
"If a man will begin with certainties, he shall 

end in doubts; but if he will be content to 

begin with doubts he shall end in certainties." 

Francis Bacon 



A STUDY OF INELASTIC DIFFRACTIVE PROCESSES 

IN rp INTERACTIONS AT 10 GEV/C 

by 

Martin James Counihan 

A thesis nresented for the decree of Doctor 

'of Philosophy of the University of London. 

Department of Physics, 

Imperial College of Science and Technoloq-y, 

London, SW7 

April 1971 



ABSTRACT 

This thesis is based on an experimental 

investigation of K—p interactions at 10 Gellic. 

It begins with an account of experimental pro—

cedures, after which we discuss the limitations 

of the experiment and some general. features of 

the data as illustrated by the single—pion—

production reactions. We go on to investigate 

diffractive dissociation, which can occur in a 

variety of reactions, and in particular we de—

velop a partially dual model to describe the 

production of the Q and'', mesons. 
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CHAPTER 1 • 

THE 10 GEV/C EXPERIMENT  

The experiment on which this thesis is based was originally 

proposed at the beginning of 1965, and was intended to investigate 

the interactions of negative K—mesons with protons using a K—meson 

beam with momentum 10 GeV/c. This was the highest momentum avail—

able at the time, and vas obtained using the.  CERN Proton Synchro—

tron situated at Meyrin, near Geneva. Initially, the interactions 

were recorded in the British National Hydrogen Bubble Chamber. 

The objectives of the experiment were to examine the mecha—

nisms by which particles and resonant states could he produced, 

and to study their properties. It was anticipated that many theor—

etical models could be put to the test in this way, and that our 

knowladge of the hadron spectrum could be improved and extended. 

In particular, much was to he learned concerning "strange" hadrons 

such as the K*  resonances and the Omega—minus particle. 

The first period of beam tuning and bubble chamber exposure 

begah in April, 1965, and is referred to as "experiment 75". 

Since then there have been three additional sets of data taken 

with the sane K—  beam momentum, namely experiments 10, 12 and 13. 

In all, some 700,000 photographs of the bubble chamber have been 

taken, and each shows a burst of (on average) eight K—  mesons 

passing through it. A small proportion of these interact with the 

hydrogen nuclei in the chamber, and most of those which do so 

lead to final states which are of interest to us. Such "events" 

are analysed from the photographic film, and when all the film 

analysis is complete some 300,000 events rill have been measured. 

Five Eurorean research groups have collaborated in all stages 

of the experiment (Refs. 1.1-1.5). The work has so far extended 

over five years, and the processiu of the remaining film from 

experiments 12 and 13 will continue for at least another two years, 

into 1972. 
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Needless to say, experimental techniques and methods of 

data processing are constantly being revised and improved upon. 

For example, the beam and bubble chamber set—up has changed con—

siderably from the original arrangement which was used in 1965, 

and film measurement techniques have advanced a great deal with 

the introduction of automatic measuring machines of various types. 

Furthermore, the computing facilities available to the collabor—

ation have multiplied over the years, and the data processing 

systems and computer programs that we use are in a state of 

constant evolution. 

t. 
	 For most of the people involved, the day—to—day work of the 

experiment consists largely of developing, updating and maintain—

ing our systems to handle the flow of data to be analysed. The 

measuring and the analysis of events is a continuous process which 

is being accelerated steadily. For these reasons, this experiment 

and others like it have not only advanced our knowledge of high—

energy particle physics, but have also taken advantage of and 

given impetus to many other areas of science and technology. 

The justification for all this development lies in the 

statistical nature of the physics of hadronic interactions. As 

very large amounts of data become available, not only can we 

attach more precision and significance to our results, we can 

also investigate the underlying physical principles in greater 

depth. 

In the remainder of this chapter, I shall describe briefly 

the principles by which the beam line am!. bubble chamber are used 

to produce photographic data on K—p interactions at 10 GeV/c. In 

vier of the mangy• alterations which have been made to this system 

over the years, details have been omitted and the account is a 

very general one. 

