV). By

scattering these electrons against protons it was found,

in the late sixties, that also the proton has an internal

structure. This structure is attributed to more

fundamental objects, called quarks, that build up the

proton and all other hadrons (i.e. strongly interacting

particles). These quarks had been introduced as a

consequence of a theoretical attempt to make a

classification of the large number of experimentally

observed particles, i.e. to find the periodic table of the

elementary particle!!.



Today we can use not only beams of electrons but also

muons and neutrinos having energies up to a few hundred

GeV. All these particles are so-called leptons, a family

of fundamental particles characterized by not

participating in strong interactions and to the best of

our knowledge being pointlike, i.e. structureless down to

- 10~ m.

When the beam energy is increased the leptons do not

Interact with the target nucleon (proton or neutron) as a

whole but rather with its constituent quarks. In such

"deep inelastic" collisions, a large energy and momentum

is transferred from the lepton to the quark which is thus

"kicked out" of the nucleon.

Experimental and theoretical efforts in this area of

particle physics have given us much information about the

internal structure of the nucleon and the basic forces

acting between quarks and leptons, which today are

regarded as the fundamental building blocks in nature.

Phenomenological studies, i.e. an Interplay between

theoretical ideas and experimental results, of high energy

lepton-nucleon scattering is also the main subject of this

thesis. The first three papers are related to an

experimental search for short-lived particles, in

particular charmed particles which contain a new, heavy

quark. In the following three papers the lepton-nucleon

reaction mechanism is studied in more detail with respect

to the strong force acting between the quarks. One



essential assumption made in this study is utilized, in

the last paper, to give a possible explanation of some

observed spin polarization phenomena.

2. The E553 experiment.

This experiment was performed at Fermilab in USA by an

international collaboration with participants from

Cornell, Lund, Oklahoma, Pittsburgh, Sydney and Toronto.

The aim was to search for new, short-lived particles

produced by neutrinos in a nuclear emulsion target.

The discovery of the <\> particle in 1974, which was awarded

the 1976 Nobel price, made a very strong support for the

I hypothesis that all hadrons are built up by quarks. The

new thing was, however, that besides the original, light

quarks (called up, down and strange) this discovery

implied the existence of a new, heavy quark carrying a new

quantum number labelled "charm". A whole new family of

"charmed" particles containing this quark has since been

discovered. It was estimated that single charmed particles

could be produced at a relatively high rate (5-10?) in

neutrino induced reactions. Prom the theory of weak

-13interactions their lifetime was estimated to about 10

seconds corresponding to a decay path around 100 urn. The

only detector capable of resolving such short tracks is

nuclear emulsion, which also has the additional advantage

to cover the whole 4-n solid angle. This would enable a

detailed study of both the produpt,ion and decay, of ,these



charmed particles.

The experimental set-up also included a magnetic

spectrometer for momentum measurements and a calorimeter

of a novel design using flashtube chambers. A report of

the experiment was given at the Neutrino 79 conference

in-

The primary responsibility of the Lund group was to handle

the emulsion target consisting of 15 liters of Kodak NTB-3

nuclear emulsion. Since this is not delivered in pellicle

form by the manufacturer we had to pour the emulsion gel

and make the pellicles ourselves. This nontrivial matter

is the subject of paper III.

After exposing the emulsion to the neutrino beam it is

processed and the resulting tracks from charged particles

can be observed using a microscope. The high spatial

resolution is ultimately limited by the size of the silver

halide grains, ~ ] jim. For practical reasons it is,

however, difficult to visually detect particles which

decay within about 10 jim from their production vertex. It

is then clearly desirable to have an objective method to

be able to determine whether there is a secondary vertex

or not, and then find out which tracks originate from this

second vertex. Such a method has been developed and is

presented in paper I.



2
The principle is to make a * test of the hypothesis that

all particles emerge from the same point in the emulsion.

Production and decay vertices as close as 0.5 tim can then

be resolved, corresponding to a lifetime of the order

10~ seconds. No such very short-lived particles were

found in the investigation presented in paper II. However,

we found a track with a kink which is consistent with a

charm decay to a single charged particle.

In Lund we also developed computer programs to simulate

neutrino reactions in general and charm production and

decay in particular. By using these programs we analysed

acceptance problems of the apparatus. A general finding

was that the magnet gap was too narrow so that a large

fraction of the produced particles would be lost in the

magnet iron yokes. Unfortunately, these studies were

initiated too late to have a real influence on the design

of the apparatus for the first run which took place in

early 1979» For the planning of a second run we made

extensive studies in order to improve the apparatus. Some

of these investigations are described in a set of internal

reports [2]. For various reasons, however, the second run

was never realized and the physics results of the first

run were very limited. Due to some problems with parts of

the experimental equipment only 43 events were located in

the emulsion. Of these *J3 events, 4 were of further

interest, but none could be identified well enough to give

solid conclusions. With some more time, or manpower, for

preparing the experiment and a bit of luck, E553 might

have given important results in a very topical field.



3» Hard and soft processes In lepton-micleon scattering.

Although there Is by now a wealth of results in support of

the quark hypothesis it is also an experimental fact that

quarks have not been observed as free entitles. This has

led to a general belief among particle physicists that

quarks never can appear as free objects but are always

confined within the hadrons.

A quark that has been kicked out of a nucleon by a hard

scattering process, like the large energy transfer in a

lepton-nucleon collision, will then in some way give rise

to the experimentally observed shower of hadrons. This

"hadronization" process is basically of a soft nature,

i.e. involving only small momentum transfers, and occurs

on a longer space-time scale than the Initial hard

scattering process. This transformation from a kicked out

quark to a shower, or Jet, of hadrons has In a joint

effort been studied by several members of the Lund theory

group and resulted in the so-called Lund model for soft

hadronization.

Here, It is visualized that a strong force field Is

stretched from the kicked out quark to the target remnant

quarks. This field is essentially of a one-dimensional

character and has a constant energy per unit length of

about 1 GeV/fm. It is then possible to lower the potential

energy by producing, out of the field energy, quark-



antiquark pairs which are pulled apart by the field. These

quarks can combine to form the observed mesons. This

break-up of the force field by the production of qq pairs

is basically of a stochastic nature leading to an

iterative process. It can therefore be Implemented in

terms of a Monte Carlo computer program 13] that simulates

this transition, called fragmentation, from quarks to

particle showers. In principle it is possible to calculate

everything analytically by hand using this model, but if

more complicated properties are to be studied this becomes

very unpractical. One advantage with having a computer

program for this purpose Is that complete events are

simulated. This makes it possible to study, not only

single particle properties, but also correlations among

particles and even the structure of the whole event.

In the candidate theory for the strong Interaction,

Quantum Chromo Dynamics or QCD for short, the strong force

between quarks is described as an exchange of massless

quanta called gluons. The strong interaction "charge" Is a

quantum number, given the name colour, which Is carried by

both quarks and gluons. This theory is analogous to the

quantized version of electrodynamics but mathematically

more complicated. Hence, It can only be solved

approximately by using perturbation theory for

interactions involving large energy transfers. For soft

processes, which have relevance for the confinement of

quarks, models like the one described above have to be

used.



In the Lund model the generalization of the one-

dimensional constant force field to three dimensions is

made In a relativlstically covariant way by using the

dynamics of the massless relativistic string. This string

is stretched from the kicked out quark to the target

remnant. It Is also possible to have a localized

excitation on the string, a kink, which carries energy and

momentum and can be taken as a representation of the

gluon.

A basic assumption is that the lepton-nucleon reaction

mechanism involves two space-time scales. Through the weak

or electromagnetic interaction a large energy and momentum

is transferred from the lepton to a quark via the exchange

of a W-boson or a photon. In this initial, short phase the

struck quark can also emit a gluon with sizable energy as

can be calculated using perturbative QCD. The following

long scale corresponds to the soft hadronization where the

coloured partons, quarks and gluons, are connected by the

strong "colour" force field which then breaks up to

produce the final state of observable particles.

A Monte Carlo program, taylored to simulate lepton-nucleon

interactions, has been developed [4]. This program, which

uses the general routines [3] for the hadronization

process, has been used to obtain many of the results

presented in paper IV to VI.
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Our model for lepton-nucleon interactions is described in

some detail in paper IV where also the main features of

the resulting event structures are studied. The ordinary

type of event is that the kicked out quark gives one jet

of particles moving forward in the laboratory system. To a

first approximation in QCD two new configurations can

appear. These give rise to 2-jet events, having two jets

of particles that are separated in space. One case is the

gluon emission mentioned above and in the other case the

lepton interacts with a gluon, in the target, resulting in

an ejected quark-antiquark pair. The paper investigates

some observables which are sensitive to the occurrence of

these event configurations, in particular the transverse

momentum components, p., of the produced particles.

Generally good agreement is found when comparing the

results with experimental data from the European Muon

Collaboration (EMC) at CERN. This supports both the QCD

theory of quarks and gluons and also our model for jet

fragmentation. To check the correctness of the QCD

description in more detail, the paper suggests specific

tests and makes definite predictions using a single

particle p.-trigger condition to get an enriched sample of

2-jet events. Such tests, which were later carried out by

the EMC group, has further strengthened our confidence in

this basic framework.

When viewing the reaction in the center of mass system

there will be a quark Jet going forward and also one Jet

of particles moving backwards, caused by the left-over

quarks in the target nucleön. In paper V the hadronizat^lon
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of this target remnant is studied in more detail. Usually,

when one of the three valence quarks in the proton is hit

by the lepton, this target remnant will be a diquark. The

two quarks in this diquark stretch the colour force field,

to the forward moving quark, in a stepwise manner. When

the field breaks up there is then the possibility that

these two quarks will enter different hadrons. Of course,

there will always be one baryon (particle with three

quarks) produced to carry the baryon number of the initial

state nucleon. This study of the target fragmentation Jet

provides new information about the structure of the colour

force field with relevance also to other types of particle

collisions.

In a similar way as quark-antiquark pairs are produced in

the break-up of the force field it may be possible to

produce diquark-antldiquark pairs which will result in

baryon-antibaryon pairs. The consequences of this new idea

is explored in paper V and we find that the main

characteristics of the protons and antiprotons observed in

the EMC experiment are reproduced, thus supporting our

baryon production model. The paper also discusses specific

correlation properties that these baryon-antibaryon pairs

are expected to show.

In paper IV it was found that in order to reproduce the

experimental p.-spectra one had to use fairly large values

for the so-called primordial transverse momentum; in fact,

unphysically large if it were to be interpreted simply as

the expected Fermi motion of the quarks inside the target



nucleon. As is shown in paper VI, this problem can be

resolved if effects from soft gluon emission are also

taken into account. These are low energy gluons which do

not give rise to separate jets of particles but still can

have effects on the p. of the hadrons and give a recoil to

the leading quark. These p effects are rather similar to

those from the primordial transverse momentum but, as is

shown in the paper, it is possible to distinguish the two

sources of transverse momentum.

It has been shown earlier that QCD predicts a

characteristic forward-backward asymmetry in the angular

energy flow at the parton level. Our study in paper VI

shows that the hadronization process washes out this

asymmetry. In fact, the dominating part of the observable

asymmetry arises from the production of a baryon in the

target Jet. This shows the importance of not only

calculating properties of quarks and gluons, in the

initial phase, since effects arising in the following

hadronization process often dominate and therefore have to

be taken properly into account.
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4. Spin polarisation fro» quaHt confinement.

An important assumption in the Lund model is that the

stretched-out colour force field is of a one-dimensional

character and does not have any transverse motions. It has

been possible to obtain support for this idea from a

rather different kind of experimental results. It has been

found that A particles which are produced (inclusively) in

high energy proton-proton collisions have their spins

polarized, even though the spins of the initial state

protons are not polarized. Moreover, this polarization was

found to increase with the transverse momentum of the A

particle. This was actually quite a surprise since it had

been generally believed that polarization phenomena should

be unimportant at high energies.

In paper VII we suggest a possible mechanism to account

for this phenomenon. The A particle is here regarded as a

leading particle built up by a ud-diquark and a strange

quark from an si" pair produced in the break-up of the

colour force field, which is stretched by the diquark

originating from the projectile proton. The ss pair

becomes polarized in order to compensate for an orbital

angular momentum arising from their transverse momentum.

The fact that this model gives a resulting A polarization

which is both of the correct direction and magnitude is a

strong support for the absence of transverse excitations

of the string-like force field. This is also the first

paper to suggest a connection between the confinement of

quarks and polarization phenomena.



5. The Monte Carlo method.

An essential tool to obtain the results presented in this

thesis has been the specially developed Monte Carlo

computer programs. These make use of a random number

generator to obtain values of stochastic variables

according to various specified frequency distributions.

This makes it possible to simulate the reaction mechanism

and thereby obtain complete events. The purpose is first

of all to study the results of the physical models

involved and facilitate a close comparison with the

experimentally observed events. This kind of program can

also be used to investigate the ability of some

experimental detector arrangement to extract the wanted

information.

The programs have also been used by experimental groups.

The European Muon Collaboration at CERN has used it to

make comparisons between predictions of the theoretical

models, as implemented in the program, and their

experimental results, and in general good agreement has

been found. Also some groups studying neutrino

interactions in the BEBC bubble chamber have started to

use the program in a similar way.

In collaboration with Canadian physicists this program was

also extended to simulate the type of events expected to

occur in a high energy electron-proton collider as planned



in the Canadian CHEER project. Here it was planned to

construct an accelerator giving 10 GeV electrons to be

collided with 1000 GeV protons in the Fermilab

accelerator. The resulting Monte Carlo program [5] was

used to investigate the ability of the planned detector

set-up to detect particles and reconstruct the kinematics

of the events. Some specially interesting topics were also

studied, e.g. the possibility to detect semileptonic

decays of the expected top particles.

The general principle for developing this program was to

extrapolate current theories and ideas to the much higher

energy region that can be reached in the future with such

an accelerator. By using the program one can get a clear

picture of the kind of events we expect to occur. This

will make it easier to recognize any deviations that

indicate new physics. One must, of course, realize that

completely new phenomena may occur in these extremely

energetic collisions, or put in another form:

"There are more things in heaven and earth, Horatio,

than are dreamt of in your philosophy."

- Hamlet in "Hamlet", act I, scene V.
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We present a melhod for detecting short-lived particles in nuclear emulsions Production and decay vertices JS close as 0 5 nm
can.be resolved. This corresponds to a lifetime of the order of 10 '^ s The principle is to fit straight lines to the tracks and
make a chi-square test of the hypothesis of a single vertex.

This technique may be useful for detecting decays of heavy quarks.

1. Introduction

The lifetime of charmed particles has, by theoret-
ical arguments'), been estimated to be a few times
10""" s which would correspond to a decay-length
of some hundred micrometers. Bottom particles are
believed to have a similar lifetime2). Nuclear emul-
sion is the only detector capable of detecting tracks
of such short-lived particles. However, there have
been some experimental indications3) for a much
shorter lifetime, of the order 10 14 s. This would
mean flight-paths of only a few micrometers which
would be very difficult to observe visually in the
microscope. In particular in high multiplicity events
it may be very hard to observe two vertices even if
they are several microns apart. This is due to the
high density of grains in the vicinity of the reaction
centre.

By measuring the coordinates of the grains along
the tracks it is possible to make a more complete,
statistical analysis. Methods of this kind were used
to determine the n" lifetime from measurements in
nuclear emulsions4). However, in those cases it was
known from an identification of the e e -pair
which tracks that came from the Dalitz decay of
the n°.

When searching for decays of heavy quarks we
must first be able to determine whether there is a
secondary vertex or not5), and then find out which
tracks stem from that vertex. Clearly, it is
desirable to have an objective and reliable method
to achieve this goal. In this paper we present such a
method, which has the additional advantage of
being very fast in a computer.

The main principles of this method are as
follows:

1) Measure the coordinates of the individual
grains along the tracks. How this can be done
with high accuracy is described in section 2.

2) Fit straight lines to the tracks.
3) Make an estimate of the vertex by finding the

point which minimizes the sum of quadratic
deviations of the tracks from the vertex-
point.

4) Make a chi-square test of the hypothesis of a
single vertex in the found vertex-point.

5) If a negative result is obtained, then the
tracks are split into different groups and the
method is used again for each group separate-
ly until the different vertices are found.

The statistical methods are described in section 3
Finally, in section 4 we discuss the resolving power
of this method and conclude that, under favourable
conditions, it is possible to separate a production-
and a decay-vertex that are as close as 0.5 ym. This
corresponds to a lifetime of about 10 '*s for the
short-lived particle.

2. Measurements of grain-coordinates in
nuclear emulsions

It is not possible to measure the depth-coordinate
in the emulsion with as high accuracy as the coor-
dinates in the plane of the emulsion. Therefore, we
only consider the projection of an event onto a
plane parallel to the emulsion plane.

The most straightforward way to measure the
grain-coordinates is to use a pair of eyepiece filar
micrometers. However, it is difficult to achieve
conditions stable enough during the 1-2 h it takes
to measure one event. The coordinates in the emul-
sion change relative to the coordinates of the
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micrometers typically at a rate of 0.5 nm per hour.
We believe that this drift is of thermal origin. This
must be corrected for and makes the measurements
very time-consuming and not so reliable.

To avoid the drift problems we have adopted a
photographic technique. Several photographs are
taken of the event in different focal planes. This
takes only a few seconds and during this interval
the drift is negligible. In the analysis the grain-
coordinates measured on different photos have to
be transformed to a common coordinate frame with
high accuracy. This is done by using fiducial marks
on a glass plate in the eyepiece focal plane which
show up on the photographs. The coordinates of
the grains can be measured either on large-scale
prints or directly on the negatives. We ha^e tried
both methods, but for practical reasons we have
found the latter more suitable.

In order to avoid distortions from the photograph-
ic processes we have used the fine grained ester-
base film Kodak SOI 15 (24x36mm J ) . The photo-
graphic negative which magnifies the original event
by about 200 x is put on a digitized microscope
stage*) where the coordinates of the grains are
measured. We have used a 3 x objective but even
in this case the total magnification is so high that
we have found it necessary to use a print of the
negative as a "map" of the event during the
measurements.

The digital resolution is 0.5 / m , corresponding to
about 0.0025 #m in the emulsion. The systematic
error introduced by inaccuracies in the motion of
the stage and thermal drift is less than 0.01 urn and
the standard error of one coordinate for a typical
grain is 0.02 pm.

Using this technique we find that the r.m.s.
deviation of the measured grain-centers around the
track is about 0.07 urn for Ilford K5 and somewhat
larger for Kodak NTB3 due to the larger grain size
in this case.

3. The statistical methods
From the grain-coordinates (x,(t>-,,), where

/ = 1,2,..., w, and nt is the number of measured grains
in track y, a straight line is fitted to each track. In
the following we do not write the track index,./,
explicitly in formulas concerning a specific track.
Each line is passing through the center of mass
(v. v) of its grain-coordinates

and the angle, w, is determined so as to minimize
the sum

n n

V V ( > • , - - ; • ) c o s ^ ] : . (2 )

where A, is the perpendicular distance from a grain
to the line. The condition dS/dt// = 0 corresponds
to

tanZiA = 2.s.vv'(.sJl-s>), (3)

where

V = I lv , - .v) : ,
I - 1

n

\ = I 0-,-v)2.
,-1

n

SA). = V ( . V j - . y ) (_ , - , . _ ; • ) .
I - I

The angle given by eq. (3) might correspond to a
maximum of S, i.e. a line perpendicular to the best
fit. If the second derivative

7-T- = 2(<; . . - .S . . )COS2I/ I + 4s... sin2t// (4)

is negative, the correct angle is found by adding or
subtracting i 7r.

If the fitted line is written in the form y = ax + b
(a = tan y, b-y~ax), then the distance from the
vertex ixn,y0) to the line is

*u + (5)

The best estimate of the true vertex is considered
to be the point that minimizes the sum of quadratic
deviations of the tracks from the vertex point

(6)

where al is the r.m.s.-deviation of /., and m is the
number of tracks. For each track separately it is
easy to calculate a in a coordinate system x',v'
where the fitted line is parallel to the x'-axis and
(x,,,v0) corresponds to x ' - 0 :

r - — + = • • , ; - r (;" .

\n l(v, .v'rj
where r is the r.m.s.-deviation of the measured
grain centers around the fitted line. It is given by

I
y,,
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But a' = 0 since the x'-axis was chosen parallel to
the line. Transforming to the original x,>-system
gives

2 _ Ji [(.\-.v) cost/* + (y — y) sinij/]"
\n sx cos" \\i + ,sv, sin" i// + 2sxy sin \j/ cos i//

(7)
where

2 __ Sj, s i n 2 (// + .Sj. c o s 2 I/J — 2sx>. sin i/> cos\jt

The variations of a are very small when (x,.v) are
varied by only a few micrometers. It is therefore
possible to use an iterative procedure to find the
vertex-point that minimizes the sum T in eq. (6).
Since a can be treated as a constant, the minimum
of T is found for

y r^.-lL\.--lJi

x .
0

(8)

where

By using some approximate starting values (xo,y0)
for the vertex, o can be calculated by eq. (7). Then a
better approximation for the vertex is calculated by
eq. (8) and the new values for (xo,yn) are then used
to recalculate a. The procedure is repeated until
there is no significant change in the position of the
vertex. We have found that in practice this is
achieved with only a few iterations.

It is now possible to make a chi-square test of the
hypothesis of a single vertex in (x0, v0) by calculat-
ing the sum T given by eq. (6). The number of
degrees of freedom is equal to the number of tracks
minus two, since two degrees of freedom were used
to calculate the vertex point. If T is larger than xr

for a chosen confidence level p%, then the hypo-
thesis of a single vertex is rejected and the tracks
are split into different groups. The method is used
again for each group separately until the vertices are
found. Sometimes it is possible to find two, or
more, vertices in different ways by using different
groupings. One can then compare the total chi-
square

T = I

for these different possibilities to find the most
probable situation.

Great care must be taken in this analysis to avoid
misinterpretation due to other sources of systematic
deviations such as distortion in the emulsion, mis-
identified grains and scattering.

4. Discussion on the resolving power
The minimum distance between a production-

and a decay-vertex that can be resolved with this
technique depends on several things. Important
factors are the geometry of the events, in particular
the angular distribution of the short-lived particles
and its decay products, the number and lengths of
the tracks and the number of measured grains and
their scatter around the track.

Instead of going into a complicated mathematical
discussion on the influence of all these factors we
consider a practical example. We have chosen
results from a Monte Carlo simulation of events
with six tracks starting from a common vertex. The
angular distribution is an idealization of 67 GeV
p-nucleus data (having a mean angle of 18 to the
beam axis). Along the tracks, 17±3 "grains" have
been generated with a Gaussian distribution around
the track to simulate the observed measuring errors
of e = 0.07 jim. The measured lengths of the tracks
are 90 #m but the first 15 ̂ m do not have any
"measurable grains'". One randomly chosen track
in each event is moved so as to miss ihe vertex by
a distance d. Table 1 and fig. 1 show the results. It
a 95% (99%) confidence level is chosen, then 68%
(52%) of the events with one track missing the
vertex by d = 0.2/jm will fail the one-vertex h>po-

TAHLk I

Results from a Monte Carlo simulation (sec section 4) of event*
with one track missing the vertex by .i distance </ /"' is the
mean value of the chi-square sum T in eu. (61 >ind / V - ' V -ire
the percentages of events that lai! the one-vertex hypothesis .it a
confidence level of 95% and 99% respectively. The number of
degrees of freedom is 4 and y.li - 9.5. jr&» - I3..V

rfOim)

0.0
0.1
0.2
0.3
0.4

<n
4
7

17
34
56

S

26
68
95

1
i )

Si

83
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Fig I. Distribution of the chi-square sum T in eq. (6) for simulated events, (a) All tracks emerge from a common vertex (b and c) One
track is missing ihe main vertex by a distance of 0 2 p m and 0.4pm respectively There are four degrees cf freedom and xi\ = 9-5-

J

'1

2 -

S Ji

hg. 2 Vertex region of a 400 CieV proton-nucleus event The lines are the extrapolated particle trajectories obtained b> fitting to the
measured grain coordinates as described in the text The chi-square sum is 8 5 with ten degrees of freedom which is consistent wiih
(he hypothesis of a single vertex

thesis. The results are very sensitive to d and for
</ = 0.4/itn, 99% (98%) of the events will fail the
chi-square test for the corresponding confidence
levels. For an angle 6 of the missing track, d corres-
ponds roughly to a decay-length / = d/sin 0. Taking
(I = 0.2 urn and 0 = 10J gives /= 1 ̂ m and hence a
lifetime of T =//yt-=(3/y)x 10 ^ s.

The case illustrated, with only one track missing
the vertex, is the most difficult one to discover. If

two or more tracks are coming from a second
vertex, then the value of T will in general be larger
for a given separation of the vertices.

In table 2 we show results from a simulation
where two out of eight tracks are emerging from a
secondary vertex at a distance / from the main
vertex. The other parameters are the same as in the
previous example. For a decay length / ~ 0 . 5 / i m ,
62% of the events will fail the one-vertex lest at
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TABU 2

xD and P. with the same meaning as in table I. are shown for a
Monte Carlo simulation of events where two tracks are originat-
ing from a secondary vertex kxated a distance / from ihe main
vertex. There are six degrees of freedom and / ^ = 12.6.
X4, = 16 8.

00
OS
10

6
25
75

P.,

S
62
83

P*

1
46
75

95% CL and for / = 1.0 ̂ m 83% are not compatible
with having only one vertex.

We conclude that, under favourable conditions, it
is possible to separate a production- and a decay-
vertex that are as close as 0.5 ftm. A decay-length
of 1 fim should in general be detected and this
corresponds to a lifetime of 3/yxlO " s for the
short-lived particle.

A small sample of 400 GeV p-nucleus interac-
tions has been investigated with the methods

described in this paper. We found no significant
evidence for secondary vertices, fig 2 shows a plot
of the fitted tracks extrapolated tu the vcnex region
for a typical event.
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Abstract:

A sample of 22 neutrino induced events in nuclear emulsion
2

have been measured and analysed with a x method to search

for secondary vertices, i.e. possible decays of short-

lived particles. Production and decay vertices as close as

0.5 |im can, under favourable conditions, be resolved. No

candidates for such very 3hort decay paths were found. We

have, however, found a track with a kink which is

consistent with a one prong charm decay.
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1. Introduction

The superior spatial resolution of nuclear emulsions

compared to other available detectors have recently been

used in several experiments to search for short-lived

particles. The primary interest have been to directly

observe the production and decay of charmed particles. The

efficiency for finding such decays depend, however,

strongly on the decay length. For decay paths exceeding

some millimeters the particle might leave the emulsion

target altogether before decaying. It can also enter

another pellicle resulting in a lower probability for

detection since it is not always possible to follow a

track from one pellicle to another. For decay paths

shorter than a few microns it is not possible to directly

see the decay by eye in the microscope. Even if the decay

occurs several microns downstream from the main vertex it

may be difficult to observe due to the high density of

grains belonging to nearby tracks. In particular this is

likely in high multiplicity events. As a result the

efficiency for finding decays also drops for decay paths

shorter than about 10 urn.

In order to resolve this latter difficulty we have in an

earlier paper [l] presented an objective method to

determine whether there is a secondary vertex or not, and

if so find out which tracks that originate from that

vertex. The main principles of this method are as follows:
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1. Measure the coordinates of the individual grains along

the tracks.

2. Fit straight lines to the tracks.

3. Make an estimate of the vertex by finding the point

which minimizes the sum of quadratic deviations of the

tracks from the hypothetical vertex-point.

2
. Make a x test of the hypothesis of a single vertex in

the found vertex-point.

5. If a negative result is obtained, then the tracks are

split into different groups and the method is used

again for each group separately until the different

vertices are found.

We found in ref. [l] that, depending on event geometry, it

is possible to separate production and decay vertices that

are as close as 0.5 urn. This corresponds to a lifetime of

-15about 10 seconds for the short-lived particle.

In this paper we report the results of this analysis

applied on 22 events from the E553 neutrino experiment at

Fermilab. In this experiment, which is described in more

detail elsewhere [2], the emulsion target was followed by

a magnetic spectrometer and a calorimeter system. When

applying this analysis we found a kink on a track, i.e. a

candidate for a one-prong decay. This was not observed in
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the visual charm search. In another case (event 12-6) we

were able to show that two tracks, which were believed to

form a neutral decay, were in fact consistent with

originating from the primary vertex.

The aim was also to search for unknown, very short-lived

particles that are not really anticipated. No such

candidates were found.

2. Measurement and analysis.

The measurements of the individual grain coordinates were

performed in the way described in section 2 of ref. [1]•

Here we only want to point out the main features of the

method. It is not possible to measure the depth

coordinates in the emulsion with as high accuracy as the

coordinates in the plane of the horisontally exposed

emulsion pellicle. Therefore we only consider the

projection of an event onto this plane. To avoid thermal

drift problems in the microscope, photographs were taken

of the events and the grain coordinates were measured on

these photographs using a digitized microscope stage. The

standard error of the coordinate for a typical grain is

0.02 |im.

For each event•the statistical method developed in section

3 of ref. [l] was applied, resulting in a y and a
i i

corresponding confidence level for the hypothesis that all
i i

tracks originate from a common vertex. This analysis was



<> A search for very short-lived particles

made using a computer program [3] which fits straight

lines to the measured grain coordinates along the tracks

and from this finds the best vertex estimate, i.e. the

point which minimizes the sum of the weighted quadratic
2

deviations of the fitted lines. The x for the single

vertex hypothesis is also calculated by the program and

some helpful plots of the event are produced.

2
The resulting distribution of the x Per degree of freedom

is shown in fig. 1 for the whole sample of events. For
2

comparison a theoretical x curve (for 5 degrees of

freedom - a typical case) is also drawn. The
2

experimentally obtained x distribution is clearly shifted

to higher values. Any kind of disturbance in the

measurements, other than statistical fluctuations, will
2

however have the effect of increasing the x • If an event
2

has a large x > s a v larger than 2 per degree of freedom,

one has to see whether it gets a large contribution from

some particular track and also how good straight line fits

the different tracks made.

One source for errors is that grains can be assigned to a

track to which they do not belong. This is more likely in

regions of high grain density near the primary vertex. We

have found that this can be avoided by a careful study of

the event in the microscope, using also the depth

coordinate, together with a plot of the scatter of the

grain coordinates around the fitted track. Dubious grains

can then be excluded.
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Gray and black tracks usually give poorer fits to straight

lines partly since they are not so well transversely

defined but also since they, due to their smaller momenta,

are not necessarily completely straight. These tracks are

only used if the least square fits are good and then only
2

to gain additional information if the x test failed for

the minimum ionizing tracks.

A more severe source of errors is distortion in the

emulsion. During the processing the emulsion swells to 2-3

times its original thickness. When the emulsion dries

after processing it usually does not shrink uniformly,

especially not close to the edges. In order to avoid most

of the edge distortion scrap pellicles were mounted along

the edges before the processing. Also in the central parts

of the pellicles there are usually some distortion. A

linear shear will not affect the measurements since

originally straight tracks are still straight in the

processed emulsion. Second order distortion (often called

C-distortion because of the shape of the dipping tracks)

is, however, a serious source of trouble as well as

distortion of higher orders (S-distortion). This has the

effect that dipping tracks become bent. In particular,

tracks dipping upwards and downwards could be bent in

different directions and hence miss the interaction vertex

on different sides. - This kind of distortion can be

discovered by observing the behaviour of vertical

background tracks in the emulsion. The effect can be

eliminated to some extent by not using too long parts of
i

the dipping tracks. By a careful study of each event with

ill HI
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a too large x we have found that this distortion is the
2

most probable cause for the large * except in one case.

This case is event 1-7 which has the largest x of all.