The published papers in which the work of the collaboration 

has been reported are listed in Refs. 1.6 et seq. 
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The Beam Line  

The CERN Proton Synchrotron is capable of accelerating 

protons to a momentum of about 27 GeV/c, and in order to obtain 

a beam of 10 GeV/c negative kaons from this it is necessary to 

use a target placed in the path of the extracted proton beam. 

From such a target, a very large number of particles will be 

emitted, of various types, moving in a direction close to that 

of the incident proton beam but with a wide spectrum of momenta. 

This secondary beam is then passed down the "beam line", 

which is a complicated chain of devices designed to collimate 

and purify the beam so that the bubble chamber can be exposed 

to a narrow beam of kaons of the desired momentum. Focussing 

is done chiefly by pairs of quadrupole magnets, and also by the 

use of "bending" magnets which deflect the beam. These latter 

play an important part in the momentum separation of the beam, 

for the angle through which any particle in the beam is deflec—

ted in passing across the magnetic field is dependent upon its 

momentum. In this way it is arranged that particles of momentum 

other than about 10 GeV/care deflected away from the direction 

of the beam line. Collimating slits which will absorb such un—

wanted particles are spaced at intervals along the beam line. 

While momentum separation is a relatively straightforward 

process, the problem of separating out unwanted types of part—

icle is more difficult. There exist two-methods of doing this, 

namely byMelectrostatic" separation and by "radio—frequency" or 

R.F. separation. Both techniques use the fact that the masses of 

the beam particles differ from one another. The kaons, in which 

we are interested, have a mass of 494 YeV/c
2 to be compared with, 

4 
say, 140 MeV/c

2 
and 938 MeV/c

2  for tha pions and antiprotons 

which will have to be removed. At a fixed momentum of 10 GeV/c.for 

all particles, these differences in mass imply differences in 

velocity. 

In this experiment R.F. seParation has been used, since 

electrostatic separators are not. suitable at high energies. a.r. 
separation is essentially a "time—of—flight" method for distin—

guishing particles of different velocity. The separators, of which 

there. are two in our beam line, each consist of a pair of 



radio-frequency oscillating cavities, between which is a focus-

sing device to focus the beam particles emerging from the first 

oscillator into the second. In passing through each cavity, the 

beam particles are deflected through an angle which depends on 

the phase of the oscillation at that instant; in passing through 

a complete separator, the deflection depends on the relative 

phases of the two oscillators as seen by each particle, and this 

relative phase is determined by the time of flight between them. 

By adjusting the frequency of the oscillating cavities and 

the distance between them, this method of distinguishing particles 

of different velocities can be made sufficiently precise for the 

beam line to transmit only a pure sample of kaons at 10 GeV/c. 

The Bubble Chamber 

The kaons are transmitted down the beam line and into the 

bubble chamber, not continuously, but in short bursts with a 

repetition rate which is determined by the frequency with which 

the original protons are ejected from the synchrotron. As each 

burst passes through the chamber, Irp interactions may take place 

with the protons which are the atomic nuclei of the liquid hydro-

gen contained in the chamber. These interactions will in general 

produce numbers of secondary charged particles, the trajectories 

of which must be made visible if the interactions are to be obser-

ved and measured. This is done in the following way. 

The hydrogen in the bubble chamber is kept in a liquid state 

through being maintained under pressure at a temperature (27°  K) 

which, if it were at atmospheric pressure, would be well above its 

boiling point. Thus, by slightly relaxing the pressure, the liquid 

can be put into a "superheated" state, and under certain conditions 

bubbleS of hydrogen gas may appear. Now, when a fast charged part-

icle moves through the bubble. chamber, it will cause ionisation 

of the hydrogen along its track. If the hydrogen is superheated, 

the ions will -act as nuclei for bubble formation. These bubbles 

are visible and can be photographed, leaving a record of the tra-

jectories.  Of the kaons and the charged products of their inter-

actions. 
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FIGURE 1.1 

Operation of the 13c, - Line and Bubble Cha-lber.  