There is no sign of distortion in this event so the
2

explanation for the high x > 32.0 for 5 degrees of

freedom or a confidence level of 2*10 , must be found

elsewhere.

3. Interpretation of event 1-7»

2
The large x (32.0) for this event gets a large

contribution (15.0) from one single track. This is track

number 2 which miss the fitted vertex point by 0.27 nm, a

value which is not very unusual but still somewhat high. A

plot of the vertex region for this event is shown in fig.

2. If the analysis is performed without including track 2
2

a x of 1.0 per degree of freedom is obtained.

Track number 2 does not give a good fit to a straight

line. The scatter of the measured grain coordinates around

the fitted line is shown in fig. 3. The r.m.s.-deviation,

e, is 0.36 urn, which is about 50 % larger than what is

normally obtained. Figure 3 clearly suggests that this

track actually consists of two parts. When splitting the

track both parts make good straight line fits, e = 0.0S

and 0.10 \im respectively. If both parts are included, as
2

separate tracks, in the vertex analysis a total y of 66.9
i |

for 6 degrees of freedom is obtained for the one vertex
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2
hypothesis, i.e. x /dof = 21. The upstream part of the

track, called 2.1 from here on, miss the obtained vertex

point by only 0.13 nm thereby contributing 3»0 to this x

sum. The downstream part, track 2.2, miss the vertex by

0.7 \im when extrapolated to the vertex region, see fig. 4,
2

and contribute 55 • 5 to the total x sum. If the downstream
2

part is excluded from the vertex analysis a x of 0.87 per

degree of freedom is obtained.

The conclusion must be that track number 2 has a kink ~ 55

ym downstream from the interaction vertex. The projected

angle of this kink is only 0.84° in the plane of the

emulsion. This kink can not be caused by distortion since

nearby tracks do not show anything similar. Also, the

track is minimum ionizing and shows no sign of scattering

other than this kink. Having the knowledge of where the

kink is located it can in fact, with difficulty, be

observed visually in the microscope. The physical

interpretation of this kink can, unfortunately, not be

carried much further since the downstream detectors give

very little information for this event.

One possible explanation is that the kink is the result of

a collision. As no abnormal scattering apart from the kink

is observed, indicating that the track is not produced by

a low energy electron, we only consider the possibility of

a nuclear collision. From [5] and the accumulated track
i

length in this investigation, 3 cm, we estimate the
i

probability for nuclear elastic scattering to a few per
i i

cent. The probability to have an inelastic nuclear
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collision with the observed characteristics - a one prong

white star - is about 10 .

Another, more interesting, explanation is that a charmed

particle, probably a D , has been produced in the primary

interaction by the subprocess v d •* \L C. The decay after

55 m̂ is then to a final state having only one charged

particle, such a s D -• K n or D > K e v . The

probability to produce a charmed particle in a neutrino

interaction is 5 to 10 %. If only D-mesons are considered

about 1/3 would be D which gives a one prong decay with a

probability of around 1/3* Prom our Monte Carlo simulation

of charm production and decay [k] we know that the

probability for such a small kink angle is a few per cent.

It is, however, strongly correlated with the momenta of

the mother and daughter particle which we do not know.

Taking the number of investigated events into account the

total probability for this interpretation is then of the

order of a per cent.

In summary we see that the probabilities for elastic

scattering and charm production and subsequent decay are

of the same order of magnitude. If the kink is due to a

decay the particle life-time was in this case 1.8*10~ /y

seconds, where the y-factor is unknown due to lack of

information from the downstream detectors.

We would like to stress that we do not consider this event

as very important from the physics point of view but
i i i

rather that it demonstrates the potential strength of this
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method to detect very short-lived objects in high energy

collisions.

4. Concluttlona

Although only a small number of events have been analysed

the method itself has proved to work and in fact to be

very sensitive. Difficulties due to distortion in the

emulsion may, however, occur.

The method has a very high resolving power. Under

favourable conditions it is possible to separate

production and decay vertices that are as close as 0.5 ^m.

No candidates for such short decay paths were found in

this sample of events. However, a small angle kink on one

track was found which is consistent with a one prong charm

decay.

The basic principles of this method, i.e. to fit straight
p

lines (or curves) to the measured tracks and make a x

test of the hypothesis of a single vertex, could also be

applied to other experimental conditions. For example to
i

search for charm decay in the newly developed, rapid

cycling bubble chambers with high resolving power.
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Figure Captions

2
Fig. 1. Distribution of the % (per degree of freedom)

for the measured events. The hypothesis being

tested is that, in each event, all tracks

originate from a common vertex. The full line is
2

a theoretical x curve for 5 degrees of freedom.

Fig. 2. The vertex region of event 1-7 with the

extrapolations of the fitted tracks. The

position of the star gives the best estimate of

the interaction vertex.

Fig. 3. The scatter of the grain coordinates of track 2

around the fitted line (full). Also shown are

the fitted lines (dashed) which result when the

track is divided into two parts. The typical

standard errors of the grain coordinates are

indicated by the vertical size of the points and

the error bars on the fitted lines are the

r.m.s.-deviations of the grains around the

tracks.

Fig. 4. The vertex region of event 1-7 after track 2

has been split into an upstream part (2.1) and a

downstream part (2.2).
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We describe procedures for making thick pellicles of Kodak NTB-3 nuclear emulsion. The technique has successfully been
applied for the production of a 15 liter emulsion target, consisting of 600 ^m thick pellicles. Melting and pouring of the gel is dis-
cussed as well as the conditions during the drying and processing.

1. Introduction

The experiment E-553 [ I | at Fermilab was a
hybrid emulsion experiment with nuclear emulsion as
the target and primary detector. A new kind of self-
marking spark chamber served to pinpoint the events
in the emulsion and a magnet spectrometer and a
calorimeter were used for momentum measurements
and particle identification. The aim of the experiment
was to study the decay of short-lived particles pro-
duced in the emulsion by neutrinos. The prime inter-
est was devoted to charmed particles which according
to theoretical calculations [2] were believed to have
lifetimes of the order 10~13 s. This corresponds to a
decay length of 10-100 nm which motivated the
choice of nuclear emulsion as the detector.

15 liter of Kodak NTB-3 nuclear emulsion was
used in the target in the form of about 15 000 pelli-
cles 600 ixm thick and of the size 2 X 8.5 cm2. One
reason for the choice of NTB-3 was the high sensi-
tivity, about 35 grains per 100 urn for a minimum
ionizing particle. NTB-3 is not available in pellicle
form from the manufacturer. Therefore the experi-
menter has to make the pellicles himself from the
emulsion gel. This consists essentially of gelatine,
silver halides and water. The water contents of com-
mercially available gel is about 65 per cent by weight.
In order to produce pellicles of nuclear emulsion, the
gel is melted and poured onto a plate where it cools
and gels. The emulsion is then allowed to dry for

some period and is finally stripped from the plate and
cut into pellicles of the desired size. During these pro-
cedures we encountered some problems which will be
described,as well as how they were solved.

2. Melting and pouring

For the batch of NTB-3 delivered for this experi-
ment we have determined the shrinkage factor to be
8.5 and the gel density to be 1.33 g cm"3. These
figures were used to calculate the quantity of gel
required per pouring plate in order to get a dried
pellicle thickness of 600 pm. We found it more con-
venient to measure the melted gel by weight rather
than by volume.

The gel was delivered in 2 liter plastic bottles each
containing 1.5 liter of gel. To melt the gel, the bottles
were immersed in a waterbath which was kept at
43°C. Complete melting takes about 2 h, but occa-
sional stirring can decrease this time somewhat. The
melted gel was then, for convenience, transferred into
a stainless steel storage tank which was heated in
order to keep the gel at 43°C. We have not observed
any negative influence on the emulsion quality from
the stainless steel for a storage time of a few hours.

When the gel is heated a foam of small bubbles is
formed. They originate from dissolved gases in the
gel. We have tried to remove the bubbles by boiling
them off at low pressure, keeping the gel at about

441
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I ig. 1. The beaker used fot pouring emulsion gel.

43°C. The beaker containing the gel was placed in a
bell-jar and the pressure was lowered with a water
suction pump. When the gel starts to boil the foam
expands tenfold in volume before the bubbles burst.
This requires a fairly large beaker for the gel. The
method has been quite successful for small quantities
of emulsion, but it is too cumbersome when large
quantities have to be handled and hence another
method has to be employed. For the 15 liter stack we
used a 1 liter pouring beaker which is tapped from the
bottom (fig. 1). The gel was tapped into the beaker
from a hose at the bottom of the steel storage tank.
A few minutes after the filling of the vessel the
bubbles have settled at the surface and the fluid
poured from the beaker will be free from bubbles,
except for the last few milliliters. The gel was poured
in the center of the pouring plate, except for the last
drops with bubbles which were put in a corner of the
plate. It is very difficult to avoid some bubbles in the
first "splash", but if the gel is poured in the center,
the bubbles ride on the front of the expanding fluid
out to the edge where they stick to the dam around
the pouring plate. Possible remaining bubbles can
easily be pushed to the edge of the plate before the
emulsion gels. It is very important that the tempera-
ture of the gel does not drop below 40°C when it is
poured. If the viscosity is too high it is very hard to
avoid bubbles. Following these procedures we were
able to produce pellicles virtually free from bubbles.

the pouring plate discussed in the next section
should be kept at a fairly low temperature in order tö
decrease the time required for the fluid to gel. With
the plates used for this experiment it takes about 10
min at an initial plate temperature of 10°C.

The thickness variations of the dried pellicles
depend on the flatness of the pouring plate and on
how horizontal it was when the fluid gelled. A 0.8
mm deviation from a horizontal surface results, due
to the shrinkage factor, in about 100/jm deviation in
the thickness of the dried pellicle. With the exception
of a 1 cm edge zone the pellicles produced for this
experiment deviate from the nominal value of 600
Mm by no more than about 20 jim, and the standard
deviation is about 10 nm.

3. The pouring plate

The commonly used material to pour nuclear
emulsion gel onto is glass [3], but NTB-3 usually
sticks so hard that it is very difficult to strip the
pellicle from the glass. If the emulsion is not com-
pletely dry it can be done, but the subsequent drying
results in severly bent pellicles. It has been suggested
to coat the glass with silicone oil, but we have not
been able to get reliable results with this method. We
therefore tried to pour onto different plastic mate-
rials, acrylics (lucite, plexiglass), polyvinylechlonde
fPVC), cellulose acetat-buty rate and polycarbonate
(lexan, makrolon). The pellicles were easily stripped
from all these materials, but since acrylics are cheap
and easily available in sheets with high surface finish,
we have chosen this material. However, some com-
mercial acrylic plates are not flat enough, so this
should be carefully checked. The thickness of the
plate is not very critical; we have achieved good
results with plates 0.5-1.0 cm thick.

One drawback with plastics is the high thermal
expansion and low thermal conductivity which
causes the plate to bend when the warm fluid is
poured on the cool plate. If the emulsion gels before
temperature equilibrium is reached, which is usually
the case, the pellicle will be thinner in the center. As
an example, a 40 X 40 cm2 test pellicle poured in this
way was 100 /JITI thick at the center and 400 nm at

the edge. The problem was solved by forcing the
acrylk- plate with screws towards a flat and cool
aluminium surface when the liquid gel is poured.
When the emulsion has gelled the acrylic sheet can be
removed from the aluminium plate for subsequent
drying.

In order to contain the emulsion gel on the pour-
ing plate it is necessary to arrange some kind of dam
along the rim. Barkas |3) describes the use of rods of
gj-,s or lucite to make a dam. This does not work
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Fig. 2. Cross section of the drying cabinet. There is space for 10 plates of the size 40 X 50 crn2.

well on an acrylic plate whether the rods are removed
before drying or they remain in place during the
drying. The reason is the poor adherence of the pelli-
cle to the plate which makes the pellicles strip them-
selves where the drying is fastest, usually along the
edges, resulting in severly bent pellicles.

This problem can be avoided if a dam is made of
fairly soft adhesive tape attached to the rim of the
plate. The tape should not be removed until the pelli-
cle is dry in the center. During the drying the tape
will bend over the shrinking emulsion and retard the
drying of the edges. When the pellicle is dry, the tape
is removed and the pellicle is stripped from the plate.
It is important at this stage to cut away the moist
edges from the pellicle. If this is not done the drying
edges will bend the pellicle. The amount of emulsion
lost at the edges depends on the thickness of the pelli-
cle. For a 600 ^m pellicle about 5 mm of the edge has
to be removed. The edges can be melted and poured
once again, but the emulsion made in this way is use-
less since the plates become quite opaque after pro-
cessing. A possible explanation is that the grains at
the cut edge are made developable by mechanical
damage.

When the pellicle is stripped from a plastic sheet
we have sometimes observed a weak electrostatic dis-
charge. This has been noticed with all the plastic
materials tested. In the developed emulsion this will
result in a weak fog or microscopic spark pattern in
the bottom 1 jum. The fog usually covers only a small

fraction of the area and the light absorption caused
by the fog in the affected regions is usually less than
a few per cent. In most applications this should be of
little importance.

4. Drying

Drying must take place in complete darkness.
NTB-3 is considerably more light sensitive than the
comparable emulsion types manufactured by Ilford.
If time is short it is possible to dry the emulsion
under more forced conditions with a high tempera-
ture and low relative humidity. This requires a very
carefully controlled drying climate. It is easier and
safer to dry the emulsion at a humidity which usually
is recommended for nuclear emulsion or 50-60 per
cent relative humidity, and at room temperature.

Fig. 2 shows a drying cabinet designed in Lund
with a capacity of 2 m ! of nuclear emulsion. The
material is black plexiglass. In order to make the
cabinet light-tight there are light baffles at the air
inlet and outlet. A fan at the outlet gives an airflow
of about 0.S m'/min through the cabinet. The air
passes through a filter which removes particles larger
than 1 nm. The cabinet has been used in 3 climate-
controlled room where the relative humidity is kept
at 60% and the temperature at 22°C. Under these
conditions nuclear emulsion of 600/wn dries in about
six days.
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5. Stack production and processing

The large sheets were cut into 2 X 8.5 cm2 pellicles
and stacked with about 130 pellicles per stack. After
about one day of moderate pressure the pellicles stick
together to form a continuous block of emulsion. The
stacks were milled on two faces which served as a
reference for the coordinate system used to locate the
events.

Before the processing the pellicles could be sepa-
rated without any difficulty. The processing was per-
formed according to the recipe given by Barkas [4j.
Coated glass from Ilford was used for mounting the
pellicles. Occasionally the pellicles did not stick to
the glass adequately. The problem usually occurs in
the fixing bath. The affected pellicles are further
deteriorated during the washing which is caused by
the swelling of the gelatine at this stage. We have
found that hardening of the gelatine improves the
results when this problem occurs. When the fixing is
completed (150 per cent of the clearing time) 10 g/1

of alum (KA1(SO4) • 12 H2O) is added to the fixing
bath and the emulsion is left there for one more day.
This hardens the gelatine and the swelling during the
washing stage is considerably diminished.

The Kodak NTB-3 processed in this way had a
sensitivity of 33 ± 2 grains per 100 urn track length
of a minimum ionizing particle, which was quite satis-
factory for the experiment.
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Abstract. The particle distributions and the event
structures in high ener*; leptoproduction are con-
sidered in a model where perturbative QCD is used to
compute the cross sections to order as and the Lund jet
model is used for the soft hadronization process. Since
complete events are generated by a Monte Carlo
program not only single-particle spectra can be studied
but also various correlations, thus making a more
detailed comparison between theory and experiment
possible. The model is found to be in agreement with
data from the European Muon Collaboration. We
indicate how a one-particle trigger can be used to
study an enriched sample of two forward jet events,
and exhibit a useful experimental test for the existence
of such events with the properties predicted by per-
turbative QCD. We also indicate how to gain further
information on the confinement and soft fragmen-
tation mechanisms.

Introduction

In this paper we will study leptoproduction on proton
targets at high energies. Our basic assumption is that
there are two space-time scales involved. On the short
scale, characterised by the QC'D parameter
l,71~0.4fm, the coloured objects behave like essen-

tially free particles and perturbative QC'D is applica-
ble. In particular a quark can emit hard gluon
bremsstrahlung at a rate determined by the strong
effective coupling constant as(Q

2). The long scale cor-
responds to the soft hadronization where the coloured
objects are connected by colour force fields. In order to
compare the predictions from perturbative QC'D (as
e.g. the transverse momentum increase with energy) to
the experimental data it is necessary to take the soft
hadronization into account in a consistent way. The
aim of this paper is twofold, firstly to check the
predictions from perturbative QCD, and secondly to
gain information about the soft hadronization.

Except for the "ordinary" single quark lantiquark)
jets (which we will subsequently call </-jet events) there
are two dynamically different 2-jet event situations to
lowest order in a,. In the first one the quark |or
antiquark) radiates off a gluon (Fig. la) [we will call
these iqg) events] and in the second one a gluon is split
into a quark-antiquark pair [(^(-events] (Fig. lb).
The cross sections for these different processes are
given e.g. in [I].

For the soft hadronization we will use the model
for quark and gluon jets, described in \2 6J. It presents
a relativistically invariant and causal way of partition-
ing the energy and momentum of a colour force fie! j
among the final state mesons. The dynamics of the
force field is that of the massless relativistic string.

F i g . l a - c . K c y n m a n d i a g r a m s g i v i n g t h e c o r r e c t i o n t o o r d e r *( t o t h e p o i n l l i k c q u a r k - c u r r e n t c r o s s s e c t i o n s t h e c u r r e n t i s d e n o t e d b > .i w . i \ \
l i n t , t h e g l u o n b y a s p i r a l l i n g l i n e a n d t h e q u a r k s b y s t r a i g h t l i n e s

OI7O-l)7.W SI (XKW0H3 SO-.(H)
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stretched between a quark and an antiquark. The
relativistic invariance of the model implies e.g. that we
avoid the selection of a fixed space-point in a particular
Lorentz frame (e.g. the cms) to connect the jets.

A useful property of the model is the fact that the
production process basically is of a stochastic nature
and that the model therefore is easily implemented in
terms of a Monte Carlo generation process [5, 6].

We note that the differential cross sections from
perturbative QCD contain divergencies which physi-
cally correspond to the emission of soft or collinear
gluons. In our model there is a natural cut off and a
smooth transition between the </-jet and 2-jet events
respectively [6, 7].

Most of the considerations in this paper are con-
nected to the fragmentation properties of the forward
moving objects, i.e. to the event structure outside the
target fragmentation region. We have in [8] presented
a model for baryon fragmentation and we will in
forthcoming publications come back to the baryon
fragmentation region in leptoproduction'events.

The model is described in Sect. 2 and our results
arc presented in Sect, 3. We end with some comments
in Sect. 4.

2. The Model

A. The Perturbative Part

There are to lowest order in i , from perturbative
QCD two kinds of corrections to the parton model
results. They correspond to the Feynman graphs of
Fig. la.b. There is to the same order in a, the vertex
correction in Fig. lc to take into account for the
relative probability to obtain y-jet. \qa)-je\ and {qq)-)c\
events. The corresponding analytical expressions for
the cross sections are given in e.g. [1].

To evaluate the cross sections it is necessary to
make use of the structure functions for the proton
constituents. We will in general use a (^-independent
structure function F2(v) as obtained from SLAC data
|y | . In order to describe high energy muon data from
I NAI. and CFRN [10] this function was modified for
x <0.2 so that h 2 instead of decreasing for small ,v is
increasing to 0.5 at v = 0. For the gluons we use the
distribution

\0'(\) = 2(1 4 >jMl -•-*)" (I)

with r] = 5. We have also investigated the sensitivity to
the choice of the structure functions and studied e.g.
the (>2-dependent parametrization by Gltiek and Reya
[ I I ] and by Buras and (jaemers [12]. Genera'ly the
results presented here do, not depend on this choice
unless the softness of the gluon distribution is changed
drastically, e.g. >/> 12 as ip 112].

In the process in Fig. la the quark lor antiquark)
radiates off a gluon [a U/t/l-event]. These events give
the dominating contribution to 2 )et events for the
larger values of xg and it is interesting to note that the
gluon emission probability is essentially only depen-
dent on the total hadronic cms energy H for x s >0.15.
However, since the \B distribution is peaked a! small
values one must also take the xB dependence into
account when comparing with data.

We return to the treatment of the divergencies in
the expressions corresponding to soft or collinear
gluon emission below. In the process in Fig. 1 b a gluon
is split into' a quark-antiquark pair. These iqq)-)el
events then correspond to a quark and an antiquark jet
emerging.from a colour octet target remnant. Usually
the energy is very unevenly shared between the two jets,
one being very soft. The relative cross section for these
</</-jet events is a complicated function of Wand Q2 (or
W'and xB\ .nd it dominates over the qg-jet events for
small value: of xB UB<0,0K when W<20GeV).

B. The Sofi llddronizatw:i

The Lund soft hadroni/ation jet model is described in
detail in [2 4] and in its Monte Carlo generation
version for e' e annihilation events in [5, 6]. We will
therefore in this paper only comment upon a few
particular features which are of interest for the appli-
cation to leptoproduction events.

The model is relativistically invariant and causal
and based on a semiclassical treatment of the dynamics
of the massless relativistic string.

If a quark and an antiquark go out from one space-
time point with large momenta in opposite directions.
a linear colour force field lor colour flux tube) is
stretched between them. This field breaks into small
pieces (mesons) by the production ol quark-antiquark
pairs, which are pulled apart by the field. One basic
assumption in the model (resulting in e.g. polarization'
properties for inclusively produced l"-particles [13])
is that the force field has no excited transverse degrees
of freedom during the soft hadroni/ation. Therefore
transverse momentum is locally conserved at each
breaking point. Thus the quark and the antiquark of a
produced pair have equally large and opposite trans-
verse momenta p .In such a force field large transverse
masses are suppressed and we obtain in [4] a Gaussian
distribution in p together with a suppression of the
heavier strange quarks. We will here use
<>:>= (<)44GeVc) : [19]

Because the produced quark -antiquark pairs have
compensating flavours there is a strict ordering of the
mesons with regard to flavour (called rank), which on
the average also agrees with the ordering in rapidity
However, we note that the ordering with regard to
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production times is Lorentz frame dependent. Those
mesons which are slow in one Lorentz frame are also
the ones produced first in that frame. In this sense it is
an "inside-out cascade". Thus with a large boost along
the leading quark we obtain a Lorentz frame in which
the first rank meson is also produced first in time. The
assumption that the probability for a particular break
up situation is determined by the available number of
final states then implies an iterative structure similar to
that in cascade jet models [14]. which is easily implem-
ented in a Monte Carlo generation procedure.

A relativistically invariant generalization of a one-
dimensional linear force field to three dimensions is
provided by the dynamics of the massless relativistic
string [3,15]. On such a string it is possible to have a
localized excitation, a kink, which carries energy and
momentum and moves with the velocity of light. This
kink is pulled back by the string with twice the force
acting on an endpoint quark. Thus it behaves like a
giuon [in QCD with N colours the ratio between the
forces on a giuon and a quark is expected to be
2/(1 - 1/JV2), i.e. 2 for infinitely many colours]. In
[2,6,7] we have used such a kink as a model for a
giuon and calculated the giuon jet fragmentation with
the same methods as we used for the quark jets.

The idea is thus that in the initial perturbative
period, in e.g. an e* e -annihilation event, giuon emis-
sion corresponds in our model to a kinklike excitation
on the force field. In the following soft hadronization
the forcefield is stretched in a smooth way, without any
further transverse excitations, and breaks into pieces,
hadrons, by the production of quark-antiquark pairs
as described above.

The stretching and breaking of the stri.ngiike field
in an e*e~ ->qqy event is illustrated in Fig. 2 (cf. [6, 7]).
A very essential feature of the model is that the force
field is stretched from the quark to the antiquark via
the giuon. This implies that the mesons are produced
around two hyperbolae in momentum space as in-
dicated in Fig. 3a. An asymmetry of the type predicted
in [7] is actually observed by the JADF-collaboration
at PFTRA [16].

The model also provides a natural cut off (or the
divergencies connected to soft and collinear gluons.
For a collinear giuon the energy in the field between
the giuon and the quark (or antiquark) is so small that
it cannot break and produce a meson at the end. The
first break will then be on the other side of the kink
and the leading (first rank) meson will contain the
whole string piece between the quark and the kink.
The giuon and the quark will then look just like a
single quark jet. We find also a smooth transition
between the 3-jct and 2-jet events in v' c -annihilation.
For a rather small angle between the gluoii and the

Fig. 2? The space-time development of a quark-jimquark-gluon
event. The quark and antiquark move along the directions marked i/
and q and are at the endpoints of a string field The giuon is a
pointlike energy-momentum carrying piece of the string moving
along the direction g. thereby causing a triangular shape of the
outmoving string field. The field breaks b> the production of
impairs and the directions of the final state mesons are marked bv
arrows when they become independent entities I Note that the
slowest mesons in the cms are the first ones to emerge, and also take
the largest pieces of the string)

\ *~-

Fig. J a - t . The momentum spate distnb
particles winch appear in the mean along (w
the hatches indicates Ihe si/e of the t rar
(ualions in a string field without excite
Ireedom. j is for .1 general case while, b iltu

lion of Ihe final state
i hi[K'rbol.ie Ihi-M/ei'f
s\erse momentum IIUL-
.1 transverse degrees of

k'- the case of .ilmo-i
collinear gluon and quark momenta, atul c the case of a off y

quark, the distribution of mesons in momentum space
will be as indicated by Ihe shaded area in I in. 3b.

In the case of a soft gluon we also obtiini an
effective 2-jet event if the energy of the glnon is so small
that it stops before the siring breaks the firs! time. I he
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effect of the gluon will then only be a small p
broadening of the jet. cf. Fig. 3c.

The actual cut offs used in the present calculations
are those given in [6]

(2)

*

where :V/w is the invariant mass of the quark and the
gluon etc. When applying the same method to a
leptoproduction event we note that in case of iqg) jets,
if the photon hits a quark the target remnant is a
colour antitriplet. Apart from the particles in the target
fragmentation region we expect the same result as if it
were an actual antiquark (cf. [3]). In case of iqq) jets
the outgoing quark and antiquark jets are both con-
nected to the target remnant which is now in a colour
octet state, just like a gluon. Again, if we are not
studying the target fragmentation region we can use
the same calculations with the glaon taking the place
of the target remnant. The model is implemented in
terms of a Monte Carlo program [22] which generates
complete events. This means that not only one-particle
spectra can be studied but also different types of
correlations among the particles in an event. As an
example we study, in Sect. 3B. how the p of a particle
with large transverse momentum is compensated in the
event.

C. Primordial k

For a study of the transverse momenta of the final
state hadrons it is necessary to take into account the
"primordial" ii of the quark or gluon struck by the
virtual photon. Based on the consideration in [3] we
treat this by letting the jet axis "swing" around the
direction of the momentum transfer Q with a Gaussian
k distribution. We would from [3] have expected that
k is at most half the proton mass, but we will in the
following consider different values for the Gaussian
width. This means that the final state particles will
obtain a fraction of the primordial k which is roughly
proportional to z. It has been suggested that this
correlation between z and k could be used to de-
termine </r> from the relation

However. Monte Carlo studies indicate that this will
be very difficult. Such an effect is drowned in the
broadening of the 2-jet events, because also the contri-
butions to p from the soft hadroni/ation and pcr-
turbative QCD depend on z, sec Fig. 8.

Another way, which also turns out to be unsuitable
according to our results, would be to determine the

thrust axis for each event and compare this axis with
the Q-direction. Fven if the momenta of both neutral
and charged particles are measured accurately we find
that the signal to noise ratio is too small for a
determination of k .

3. Results

All results presented here correspond to a muon
energy of 280 GeV and with cuts similar to those used
by the European muon collaboration [17], namely:
20<v<260GeV. M->40GeV2 . and ( ? : > 5 G e V :

.4. The Gross Features of the Event Structures

In order to get a general feeling of the event structures
emerging from the </-jets. (i/(/)-jcts and (</<j)-jets re-
spectively we present in Fig. 4a c the superimposed
one particle densities for 2000 events of each kind in a
iz.px)p\ol.

The light cone variable r which is the natural
theoretical variable used in [2 4] and in Sect. 2 is very
close to the experimentally more easily determined

p
variable r, = . The subscripts / and 1 stand for the

longitudinal and transverse directions with respect to
the momentum transfer Q and for 2-jet events x
corresponds to the transverse direction in the 2-jct
event plane. We have used the cutoffs defined in|2)
above to distinguish 1 .^tween the different event si-
tuations. The actual percentage of the different types of
events as a function of His shown in Fig. 4d.e for two
different v-values.

The general features are evidently that

/. Both the (</</)-jet and (</i/)-jel events are much
broader in transverse direction that the i/-jct events.
The mean transverse momentum for large r-values
|r>0.l)is().7l GeV c for the <t/i/)-jet events. 0.51 GeV c
for the lt/i/)-jet events and 0.37 GeV c for i/-jet events.

2. There are also fewer fast particles in the 2-jet events.
In Fig. 5 we present the single particle inclusive
r-spectra for 1- and 2-jet events respectively. However
this difference is hard to observe directly. If we e.g.
enhance the number of 2-jet events by demanding a
particle with large p we also obtain a biased sample
with regard to the r-speetrum.

3. there is a very unequal partitioning of energy
among the two jets for 2-jel events. In fig. 4 the events
are organized in such a way that the quark jet in </iy-jet
events is on the upper side Ir»,..-()( while for (</</)-jet
events / v>0 corresponds to the "harder" jet in all
cases (there is evidently no difference between the
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Fig. 4a-t. Dens i ty plot for c h a r g e d part icles, p ro jec ted on the l-.pj

p
plane, where z= -• with / along Q and x transverse to Q a i/jet

events; b <j</-jet event» p, > 0 corresponds to ihc quark side in the
event plane, c 44-events. p , > 0 corresponds to the "harder" jet in the
event plane. Percentage of qy events (full line) and >/«/ events idashed
line) as a function of W for v = 0.05 d and x - i l l t

quark or antiquark jet in general). For a muon beam
energy of 280GeV the energy partition is on the mean
in the ratio 0.57 for the gluon to quark jet for qg-jel
events while it is 0.16 for the "weak" to "hard" jet in

; events.

When studying the effects of the QC'D corrections a
natural and important quantity to study is the trans-
verse momentum and in particular its increase with
energy, where the relevant variable is W, cf. [23]. For
the actual mixture of the three event classes we obtain
the p distributions shown in Figs. 6 8 together with
data from the European muon collaboration [17]. For
the primordial transverse momentum we have used
values of (k2)=0M (CieV/c)2. broken line, and
0.64 (GeV c)2, full line. It is evident that the higher
A: -value is needed to obtain good agreement with the
most energetic particles, i.e. those with 0.4<r<l , in
Fig. 7. We note however that for this ;-bin our model
gives somewhat low values of (p1) in the low
M-region. as compared to the IMC data but not to
HI BC data [20}

As mentioned above and from Ihe discussion in
[3], we would expect a rather small primordial k

F i g . 5 . [ h e c h a r g e d p a r t i c l e i n c l u s i v e r - d i s t r i h u t i o n I h e full l i n e
f o r I - j e t e v e n t s w h i l e t h e b r o k e n l i n e c o r r e s p o n d * t o 2- ie t e v e n t s

coming from the motion of the quarks within I tic
incoming proton. This k would be balanced in the
target fragmentation region. We think that ihe larger
k needed (o fit the data is an indication of soft gltion
radiation as treated e.g. in [21 |.
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\;ilue was used but the leading quark has a transverse moment! m
relative to the jet axis of the same size as the fragmentation r>

The emission of soft (central) gluons will give the jet
a recoil. The p1 thus given to the particles in the
fragmentation region should then be balanced in the
central plateau.

However, as long as we study mainly particles in
the current fragmentation region we think that the
effect of the soft gluons can be simulated by an
increased primordial k. or by giving also the leading
quark a pt relative to the jet direction as defined by the
momentum transfer Q. To obtain the results above we
assumed that the motion of the leading quark defines
the jet direction, and this quark was hence nol given

Fig. 8. The mean squared transverse momentum as a function of : :

The curves show the contribution from: I: the fragmentation process
as described by our cascade model. II 1st order QCD processes. l!l
primordial k , <**> = 0.64|GeV C)z. IV: our model when all contri-
butions are included. It should be noted that the p broadening
coming from the decay of instable particles is included in each of the
curves, and hence there is some double counting between I. II. and
III. In fact, the p broadening coming from decays is a minor effect,
but decays must be included to give the correct : ipectrum

any extra pk. The dotted curves in Fig. 7 are obtained
when the leading quark is given the same p relative to
the jet direction as the other quarks and the primordial
kL is given by <fc*>=O.36|GcV c»2. (Note that in the
Feynman-Field jet model [14] also the leading quark is
given a p . ) The relationship between the emission of
soft (central) gluons and the transverse momentum
properties of jets will be treated at another place [19].

In Fig. 9 we show the z spectrum for charged
particles. Besides a comparison between i MC data
and the model presented in [4, 6], we also indicate the
further softening of the spectrum obtained when the
effects of (soft) collinear gluon emission are included.
The effects of collinear gluon emission, which do not
significantly alter the transverse momentum properties
of the jets, will be further studied in a forthcoming
paper [19].

Ö. Tests of the Perturhatire Pan

I.ven if the predicted increase in p secerns to agree well
with the experimental data. Ihe basic prediction of
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perturbative QCD. namely the presence of 2-jet events
rather than a single forward jet. which grows latter
with increasing energy, should be tested more thor-
oughly. The 2-jet particle structure defines a plane such
that the transverse momentum distributions in the
plane and out of the plane are different. As this feature
already has been observed in e*e -annihilation [IX] it
would be a demonstration of a very stro ig dynamical
difference, and a break down of the simple quark
parton model interpretation, if it is not found also in
leptoproduction.

A simple way to get an enriched sample of 2-jet
events is to use a single particle p -trigger [24]. In case
we trigger on a particle with r>O.I and with
|pJ>1.25GeVc the number of 2-jet events will be
enhanced to =: 70 ".. instead of 22".. without any trigger.
From the original sample of events, as defined by the
cuts at the beginning of Sect. 3. about 4"<> will survive
this trigger condition. By increasing the required value
in px an even cleaner sample will be obtained, e.g.
|pJ>1.5GeV/c gives 83"o 2-jet events, but of course
this also reduces the statistics (to about 1.6".. of the
original sample).

In Fig. 10 we show (full line) the charged particle
distributions in our model in /r j n and /rouI with
respect to a plane defined by Q and p trif|cr if we use a
single particle trigger with :>() I and
lr . . J>1 .25GeVc .

We also show (dashed lines) the results for a "fat" 1 -jet
model in which the p>-width is increased to give the
same trigger rate as for our model.

We note, however, that even if such a planar
property is observed it is not evident that this is due to
a 2-jet structure. A simple way to demonstrate the
occurrence of two jets in the experimental data is to
study how the transverse momentum s compensated.
To that end we again use a single particle trigger with
large transverse momentum p =f> „ with respect to
the Q-axis. Then define two directions <", and j7 , in the
plane through Q and p „ in accordance with Fig. 11.
For the particle with largest : lexcepting the trigger
particle and particles with ;<().!) define the two
momentum components p , and p 2 in the plane as
indicated in Fig. 11. counted positive in the trigger side
direction. Thus we always have p , < f ,.
Superimposing data from many events we obtain in
our model calculations a clustering around both direc-
tions ?, and c2 as shown in Fig. 12a. This result is due
to the fact that the chosert particle can belong to cither
jet We note that the region of large negative p , and
p , values is populated by particles belonging to the
gluon jet. For a model with "fat" single jets instead of
2-jet.; we find, as shown in Fig. 12b. only a broad band,
along the direction ?2. caused by total transverse

OOI
oo

Fig. 9. Distributions in r for charged pjrticlc» I \t< dar.: jrc
compared with t hi "standard' lund model, dashed, and, \»i:h the
model including effects from soft yluon emission, full line

no-

o

01

001

I 0 1 2 3 « S »'.

b 0 I 1 3 * S rm (UHv

H%. IOi and b . The charged particle transverse momentum distn-

hulion in a and out b of the event plane defined bv ( J .ind p .. for .i

single particle trigger with r >l> 1 ami p u • I X r e \ c I he full

curve corresponds to the model described in this p.iper »hiU1 the

dashed curve corresponds to a "fat" I |et model Miih ," »idt l \ .if

O.MHicV c. The cuts VV: . ;i)0< teV : and \ -Oils have K v n made to

isolate the region »he re the rate of i/n-events i- l . ir t ir

momentum conservation. In this way the mean value
of p , will vary with p , in different witvs for the two
models as can be clearly seen in l i g 12c. It would be
very interesting to make a similar analysis for K ' K
pairs. In models based on quark p.iir creation in a
stringlike force field and in cascade jet models one
expects a strong correlation between particles which
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Fig. II . The geometry »sed to study how px is compensated. Full
line on left side is ihe trigger particle, the dashdottcd line gives the
momentum sum of the remaining particles. For a particle (indicated
with full line on right side) we may define pkl and p_, along the
dashed line, counted positive in the trigger side direction, hence
P. i <Pii- (Only the components in the plane are used)

are close in "rank". This ordering of the panicles can
be checked because a K* and a K~ often contain
quarks from the same »-pair. Thus in a 2-jet event a
K * and a K ' should often belong to the same jet. The
results for the 2-jet model if the trigger particle is
required to be a charged kaon and the selected fast
particle its antiparticl: is shown in Fig. 12c. One can
see a clear difference between this case and the result

Fig. I2a-c. Density plots <f>j:.pLI> for the fastest charged particle
Ipossibly excepting the Ingger) in events with p, „ > l.25OeV,c and
;„>(). I. In tare the results obtained from our 2-jet model, while k is
a I -jet model in which the n of the primary meson pl distribution
was raised from 0.44 to O.AOGeV/c, lo give ihe same trigger rale as in
ihe 2-jel model The cuts » I > 2 0 0 O e V 1 and x > 0 0 3 have been
made lo isolate ihe region where the rate of w-evem* l s l>rf*r The
variation of <p. ,> as a function of pL , is piolled in t for Ihe 2-jel
model (full line) and the "fat" I-jet model (dashed line). Also shown,
dolled line, n the case for a kaon pair as discussed in Sect 'B i

4.0 "•

J.O -f

3.0 -

4.0 5.0

<Pål) GiV/c

-1
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obtained for all particles. The statistics will, of course,
be very low but can be enlarged by a weaker trigger
condition (say p >O.75GeV/c) which will show quali-
tatively the same effect.

C. Test of the Soft Hadronization.
The Nature ofGluon Fragmentation

We think that the largest differences between the Lund
fragmentation model and other fragmentation schemes
are related to the fragmentation of gluons.

In Sect. 2 and in [7] we have shown that our gluon
jet model, in which the colour force field is stretched
between the colour triplet and antitriplet via the gluon,
implies nontrivial multiplicity and angular asymme-
tries. An analysis like the one given in [7] for c*e~ •
annihilation works even better for leptoproduction
because the jet axis of the target fragmentation jet (in
the hadronic cms) is known from the start.

We have found that the same asymmetry should be
possible to study directly in the laboratory frame from
an investigation of the low : region (z < 0.05 at SPS
energies). In our model, for r-values below ~0.05,
which corresponds to the hadronic cm but still not
really in the target fragmentation region, the force field
for iqg) events bends towards the gluon side.

The particles then found on the quark side are the
result of the nonperturbative broadening of the gluon
side jet. Hence, using a positive particle with z>0.1,
p > l.25GeV/c to define the quark jet side of a 2-jet
event, we expect the ziXz) fragmentation function for
charged particles to be considerably lower on the quark
side (Fig. 13a). However, since part of this effect might
be expected simply from the assumption of a softer
gluon than quark jet, an even more revealing distri-
bution is</),in>(r). This will rise approximately linearly
with z on the gluon side while on the quark side it will be
roughly constant up to the hadronic cm and then start
rising (Fig. 13b). As alternative schemes for the soft
hadronization process for 2-jet events one could imag-
ine e.g. two independent jets emerging in the labo-
ratory frame or three independent jets emerging from
the origin in the cms (one corresponding to the targel
fragmentation).

In the former case there will be a rise on both sides
all the way, while in the latter case both sides will show
essentially flat spectra for low z. To be able to discri-
minate between the different possibilities above, one
should have at least a hundred good triggers.

4. Concluding Remarks

We have presented a combined application of lowest
order pcrturbative Q ( ' I ) and the l u n d soft hadroni-

oo •
a oo

00-
b 00 005

Fig. 13. a Fragmentation function for charged particles in t lie Ion .-
region on the trigger side, dashed, and on the opposite side, full lim-
according to our 2-jet model using a positive trigger »ith p ,,
>1.250eV and r l r >0.1 . b Average transverse momentum in the
plane defined by the trigger and the Q directions, with cunes .is in a

zation model for the description of high energy leptop-
roduction. This model seems to be in agreement with
the results from the European Muon Collaboration,
although we note a difference in the mean squared
transverse momentum <r>:> for the region of small H'2

and large z.
We have in this model found that a useful trigger

situation in order to enhance the 2-jet events very
considerably is a single particle trigger with z >0.1 and
\p | > l . 25 ( i eVc . We indicate a method to check the
two-jet nature of the events and also predict some
paiticular asymmetries for small r-\alues which are
connected to the gluon properties in our model.

We have found that there are in general only small
flavour correlations to be expected and that it is very
difficult to disentangle the properties of the so-called
primordial k -distribution. The large primordial k
needed is. we bdieve. an indication for soft gluon
radiation [21], If so. this A should be balanced in the
central plateau rather than in the target fragmentation
region. We want to study this effect further in a later
publication,

The natural extension of this investigation to the
properties of the target fragmentatior, region and to
the investigation of charm production will be pre-
sented elsewhere.
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Abstract :

We study baryon production in deep inelastic scattering

using an extended version of the Lund jet model. There are

two contributing sources. The first is baryon production

in the target fragmentation. In a scheme related to our

earlier work on low-p baryon fragmentation we present

some details of the fragmentation of a diquark into

baryons ana mesons. A non-negligible baryon-antibaryon

production is observed in e e~ annihilation. In a previous

paper we developed a model for this production, and the

same mechanism should also give fast baryons in

leptoproduction'. In this paper we discuss those features

of baryon production which can be more easily studied in a

leptoproduction1 experiment.



Baryon production in lepton-nucleon scattering

1. Introduction

In a previous publication [l] we studied particle

production in deep inelastic lepton-nucleon scattering.

Those calculations included gluon radiation and photon-

gluon fusion in accordance with first order QCD. Baryon

production was neglected, however, and the target

fragmentation region was not studied. In the present paper

we want to discuss these points. In particular we feel

that studies of baryon production can give important

information about the confinement mechanism.

In a normal leptoproduction event a quark is kicked out

and a confining colour force field is stretched between

the quark and a diquark, the target remnant. This diquark

is expected to give rise to one final state baryon

somewhere in the target fragmentation region. In section 2

we discuss a model for diquark fragmentation which is in

accordance with our model for proton fragmentation in

hadronic collisions in [2],

In e e~ annihilation a non-negligible baryon-antibaryon

production is observed, and the same production mechanism

ought to give extra baryons in the colour field of

leptoproduction events. In [3] we propose a model for

baryon-antibaryon production and study its implications

for e e~ annihilation. This model is briefly sketched in
1 i i

section 3̂
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In case of a photon-gluon fusion reaction vvg * QQ> or

when a sea quark is kicked out by the photon, the target

remnant is not just a diquark. The more complicated colour

structure of these events is discussed in section A, where

we make the assumption that the interacting gluon can be

associated to the colour field of one of the valence

quarks. This discussion is also relevant e.g. for lepton

pair production in hadronic collisions.

The Monte Carlo generation program of [4], which is based

on the Lund fragmentation model, is modified to include

these properties and some results are presented in section

5.

2. Diquark fragmentation

In [5] we notice a large similarity between proton

fragmentation in the ordinary low-pt hadronic collisions

and in deep inelastic lepton scattering. It looks as if in

both cases a colour force field is stretched by a diquark.

We do not treat this diquark as such a tightly bound

system that the two quarks always stick together and go

into the same baryon. In [2] we propose a reaction

mechanism for hadronic collisions in which a colour

triplet field, a colour flux tube, is stretched as

indicated in fig. 1. One quark (L) is at the end of the

force field followed by a partner (J) in a diquark. If the

L-quark is red there is a rr field between J and L. If

the J-quark is green the diquark is antiblue and to the

left of J we have a bb colour field.



Baryon production in lepton-nucleon scattering 3

Quark-antiquark pairs can be produced in the field, and we

notice that the field changes direction at the J-quark so

that a produced quark is always pulled towards (and an

antiquark away from) the J-quark. Thus when the field is

divided into pieces, hadrons, by the production of new qq

pairs, that piece which contains the J-quark becomes a

baryon.

The two quarks In the diquark stretch the colour flux tube

in a stepwlse manner. When it is stretched the fraction x,

of Its full length the J-quark has lost its momentum and

stops. The L-quark continues, with the fraction l-xT of

the total Initial momentum, and stretches the flux tube to

Its full length. The value of x.. is related to the wave

function of the initial proton. In hadronlc collisions

there Is also one more quark, called the I-quark, behind

the leading two. We will here, due to lack of information,

assume that the xT distribution is the same in
— — — — j

leptoproduction when there is no I-quark. Thus we use the

distribution from [2] :

3 ~ - 6 X, (1 - Xj)
dXj J J (])

With the Lund model recipe for dividing the force field

into hadrons [6] this implies around 50J? probability for a

break between the L- and J-quarks. This means that we have

about equal probability that the baryon takes one or both

of the initial quarks; it always takes at least one.
i

i

We assume that when one quark is kicked out of the proton

it loses its memory about whether it was more tightly
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bound to one or the other of the remaining two quarks.

Thus for a ud-diquark we expect equal probabilities for

the u- and the d-quark to be the L- (J-)quark. This is in

contrast to the model for hadronic collisions [2], where

the softer reaction mechanism is expected to preserve more

information from the initial proton wave function.

An important point is the fact that a baryon is a

symmetric state of three quarks. A basic assumption in the

Lund hadronization model is that the probability for the

colour field to break by the production of a quark-

antiquark pair is determined by the density of final

states. Therefore we assume that for baryons the

probability to produce a certain flavour is weighted by

the probability to form a symmetric state in the baryon

56-multiplet. One could imagine a suppression of the

decuplet states, but this is not assumed here. For an ud-

diquark we also assume the probabilities 3/4 and 1/4 for

the states with spin and isospin S=I=0 and S=I=1

respectively, as given by the proton SU(6) wave function.

Together with the old assumptions in the Lund quark jet

model [6] this fully determines the diquark fragmentation

model. We note that the diquark is not treated as a

structureless unit like in [7,8]. In similarity with the

model in [9] the diquark has an interior structure, which

in our model is described by the parameter xT. Some

characteristic results are shown in fig. 2.
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3» Baryon-antlbaryon production

Our model for baryon-antlbaryon production is described in

detail In [3l« Here we only sketch the main properties.

In a colour force field which is stretched between a

colour triplet and an antitriplet, as in e e •• qq or

leptoproduction, the potential energy can be lowered by

the production of new qq pairs which are pulled apart by

the field. Quarks and antiquarks then combine to form the

observed mesons in the Jets. The longitudinal momentum of

a produced hadron is determined by the time difference

between two adjacent breakups of the force field. The

rapidity difference , Ay, between two primary mesons which

are adjacent in rank is of the order of one unit [6]. The

distribution in Ay Is, however, rather wide with

exponential tails at large positive and negative Ay.

A pair of quarks with transverse momenta or heavier

strange quarks can not classically be produced in one

point and then be pulled apart. Instead the q and q have

to be produced a certain distance apart so that the field

energy between them can be transformed into the

(transverse) mass. This can be treated as a tunneling

phenomenon In which the virtual quark tunnels out to the

classical production point [10,11 ]. The production

probability is then given by

P ~ e
- 2 On2 + P?)

(2)'

where K is the strength of the colour field ( = ] GeV/fm =<
2

0.2 GeV ) and m and p̂ . are the mass and transverse
1 t
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momentum of the quark. This gives a Gaussian p.

distribution having a width around 0.3 GeV/c and a

suppression of the strange quarks by about a factor 0.3>

in good agreement with observations.

In our model for baryon production we have assumed that

also a diquark-antidiquark pair (a colour antitriplet-

triplet) can be produced in the field in a similar way. We

do not expect such a diquark to correspond to a pointlike

object, e.g. to be a single elementary excitation of a

quantum field. For the small momentum transfers involved

in the soft hadronization process, however, we feel that

also an extended object will have an effective coupling to

the colour field in the flux tube. Thus we assume that the

diquark can be treated as one unit in this case and that

the production of diquarks and quarks are determined by

the same tunneling formula, eq. (2). The experimentaly

observed baryon production in e e~ annihilation is

obtained if a diquark has a mass around ^50 MeV and the

probability P(qq) in each break of the field to produce a

diquark is given by

= 0.065 (±25%) ( 3 )

Thus in this model baryons are produced evenly over the

whole rapidity range and we note that this is in agreement

with the observed energy variation between 4 and 30 GeV.

Just -as for the diquark fragmentation in section 2 we

assume that the production of a certain diquark is

proportional to the probability to form a completely

symmetric three quark state. With these assumptions alr.o
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the observed A:p production ratio is reproduced.

The most important question is to determine whether a

diquark really does tunnel out as one unit. If it does,

this fact ought to tell us something about the

confinement mechanism. An essential consequence is the

result that the baryon and the antibaryon»are usually

produced close in rapidity, with the baryon closer to the

colour triplet end of the field. This can be more easily

tested in leptoproduction than in e e~ annihilation

because in the latter case the direction of the colour

field is not known. This property is also obtained in any

model with short range correlations like multiperipheral

or Regge models or in models of iterative cascade type

like in [7]« However, we feel that the most crucial test

is related to the predicted suppression of strange

2
diquarks. A consequence of the m in the exponent in the

tunneling formula in eq. (2) is that strange diquarks are

more suppressed relative to nonstrange diquarks than

strange quarks relative to nonstrange quarks. This effect

is not expected if the diquark is produced in a stepwise

manner ?.s suggested in [11 ], in which case also a large

rapidity difference between baryon and antibaryon could be

obtained.

4. Colour field structure

i

i

To first order in QCD we have in addition to the ordinary
i

events with one forward jet also events with two forward
i ' i

jets (in the lab frame), which correspond to the reactions
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Y q -* gq (or y q -»• gq) and y g •» qq. In our earlier

treatment of deep inelastic lepton scattering [ll, when we

did not study the particles in the target fragmentation

region, we could approximate the diquark by an antiquark,

and in the case y g -> qq, when the target remnant is a

colour octet, it was approximated by a gluon.

In the Lund model a gluon is treated like a kink or a

transverse excitation on the force field. Thus for the

case Y 9 + 89 t n e colour field is stretched from the quark

via the gluon to the diquark (colour antltriplet). This

diquark is treated just as discussed in section 2 (see

fig. 3a).

For Y 8 * Q<3 the colour configuration is more

complicated. One quark and one antiquark, which together

form a colour octet, go forward whereas the target remnant

contains three quarks, also in a colour octet state. The

colour field lines can here be stretched in various ways.

Because these events are only a rather small fraction of

all the events, we think that it would be hard to

experimentally distinguish different alternatives. We

therefore make the following assumptions, which we feel

are reasonable, and which could be modified when more

experimental Information is available.

We assume that the Interacting gluon can be associated to

the colour field of one of the valence quarks of the

target nucleon. If this quark was originally red, it could

radiate off a red-antlblue gluon, and turn blue, fig. 3b.
i i

The produced antiquark takes the ,antiblue colour from the
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gluon and can form a colour singlet together with the

original valence quark. The other two valence quarks are

green and blue, making an antired diquark, which forms a

colour singlet with the produced quark (see fig. 3b).

These two colour singlets are treated just like an

ordinary e e~ ->• qq event and a leptoproduction event,

respectively, but to do this we have to determine how the

energy of the proton remnant, when the gluon is removed,

is shared between the quark and the diquark. If the quark

takes the fraction x of the light cone variable E+p, in

the target fragmentation direction (left in fig. 3c) and

the diquark the fraction 1-x we assume

£ - 2 (i - i)
dx (4)

which implies that all three valence quarks on the average

take one third of the available energy-momentum. The

momenta of the produced quark and antiquark (moving to the

right in fig. 3c) are determined by the QCD matrix element

for the reaction y g •*• qq.

In the case when the photon hits a sea quark (antiquark)

this must have a partner antiquark (quark) in the proton

remnant. The partner to a u or a d sea quark could be

assumed to annihilate with one of the valence quarks, but

for a struck antiquark or strange quark this Is not

possible. If we also here associate the sea quark-

antiquark pair with a virtual gluon from the colour field

of one of the valence quarks, we obtain exactly the same

colour structure as In the case above (fig. 3b). The only

difference is that the partner sea (antJ-) quark is

expected to be wee and thus the mass of one of the colour
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singlets in fig. 3c is small. We assume that thfs system

forms only one single hadron (possibly a resonance) whose

momentum is determined by the parameter x (if it is a

meson) or 1-x (if it is a baryon).

We note that very similar colour arrangements are obtained

in lepton pair production from the crossed reactions qg +

qv and qq •*• v •M r v s v

5. Regults

In this section we present some results which correspond

to scattering of 280 GeV/c muons against protons and

2 2
applying the following convenient cuts: Q > 5 (GeV/c) ,

W2 > 40 GeV2 and 20 < v < 260 GeV.

5.1. p, p production

The production of protons and antiprotons Is shown In fig.

4. If a quark Is kicked out an antiproton can only be

produced as ;i •• >cond rank particle which gives the softer

spectrum. We notice that if a diquark can tunnel out as

one unit, these spectra are harder than expected from

counting rules, counting the number of spectator quarks

17,12].

The energy variation is shown in fig. 5, which also

exposes the separate contributions from target

fragmentation and baryon-antibaryor pair production. We
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notice that when W Increases the target contribution

shrinks to lower values of z and that the pair production

increases in such a way that the total spectrum shows

somewhat less energy dependence than the separate

contributions.

5.2. A, Ä production

As mentioned above an Important test of the tunneling

hypothesis Is to check the prediction that strange

diquarks are strongly suppressed. This Implies that it Is

difficult to produce a A particle from a u-quark and a ds-

diquark. Thus, if the photon kicks out a u-quark, it Is

difficult to nake a A as a first rank particle; we have to

make the ss pair first. Therefore both the A and Ä

spectra are similar in shape to the p spectrum and

approximately (1-z)2. (Of course they differ In the target

fragmentation region where the A spectrum Is much larger.)

The spectra obtained are shown in fig. M.

We also notice that the suppression of strange diquarks

Implies that a A Is usually not produced together with a

Ä but more often together with a K and a p or n. The

ratio of these two cases is about 1:3 but would be about

2:3 if strange diquarks were no more suppressed than

strange quarks. This ratio does not depend mu"h on the

amount of resonance production. The production of

particles with more than one strange quark, e.g. .- is very
1 1 1

low, as seen in table 1.
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5.3» Rapidity difference in baryon pairs

As discussed in section 3 the baryon and the antibaryon

that are produced together in the colour field are usually

close in rapidity. Also, the baryon is expected to be

closer to the colour triplet (quark) end of the field. At

high cms energies the mean value of the rapidity

difference, Ay = yB - yg, in such BB pairs is about 0.4.

This is smaller than 1 which is the result in the 1-

dimensional massless model [6] or the massless Schwinger

model [17], mainly due to the effects of finite field

lengths and collinear gluon emission [6]. These effects

are somewhat larger for baryons than mesons due to the

larger masses involved. The distribution in Ay is, as

expected, rather wide and has a standard deviation of 1.6.

In just over 6055 of the pairs the baryon has a larger

rapidity. The fact that the baryon is closer in rapidity

to the leading quark is, of course, a quite general

expectation for fast baryons. In our model, however, this

effect can also be observed for centrally produced BB

pairs. For example, for pairs where both the baryon and

the antibaryon has |xp| < 0.2 the baryon is still leading

in 60% of the cases.

At low cms energies the mean rapidity difference is

somewhat smaller due to mass effects, <Ay> = 0.3 at W = 7

GeV. If, in leptoproduction, the baryon from the target
1

remnant is also observed and included when Ay of BB pairs
1

is studied the results above are upset. This baryon must
1

hence be excluded by some kind of cuts against baryons in
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the target fragmentation region. Another complication is

that the leading parton can also be an antiquark either

from the sea or produced via the photon-gluon fusion

mechanism. In these events the rapidity difference will,

in general, have the opposite sign giving a not so clear

result for a total event sample. However, since the sea

contribution dominates at small xn, events having small

and large xR, respectively, will give different results In

this respect. As an example, for a total sample of 280 GeV

HP events we find <Ay> = 0.27. For those events having x~

< 0.1 this value is 0.25 whereas if xn > 0.1 then <Ay> =
D

0.31. Here we have avoided the target baryon simply by

excluding the baryon with smallest rapidity. In order to

make a close comparison with experimental data we suggest

the use of the Monte Carlo program to simulate events and

apply the same cuts and analysis as on the real events.

5.4. p -distributions

Because a diquark is assumed to tunnel out in the same way

as a quark according to eq. (2), we expect the same p,-

distribution for all primary hadrcns, mesons and baryons,

in a Jet. However different contributions from resonance

decays, and also different fragmentation of gluons and

quarks (cf. [3]) imply different p. spectra for the

observable stable particles. In fig. 6 we show p.

distributions for protons and pions. To remove the target

contribution only particles with p. . > 5 GeV/c are

included. A limited experimental momentum range for proton
i

identification may, however, change this spectrum.



Baryon production in lepton-nucleon scattering

Because the diquark and the antidiquark of a pair have

compensating p. we also get a correlation between the p.

of a baryon and an antibaryon. For a proton and an

antiproton we find that the distribution in relative

azimuthal angle is approximately described by

ai ~ 5 ~ cos * (5)
Because a A is usually produced together with a kaon, the

distribution in the relative azimuthal angle between a A

and

(5).

and a K is also well described by the expression in eq.

5.5. Polarization

In [13] we propose a model for the polarization of

inclusively produced A particles in pp collisions. It is

based on a correlation between spins and p, for a ss

quark pair produced in the colour field. Because a fast A

is usually produced from a ud-diquark with spin 0 and a s-

quark we can use the same arguments here. Thus, if the

photon kicks out a quark we expect the A to have positive

polarization along the direction q * n. (q is the

photon momentum) (cf 113])- Notice that fast A's are thus

polarized in the same direction as A's in the proton

fragmentation region (negative along the direction (-q) x

n )• Ä particles should be polarized in the opposite

direction.
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Table 1

The number of baryons per event is given in total,

contribution from the target fragmentation and for fast

baryons only (z > 0.15). The number of antibaryons per

event is also shown.

1

!

! total

! target

!
! z > 0.
!

1

fragm.

5

0

0

0

P

.71

.61

.063

0

0

0

n

.46

.39

.043

0

0

0

A

.11

.094

.013

0

0

0

E

.034

.028

.0064

0.

0.

0.

005 !

005 !

0009 :

n

total 0.091 0.079 0.019 0.0098 0.0012
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Figure Captions

Fig. 1. The colour field (or colour flux tube) stretched

by a diquark. One quark (L) is at the end of the

field followed by a partner (J). If L is red and

J green the field is antired-red between L and J

and behind J it is blue-antiblue. In the fields

new quark-antiquark pairs can be produced.

Fig. 2a. Pion production in diquark jets. The

experimental data on ud + « , it come from the

reaction vp > it X in [14] . Note that z > 1

corresponds to the target fragmentation region

in this case.

Fig. 2b. Nucleon production in diquark jets. Baryon-

antibaryon production in the field is not

included.

Fig. 2c. A production in diquark jets. The data come from

the DECO experiment on ep scattering [15] , which

roughly corresponds to a ud-diquark jet. However

the experimental data correspond to a rather low

energy (and the Feynman-x variable is used)

whereas the theoretical curves are for infinite

energy, and no production in the field.

colour field resulting from the process y qFig. 3a. The

•* gq is stretched from the quark via the

to the diquark in the target remnant.

gluon

Fig. 3b» The photon-gluon fusion process with the assumed

colour structure.

Fig. 3c. From the process y g •*• qq two colour singlets

are obtained.
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Pig. it.

Fig. 5-

Pig. 6.

Production of p, p, A and 1 vs. z=Eh/v. The

data points are results for p and p at 120 and

280 GeV from the EMC collaboration 116]. The

agreement with data is somewhat improved (in

particular at small z) if the experimental

momentum range for proton identification is

taken into account.

Proton production at low W (a) and large W (b).

The dotted line corresponds to the target

fragmentation and the dashed line to baryon-

antibaryon pair production.

p^ distributions for p and it . To remove the

contribution frtm the target fragmentation only

particles with p l a b > 5 GeV/c are included.

(blue) -bfi- 3 (green) - r r -

Fig. 1
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Abstract:

We show that with the Inclusion of soft gluon emission the

experimental p.-spectra of leptoproduced hadrons is well

reproduced without having an unphysically large primordial

transverse momentum. A way to distinguish experimentally

between primordial and soft gluon effects is given.

We further show that the forward-backward asymmetry In the

hadronic energy flow predicted by perturbative QCD is, at

presently available energies, difficult to observe in the

final state of observable particles due to the

fragmentation of the jets. The decay of unstable particles

produces an energy flow at large angles which washes out

the QCD parton level asymmetry. Kinematical effects from

the production of a baryon in the target fragmentation jet

will, however, give rise to a forward-backward asymmetry

that' is larger than' the QCD asymmetry at present energies.
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I. Introduction

In previous papers (.1,2] we have studied high energy

leptoproduction using a model where perturbative QCD is

used to give the cross sections to order a and the Lund
s

jet model [3] Is used for the soft hadronizatlon process.

The resulting model is implemented in terms of a Monte

Carlo program [H] which simulates complete events.

In this paper we continue the studies of the transverse

momentum spectra of the hadronlc system. There are several

contributing sources to the transverse momentum (with

respect to the momentum direction, Q, of"the virtual

photon) of the final state hadrons:

I. In the soft fragmentation process quark-antiquark pairs

are produced with a certain p. in the colour force field.

In a field without transverse excitations the quark and

antiquark obtain equal but opposite p.. This is given by a

Gaussian distribution with <p^> = (0.44 GeV/c)2.

II. First order QCD processes give rise to 3-jet events

(I.e. events with 3 jets in the cms or 2 jets in the lab

system) at a rate given by a . The partons themselves then
s

obtain p. which essentially depend on the total hadronlc
t i

mass W [5].

III. There Is also • some transverse motion within the

target proton, the so-called primordial transverse

.momentum k, , of the parton struck by the virtual photon.
1 i t 1

IV• Gluons which are too soft to give rise to separate
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jets of particles can still have effects on the p, of the

hadrons and give a recoil to the leading quark In an

ordinary 2-jet event.

If only the first three contributions are included, many

of the observable features can be well reproduced.

However, it is necessary to make use of a primordial

transverse momentum which is too large to be understood as

a pure Fermi motion within the target proton. Furthermore

different values of k. are obtained when different

physical quantities are studied. In this paper we show

that these problems are resolved if also the fourth

contribution Is taken into account.

In order to test perturbative QCD there has been a great

interest in properties which are insensitive to the

hadronization process. The angular energy flow would have

this property if the p effects arising in the

hadronization process are sufficiently small to be

neglected. It has been shown [6] that QCD gives a

characteristic forward-backward asymmetry at the parton

level. Since the amount of 3-Jet events is proportional to

a it has furthermore been suggested that this energy flow

could, in particular, be used as a measure of a in
s

leptoproductlon experiments. We will, however, show that

the corrections from the hadronization are, unfortunately,

very large at the presently available energies. The

production of unstable particles (e.g. vector mesons)

results in decay products at large angles. Therefore the

dominating 2-jet events wash out the asymmetry obtained in
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QCD. In fact, in our model, the dominating part of the

observable asymmetry arises from the production of a

baryon in the target fragmentation region.

2. Transverse moaentim effect» fro» soft gluong.

When using first order QCD matrix elements one has to make

cuts against the singularities for soft and collinear

gluons. These gluons do not give rise to separate Jets of

particles and thus lead effectively to 2-Jet situations.

In the Lund model the colour force field is treated like a

string spanned between the colour charges and stretched

from the quark via the gluon to the target remnant. Thus

we do not have three jets fragmenting independently of

each other. It is rather these stringlike force fields

which break up, fragment into hadrons. This provides a

natural cut off for the divergencies [1,4]. For example,

for a collinear gluon the energy in the field between the

gluon and the quark is too small to produce quark-

antiquark pairs. Thus the leading hadron will contain

energy associated with both the quark and the gluon

thereby resulting in a 2-Jet configuration.

However gluons, which are too soft to give a jet of

hadrons can still make a slight bend on the colour force

field. As discussed in [7] (which treats the case of e e~

annihilation) this gives some extra p to the hadrons with

rapidity close to the gluon rapidity and also a recoil to

the leading quark. Hence, , if the width of the



*J Transverse momentum effects In leptoproduction

fragmentation p Is determined from experimental data,

somewhat different values would be obtained depending on

whether soft gluon effects are explicitly taken into

account or not. The effects of varying the fragmentation

p, as implied by the soft gluon contribution are however

rather small. In this paper we have hence chosen to ksep

it fixed.

For the 3-jet events the p. distribution for the leading

quark is a smooth function above a cut off value P, were P

is essentially half the invariant mass M discussed in

section 3»1» Without the soft gluons the 2-jet events

would correspond to a 6-function at p = 0. The inclusion

of the soft gluon effects implies that the leading quark

in a 2-jet event will get a p, so that the hole in the

distribution between 0 and P is filled up. When summing 2-

and 3-jet events the p -distribution for the leading quark

is now a smooth function from 0 and upwards. The result

for the final state hadrons is unsensitive to a change in

the cut off P. Such a change will only imply that some

events are moved from the class of 3-Jet events to the

class of 2-jet events. We note that by using different

outs one can get somewhat different fractions of 3-jet

events, although the fraction of events with a visible 3-

Jet structure is the rame.

The recoil give.* to ,.'.e leading quark results in a p. for

the fast hadrons which is proportional to the energy

fraction z. This effect is rather similar to the effect
i

from a primordial k,. Such a k carried by the struck
b Z
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quark is balanced by an opposite k carried by the target

remnants. This implies that the jet axis in the cms will

be rotated slightly. Thus the hadrons get p -contributions

proportional to xD. The difference is that while for the

soft gluon effect the p. of a fast hadron is balanced in

the whole central plateau, for the primordial k it is

balanced in the target fragmentation region.

Starting from the first order QCD matrix elements [5] for

leptoproduction one arrives, for soft gluons, at the same

relevant equations as in e e~ [7], in particular;

1 1

ao d p t d y 3 % pt (1)

Hence we apply the same method for treating soft gluons as

described therein. For the case of a collinear gluon both

the gluon and the leading quark will enter the same

leading hadron which implies negligible effects on p .

Thus the rapidity range over which we sum soft gluons is

effectively only
2 2

ln(W /M ) independently of the gluon

p . A difference is that whereas in e e~ annihilation the

gluon cannot unambigouosly be associated to the quark or

the antiquark, in leptoproduction the p.-recoil is always

taken by the struck quark. Therefore, if p is measured

with respect to the current direction, the p.-recoil is

carried by the leading quark in the current fragmentation

region and not by the target remnants, also if the gluon

is emitted backwards in the hadronic cms. However, if p

is measured with respect to the thrust axis the situation

is rather symmetric as, indicated by eq. (1).
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The scale for both soft and hard gluon emission is of

course set by the strong coupling constant

1 2 it

S 25 ln(QVA^) (2)

For the A-parameter we have used the value 0.3 GeV. For

this process a larger value of A than the one obtained

from scaling violations of the structure functions, is

2
expected. If, instead of the Q of the virtual photon, we

use the momentum squared of the intermediate off shell

quark (this can easily be done for the hard gluon case) we

have found that a smaller value of A can be used to

reproduce the data. Throughout this paper we have taken a
s

to be given by eq. (2) for both soft and hard gluon

emission even though one could, in principle, use

2
different Q or A values.

In figs. 1 and 2 we show the resulting p. spectra

corresponding to 280 GeV muon-proton events having cuts

similar to those used by the EMC, namely: 20 <v< 260 GeV,

W 2 > 40 GeV2 and Q2 > 5 GeV2. As can be seen it is now

possible to reproduce the data from the EMC collaboration

[8] quite well having a more realistic value of the

primordial transverse momentum corresponding to a Fermi

motion within the target proton. We have here chosen a

Gaussian k distribution having the same width as for the

? 2

fragmentation p., giving <k£> = (0.44 GeV/c) . From fig.

1 it is clear that particles with a large energy fraction,

z=E, /v, are very sensitive to p from these two sources.

The p.-spectra for such particles, having z > 0.7, are

given in fig. 3a which shows that a small k. plus soft



Transverse momentum effects in leptoproduetion

gluon effects give a very good agreement with data [8].

Also the distributions in pfc ^ and p£ from the EMC

collaboration [8] are well reproduced (in and out is here

with respect to an event plane obtained by minimizing the

)• Before the soft gluon effects weresum of p>
y Oil t

introduced it was found [8] that in order to reproduce

single particle p.-spectra a larger k. was needed than

when reproducing collective p. properties in an event,

such as sums of p. or energy flow. When including these

effects, however, we have found that the same value can be

used to reproduce both kinds of data. As an example we

show in fig. 3b the distribution of the squared sum of p.

in the events. We want to point out that we have not made

a fit to the data but rather taken the attitude to choose

realistic values of the parameters and then compare the

results with the experimental data. A fine tuning of the

parameters in the model may improve the agreement

slightly.

To test more directly the soft gluon effects we suggest a

study of the p.-balance of a trigger particle with high z.

As mentioned above the main difference between the

primordial k. and the soft gluon effect is that in the

first case the p. is balanced in the target fragmentation

region while in the second case it is balanced in the

central plateau. This is seen in fig. 4 which shows how

the p -compensation by the remaining particles in the

event is distributed in pseudorapidity. There is a clear

difference in the target fragmentation region which can be
1 ' i

studied in the next generation of muon experiments. Due tö



8 Transverse momentum effects in leptoproduction

the large number of particles in the central region it

ought to be possible to get a precise value for the mean

p in this region already in current experiments.

3- Angular energy flow In tbe hadronlc C M S .

3.1» Energy flow at the parton level.

Let us start by considering the QCD predictions on the

parton level. The QCD result diverges in the forward and

backward directions and it is necessary to introduce some

kind of cuts. In the Lund model these cuts are expressed

in terms of requirements on the invariant masses M ,

Mwg and Mq^ ; here M is the mass of the quark-gluon

I system etc. (the target jet, being a colour antitriplet,

is here symbolized by an antlquark). Gluons which are too

soft for these cuts are taken into account by the soft

gluon effects on the 2-jet events as described above.

However, we have checked that our results do not depend on

the details of the Lund fragmentation model by comparing

with a model where the three jets are considered to go out

from the origin in the center of mass system and fragment

independently of each other. In this case we follow a cut

procedure a la Sterman and Weinberg [9], i«e. require for

a bona fide 3-jet event that a certain energy is outside a

double cone with a given opening angle around the current

1 direction.
1

1

1 i i i

There "are different ways one can think of to, normalize the
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differential energy flow. From a theorist's point of view

it may be natural to normalize to the total integrated

energy flow outside a specified Sterman-Weinberg cone. At

the parton level only 3-jet events would then contribute.

If, however, also 2-jet events can p -duce final particles

at large angles this normalizati is not convenient when

comparing with experimental 0 ,a. For the experimentalist

it is difficult to obtair ~ pure sample of unbiased 3-jet

events and it is mor.-- natural to normalize to the total

integrated energy - all events, i.e. both 2- and 3-Jet

events, and to cover the total angular region. This is

also the normalization we have used.

The dashed curve in fig. 5 exhibits the resulting angular

distribution of energy flow at the parton level for the 3-

jet events in 280 GeV muon-proton interactions, simulated

according to the differential cross section formula and

with some convenient experimental cuts on the kinematic

variables: Q 2 > 5 GeV2, 20 < v < 260 GeV and W2 > 5 GeV2.

The dip around cos(e) = -0.8 is not due to the QCD matrix

elements, but a result of the specific cuts in the string

model applied at these relatively low center of mass

energies. If a primordial transverse momentum of the

partons in the target proton is introduced the curve will

rise near cos(6) = -1 since also the target jet can then

have an angle with respect to the current direction. The

dash-dotted curve in fig. 5 shows the parton level result

for the "independent jet" type model.



10 Transverse momentum effects In leptoproduction

3.2. Influence of the hadronlzatlon process.

Let us now consider the influence of the soft

fragiTientation. We first study the effect caused by the

decay of unstable particles, e.g. vector mesons. Therefore

we assume that there is neither any primordial transverse

momentum nor any transverse momentum introduced in the

primary fragmentation process, i.e. in the break up of the

colour field. So far, we do not include effects from soft

gluons or the target baryon effect but approximate the

diquark in the target fragmentation jet with an antiquark

which is also a colour antitriplet. The resulting energy

flow is shown by the dotted curve and does not show any

QCD asymmetry. We note that the energy flow is also much

larger in this case and conclude that the effect is due to

the fact that also some 2-jet events can produce particles

at large angles to the current direction. The large number

of 2-jet events will then completely mask the asymmetry

that was produced by the 3-jet events. When the primordial

and fragmentation transverse momentum is also taken into

account (the former only gives a very small effect) the

result is given by the full line in fig. 5. The

"independent jet" model gives the same curves on the

hadronic level.

When using different cuts the resulting energy flow at the

parton level might vary somewhat. Very weak cuts will

produce jet configurations that are not possible to

project onto physical final states due to mass effects. At

the particle .level,, however,, the same distribution should
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emerge. This Is also what we find.

Before continuing let us, as a convenient and more

sensitive measure of the forward-backward asymmetry,

define the quantity

_ E(0) - E(w-e) n . q n

where E is the energy flow at a certain angle ? In the

cms. The dotted lines in fig. 6 show this asymmetry when

the only source of asymmetry is hard QCD corrections to

first order as discussed so far. When taking into account

that the leading quark can radiate soft gluons and thereby

obtain a recoil, as discussed in section 2, it is clear

that some forward-backward asymmetry will be produced. The

size of this effect when added to the hard processes is

shown by the dashed lines in fig. 6.

3.3. Target Jet fragmentation.

The fragmentation of the dlquark in the target jet has

been treated as described in our earlier paper [2]. As It

turns out, the largest source of asymmetry at the particle

level are the effects from producing a baryon from this

dlquark in the target fragmentation jet. The result, which

Is given by the full line in fig. 6b, is essentially

caused by the fact that a leading baryon, in general,

takes a larger fraction of the jet energy than a meson

does. This also results in a somewhat lower multiplicity

in the backward Jet. The larger energy fraction for the

baryon is partly due to pure mass effects but depends also
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on the model for the diquark fragmentation. In the Lund

model the diquark in the target fragmentation jet is

assumed to stretch a colour field in a stepwise manner,

resulting in a colour flux tube similar to the one in the

current fragmentation region. This flux tube is cut into

pieces by the production of new quark-antiquark pairs. The

first rank hadron can contain either one or both of the

initial quarks in the diquark, thus forming either a meson

or a baryon. To first approximation the total hadron

spectrum (including both baryons and mesons) is the same

for a diquark and a quark jet. However a small difference

is introduced from the fact that a baryon must be a

symmetric state of three quarks. This favours slightly the

case when both original quarks, which are already in a

symmetric state, go into the baryon. This will favour a

larger energy fraction to be given to the baryon. For a

more detailed description of this fragmentation process we

refer to [2].

This effect is slightly enhanced by the different

behaviour in the decay of unstable baryons and mesons. In

baryon decay most of the parent momentum is taken by the

daughter baryon which will go in more or less the same

direction as its parent. In the more symmetric meson decay

the daughter mesons carries off more energy at large

angles from the parent particle momentum.

Another contributing source is that the emission of soft

gluons by the leading quark will soften the z-spectrum

more in the forward jet than in the backward Jet [7]«
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In conclusion, the largest part of the energy flow

asymmetry In an inclusive event sample Is not due to QCD

effects, but is a result of baryon production In the

target fragmentation jet. The magnitude seems to be of the

correct order when comparing with recent neutrino results

on the energy flow from the Permilab 15-foot bubble

chamber [10].

3.4. Ways to observe the QCD asymmetry.

Using trigger conditions, e.g. a high p. trigger as

discussed in |l], it is possible to get a set of events

with a substantially increased fraction of 3-jet events.

Such a subset can show QCD properties more clearly. The

assumed hadronlzatIon Independence of the energy flow is,

however, lost by requiring a specific particle property.

Such a trigger may also introduce biases resulting in an

asymmetry from ordinary 2-Jet events even If no QCD or

baryon effects exist, even though the trigger rate would

be much smaller. The trigger condition should, of course,

be forward-backward symmetric in itself and we have for

fig. 7 simply required a trigger particle having p. > 1.25

GeV/c. As can be seen, the particle level result is here

showing more of the parton level QCD features.

At larger energies the hadronizatlon effects described

above should become less important. We have checked that

even for a 750 GeV muon beam the QCD asymmetry is not
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directly observable. At this energy it should, however, be

easier to get a good sample of 3-Jet events using cuts or

trigger conditions. As an indication of the situation at

still higher energies we have extrapolated our model to

the planned ep collider energies [11 ]. We have chosen the

configuration planned for CHEER, the Canadian collider

project, i.e. 10 GeV electrons on 1000 GeV protons. As can

be seen in fig. 8 the predicted QCD asymmetry should be

seen directly in the distribution of the final state

particles. It should be noted, however, that our

extrapolation does not include second or higher order QCD

corrections. If one goes into an investigation of what

subprocess (ordinary 2-Jet, gluon bremsstrahlung or

photon-gli fusion) which dominates at these extreme

momentum Wrnfers, the choice of structure functions is

essential. rfe have in this work used the parametrizations

by Gliick, aoffmann and Reya 112].

Conditions.

We have demonstrated that by taking soft gluon emission

into account the transverse momentum properties of the

final state hadrons can be well reproduced without the

need for an unphysically large primordial transverse

momentum k. of the partons within the target nucleon. The

same value of k. can be used to reproduce different

physical quantities, in particular both single particle

spectra and collective properties in an event.
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We have also pointed out an experimentally testable

difference between soft gluon effects and a large

primordial transverse momentum by studying the p.-balance

within the events.

The asymmetry In the angular energy flow, as predicted by

QCD, is hard to observe experimentally since it is washed

out in the soft hadronization process. We note that at

present energies the leading baryon in the target

fragmentation region causes the largest part of the

observable asymmetry. Therefore the energy flow is,

unfortunately, not a hadronization Independent test of QCD

at the presently available energies.
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Figure captions:

Pig. 1 The mean squared transverse momentum as a
2

function of z . The curves show the contribution

from: I: the fragmentation process as described

by our cascade model, II: first order QCD

processes, III: primordial-transverse momentum,

<kf;> = (0.44 GeV/c)2, IV: soft gluons, V: our

model when all contributions are Included. It

should be noted that the p. broadening coming

from the decay of unstable particles is Included

in each of the curves, and hence there is some

double counting between I, II, III and IV. In

fact, the p̂_ broadening coming from decays is a

minor effect, but decays must be included to

give the correct z spectrum. The data points are

from EMC [8].

Fig. 2 The mean squared transverse momentum for

different z-bins is shown as a function of the
2

squared cms hadron energy W together with data

from EMC [8] and ABCDLOS [13]. The full lines

include soft gluon emission and have <kf> =
2

(0.44 GeV/c) . For comparison our old curves

(dashed) not including soft gluons and with

<k^> » (0.8 GeV/c)2 are also included.

Fig. 3 In (a) the pt-spectrum for single particles

carrying a large energy fraction, z>0.7, is

given and in (b)'the distribution of the squared
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p -sum for events where the accepted tracks

carry more than 70% of the total energy. The

results of the model, including soft gluons

emission and with <k2> = ("0.44 GeV/c)2, are

compared with preliminary EMC data [8].

Pig. 4 The compensation of the transverse momentum of a

fast trigger particle, having z > 0.5, by the

remaining particles in the event as a function

of pseudo-rapidity in the lab-system. The pt is

measured in a plane spanned by the trigger

particle and the virtual photon. A true

primordial k, is compensated in the target

fragmentation region, dashed line, whereas for

soft gluons it is compensated in the central

plateau, full line. The mean k. for the two

cases are as In fig. 2.

Pig. 5 Differential angular energy flow obtained by the

Lund model for 280 OeV muon-proton interactions

with the cuts Q2 > 5 GeV2, W2 > 5 GeV2 and 20 <

v < 260 GeV. The dashed curve is at the parton

level, the dotted/full line is at the particle

level excluding/including primordial and

fragmentation transverse momentum. The dash-

dotted curve is the result at the parton level

for a model with Jets fragmenting Independently

of each other. At the particle level this model
i

gives the same result as the Lund model.
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Pig. The forward-backward energy flow asymmetry, as

defined in eq. (3)> in the hadronic center of

mass system at the parton level (a) and particle

level (b). The dotted lines give the result of

hard QCD processes to first order, dashed lines

also include effects from soft gluon emission.

The full line shows the resulting asymmetry when

also the production of a baryon in the target

fragmentation jet is taken into account. The

simulated events have the same klnematlcal

constraints as in fig. 5»

Fig. Energy flow asymmetry obtained by using a high

Pt trigger, i.e. requiring a particle with p. >

1.25 GeV/c The dashed line is for the parton

level and the full line is for the particle

level. Primordial and fragmentation transverse

momentum is included together with soft gluon

and target baryon effects. The dotted line is

the particle level result if QCD is switched

off.

Pig. 8 Expected energy flow asymmetry at collider

energies, here chosen as 10 GeV electrons on

1000 GeV protons, with the cuts Q2 > 1000 GeV2

and W 2 > 100 GeV2. The dashed/full line is for

parton/partlcle level respectively. The dotted

line gives the contribution from first order,

hard QCD processes to the result at the particle

level.
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A SEMICLASSICAL MODEL FOR THE POLARIZATION

ON INCLUSIVELY PRODUCED A°-PARTICLES AT HIGH ENERGIES
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We present a semiclassical model fot inclusive A0-production which is able to explain the observed polarization effect
in proton-proton collisions. It is well known that hard scattering processes, when calculated in perturbative QCD, do not
give rise to large polarization effects. The mechanism producing the polarization in this model is basically a soft process,
where quatk antiquaik pairs arc produced by a tunneling process in the colour field and where perturbative QCD is not
applicable.

It has been generally believed that spin effects in
hadronic reactions should be of little importance ai
high energies. It is well known that hard scattering
processes, when calculated in perturbative QCD, do
not give rise to large polarisation effects [1]. It is
therefore somewhat surprising that A°'s produced in
proton—proton [2,3] and proton-nucleus [4-6] col-
lisions show a large polarization transversely to the
production plane. The magnitude of the polarization
depends on the transverse momentum, p i ? but seems
insensitive to the energy or the Feynman x-variable
in the interval 0.2 <x < 0.8.

In this letter we present a semi-classical model for
A-production which is able to explain the observed
polarization effect. The mechanism which produces
the polarization in this model is basically a soft pro-
cess, where perturbative QCD is not applicable.

The main assumptions for the model are the fol-
lowing:

(1) When a proton is hit in a collision we assume
that a diquark system continues forward as a unit (a
color antitriplet) and a colour dipole field is stretched
between the diquark and the central collision region.
Thus we obtain a diquark jet which fragments in a
way similar to a quark jet in leptoproduction, We
note that from an SU(6) point of view the diquarks
in a proton can be classified as (uu)j and (ud)t (the
subscript corresponds to definite spin and isospin,

/ = S = 1) and (ud)0 (corresponding to / = S = 0).
(2) The colour field is spacially confined in a flux

tube and we will in particular assume that the force
field is essentially of a one-dimensional nature, like
a string, without any (excited) transverse degrees of
freedom.

(3) The string force field can break up by the pro-
duction of quark-antiquark pairs (in a similar way
as in connection with the particle production model
developed for e+e~ jets in refs. [7,8]). Then a A-
particle can be formed if an ss-pair is produced in the
field of an original diquark of the (ud)0-type. We note
that with this production mechanism the spin of the
A-particle is determined by the spin of the "added"
s-quark.

(4) We assume that the transverse momentum is
locally conserved in the string force field. Thus the
particles in a (qq)-pair are produced in a state with
equal but oppositely directed transverse momenta
(kl and -fcx). This is also the way transverse mo-
mentum is generated in the phenomenological jet
model of Feynman and Field [91.

The total transverse momentum of the A-particle
(pL) with respect to the original beam direction is
then made up of two contributions, the transverse
momentum (^1)of the diquark, which determines
the direction of the force field string, and the trans-
verse momentum (*x) of the s-quark, which is mea-

417



Volume 85B, number 4 PHYSICS LETTERS 27 August 1979

sured with respect to the string direction (cf. fig. 1).
To simplify the calculations we will assume that the
scattering angle is small enough so that

Pi * « x + * i . 0)

This is well satisfied in the experiments we compare
with.

If the quark-antiquark pairs arc massless, the pair
can classically be produced in a single space—time
point and afterwards be pulled apart by the force
field [7] . However, if the quark has a mass or a trans-
verse momentum, this situation cannot occur classi-
cally if energy and momentum are conserved. Thus,
the quark and antiquark have to be produced at a
certain distance from each other, so that the energy
in the force field in between them can be transform-
ed into the (transverse) mass of the pair. However,
then the pair will obtain an orbital angular momentum
perpendicular to the string if the string has no trans-
verse degrees of freedom. We will assume that this
orbital angular momentum is compensated by the
spin of the quark—antiquark pair (cf. fig. 1). (In order
for this description to be consistent, it is necessary
that the ̂ -distribution is such that angular momenta
L > 1 are suppressed.)

The mechanism which makes the A's polarized is
then actually a kind of trigger bias effect. In a A sam-
ple, with a definite value of the transverse momentum
p p we obtain an enhanced number of events where
kL points in the same direction as p v . Thus the corre-
lation between kk and the spin of the s-quark will
make the s-quarks, and thereby the A's, polarized.
(Note that the ud-diquark has spin 0 and thus the
spin of the A is the spin of the s-quark.)

After these preliminaries we will make a quantita-
tive estimate of the polarization caused by the mech-

(udL

Fig. 1. A spin zero ud-diquark it »tattered with transverse mo-
mentum q±. An s?-pair is created from the colour force field,
their transverse momenta give rise to an orbital angular mo-
mentum in the direction m - q x kLl\q x JtjJ.

anism described above. Three things have influence
on the effect, the correlation between spin and kk for
the s-quark, the distributions in the transverse mo-
menta kL and qL.

We will assume that the colour field energy per
unit length is a constant K. In string models K is re-
lated to the slope of Regge trajectories:

K = ( 2 W ) - 1 . (2)

From here and from the phenomenological analyses
of the charmonium spectrum [10] we obtain

0.2 GeV2 . (3)

The distance, /, between the s- and s-quarks, produced
with momenta fcx and -klt respectively, is from ener-
gy conservation determined by the relation (cf. fig. 1)

K/ = 2(m$
2 + * 2 ) 1 / 2 , (4)

where m% is the mass of the strange quark, which we
take to be ~200 MeV. Then the orbital angular mo-
mentum L is pointing in the direction of q X kL and
is given by

i i ^ (5)

We note that with the values of K and ms given above
then I < 1 corresponds to kl £ 300 MeV.

This orbital angular momentum can be compen-
sated by the polarization of the spins in the opposite
direction. We expect that the polarization P,, of the
quarks should rise linearly for small L and attain a
saturation value 1 for very large values of L. We have
no theoretical motivation for a particular functional
shape but a suitable parametrisation would be

Pq=L/(fi + L) G 3 ~ l ) , (6)

which contains a phenomenological parameter (3, de-
scribing the degree of correlation. If (3 = 1, the spin
fully compensates L for very small L-values. Besides
different values for 0 we have also tried other func-
tional forms for the Pq-L correlation and checked
that the result is rather insensitive to the particular
shape of the saturation curve given in eq. (6).

For the distribution of transverse momentum, kL,
of the quarks produced in the colour field, we assume
the form

e~(Vo*) l. (7)

This form is obtained if the qq production is described

418
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as a tunnel effect [11,12]. Furthermore the pL-
distribution for the mesons in a quark jet is well de-
scribed by this distribution for the quarks if ak =
0.35 GeV [9,13]. We note in particular that this, to-
gether with the expression for L in eq. (5), implies
that L-values > 1 are suppressed as they should be in
a consistent scheme.

For the distributions of the transverse momentum,
qL, of the ud-diquark different forms have been tried
which, together with the A^-distribution in eq. (7),
give p^-distributions for the A's which are compatible
with experimental data. Ref. [14] has measured the
p^-distribution for p j < 1.3 GeV2 and found

c W / d p f - e ^ P i . (8)

Two sources may influence the ^-distribution. First
the quarks can have a primordial transverse momen-
tum within the proton before the collision. In phe-
nomenological analyses this is often assumed to have
a gaussian form. Assuming a distribution in qL of the
form

with a * 0.5 GeV we reproduce the p^distribution
in eq. (8). This corresponds to an average transverse
momentum of the diquark

QfL) * 0.45 GeV/c , (10)

which does not seem unreasonable compared to the
average quark transverse momentum —0.5 GeV ob-
tained in many analyses.

The second effect is the possibility that the di-
quark might suffer a hard scattering and yet keep to-
gether as a unit. If this mechanism is at work we
would expect that for large ^j the distribution should
fall off like a power

rather than the rapid fall off in eq. (9).
Clearly the A-partides w..! be polarized in the di-

rection of/»A X /»(,eam (for*|. >0)and the resulting
A-polarization is calculated by means of a Monte
Carlo simulation. With the distributions in eqs. (6),
(7), and (9) with (3 = 1 and aq = 0.5 GeV, we obtain
the solid curve in fig. 2. An almost identical result is
obtained (in this p ; range) if the ^-distribution is
changed for qL > I GeV to<j^" . If the parameter (3
in eq. (6) is varied in the range 1 <0< 2 or if the q,-

,A

/ / '

' [\

i

04

a J . / ' ^ 'I ' i c «.«w a:
- a)

/ / I
01

00
QO t >O <B 3D 8*4

Fig. 2. The A0 polarization, P, as a function of transverse
momentum. The solid line corresponds to the mr>del predic-
tion for 0 - 1 in eq. (6) and aq = 0.5 GeV/c in eq. (9). The
dashed lines correspond to upper and lower limits for the
model predictions when the parameters are varied according
to the main text. The data points are taken from ref. |2 | .
The effect of A-decay from 1° and I* is not included.

distribution is changed by varying a in the range
0.4 < o» < 0.6 GeV/c or is taken as an exponential

e~ '<7i (which is also consistent with the experimental
/^-distribution) we obtain results between the dashed
lines in fig. 2.

Our conclusion is that the calculated polarization
is rather stable when the parameters are changed with-
in reasonable limits. Moreover, it fits the ISR data
quite well. The data from the scattering against nuclei
lie below the ISR data, but it does not seem unreason-
able that different nuclear effects will decrease the po-
larization. The A-polarization results from 19 GeV/c
pp-collisions [3] also fit well into the picture.

We want to add the following comments.
(1) In these calculations we have assumed that all

A's are directly produced. However it is well known
that a substantial fraction are decay products of 1°
and £'(1385) [14[. The effect of this is difficult to
estimate because we do not know to what extent the
directly produced A's are enriched for large p t and
large xv.

If S° is produced by the same mechanism as the
A's we have to start with a ud-diquark with isospin and
spin 1. If this spin is added to the spin of the s-quark
to give a total spin 1 /2, we find that L"'s are polar-
ized in the opposite direction and not so strongly as
the A's. In fact
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= - 3 ? (directly produced A) . (12)

When S° decays into A? we find (/"(A from 2 ° de-
cay) = - ^ 2 ° ) )

P(\ from S° decay) * ?/> (directly produced A) .(13)

A's from 2* decay will also be less polarized than di-
rectly produced A's. As a rough estimate these effects
could possibly reduce the A-polarization by a factor
2/3 depending upon the pL- and jtp-ranges studied.

(2) We do not expect a large polarization of in-
clusively produced protons by this mechanism. The
reason is that a large fraction of the protons are pro-
duced from diquarks with spin 1 which give a polar-
ization in the opposite direction compared to the
spin 0 diquarks.

(3) If the ql would fall like a power for large qL,
as in eq. (11), the A-polarization will actually de-
crease for very large pL. This is so because what de-
termines the trigger bias effect (i.e. the components
of Afx alongpL, (kjtjpj) is the logarithmic derivative
of the ^-distribution:

«i?i /Pi>* W d(ln/(ff i))/d«1 l , i .P l . (14)

For dP/dql ~ \(q\ the polarization decreases for
p i >4GeV/c .

(4) Observations of inclusively produced Z° show
that they are also polarized [15). 2° cannot be pro-
duced by the above mechanism because it contains
two s-quarks. However, it is also possible to produce
a quark pair and an antiquark pair in the colour field
of a quark jet (ef. ref. [12]). The same mechanism
will work and the pairs will be polarized in a similar
way as the s-quarks above. The ss-pair in 2 ° has to
have spin 1 and thus the spin of Z° will point in the
same direction as the spin of the ss-pair. This would
consequently polarize the Z°'s in the same direction
as the A's.

(5) It is of evident interest to investigate the oc-
currence of A-polarization in the target fragmenta-
tion region of leptoproduction processes. However,
in leptoproduction experiments the energy W of the
hadronic system is normally not so large that the scat-
tering angle can be neglected. Therefore the approxi-
mation in eq, (I) cannot be used.

To conclude, we have presented a model which
predicts a A polarization of approximately the cor-
rect magnitude and in the proper direction. The re-
sult is fairly stable against reasonable variations of
the input parameters, which enhances the predictive
power of the model. It is important that the A con-
tains a ud-diquark with spin 0, and therefore we do
not expect an important polarization of, e.g., the
protons.

The most important feature of the model is the
assumption that transverse momentum is locally con-
served in the colour force field and that this field has
no (excited) transverse degrees of freedom. If there
are fluctuations in the colour field so that part of
the field carries transverse momentum, there will be
a mechanism providing transverse momentum to the
quarks without the production of angular momen-
tum as in eq. (5). Thus the observation of the A-
polarization provides interesting information about
the nature of the confining colour field and how the
colour field energy materializes into hadrons.
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