(Solid arrows renresent particle flow, and broken arrows the 

time sequence.) 
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When this has been done, the chamber is repressurised 

and cleared of bubbles, and depressurised again just before the 

next burst of kaons is received. This cycle is repeated every 

two seconds or so. In order to take, photographs, the interior 

of the chamber is illuminated by a battery of flash lamps. 

Three cameras are used, separated from one another so that the 

events photographed can be reconstructed in three dimensions. 

The complete sequence of events is illustrated by figure 1.1: 
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CHAPTER 2 

ANALYSIS OF THE FILM  

This chapter will be devoted to an account of the procedure, 

which is being used at Imperial College for the analysis of the 

"experiment 13" film, i.e. the latter part, of the 10 GeV/c exper—

iment. This film, was taken at Easter, 1909, using the CERN two—

metre bubble chamber. The system as a whole is illustrated by 

figure 2.1 . 

2.1 FILM SCANNING 

When the bubble chamber film is received, it is first of all 

necessary to scan through it visually in order to spot the events 

of interest and to make certain decisions about them. Within the 

image of the bubble chamber, each frame shows not only the part—

icle tracks but also certain fiducial marks. These are used to 

define a fiducial region for scanning purposes, as well as to 

determine the position of the event when it is measured. 

Outside the image of the bubble chamber, each frame shows 

certain additional items of information, namely the number of 

the frame and of the roll, the view number and the date of expo—

sure. This information is also given in a for: in which it can 

be sensed and checked by the automatic measuring machine, and 

there are also "Brenner marks" by which the position of the film 

can be automatically sensed. 

Topology Convention 

Since the rp system has no net charge, a genuine event 

will appear with as many positive as negative tracks leaving the 

interaction vertex, and these are distinguished from one another 

by the directions of their curvatures in the magnetic field 

which is applied to the chamber. Clearly, there must be an even 

number of "prongs" leaving the vertex. 
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The topology of the event is represented by a three— digit 

number, of which the first digit is the number of prongs, the 

second is the number of these prongs which "kink", and the third 

is the number of "V°'s" which may be associated with the event. 

A kink in a track corresponds to an in—flight decay of'the part—

icle, involving the emission of an unseen neutral particle at 

the kink. A V°  is a pair of tracks, ono.positive and the other 

negative, coming from a .point-at which'cOieutral particle has 

decayed in flight. 

Acceptance of events  

A rigid set of rules have been laid down cohcerning the 

acceptance of events for measurement. We measure all even—prong 

events with the exceptions of the topologies 000 and 410, 610, 

810, etc. Normally, events for measurement must lie with their 

interaction vertices within a fiducial region which is defined 

by the positions of certain fiducial marks as seen on the first 

vier; this is region 1 of figure 2.2. Region 2 limits the accep—

tance of neutral decay vertices, i.e. V°'s. If an event has 

more than one decay (charged or neutral) associated with it, it 

is classified as "rare" and will be measured if the interaction 

vertex is in either region 1 or region 2. 

Furthermo're, we measure the three—prong "tau" decays of the 

beam which are occasionally seen. Region 1 is the fiducial region 

for these. 

Event types which are not to be measured are in any case 

scanned for in region 1, and their occurence is recorded. We also 

record events which, although of acceptable topology, could not 

be measured successfully, such as some which. involve complicated 

• secondary interactions close to the primary interaction vertex. 

In the course of a scan through a roll of film, the scanner 

prepares a deck of "scan cards" on which are written the items 

of information needed for each event. There is one card for each 

event, giving the frame number, the serial number of the event 
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FIGURE 2.2 

Bubble Chamber Fiducials.  

(In the CERN 2 metre chamber, as seen on view 1.) 
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within the frame, the topology of the event, a number identify—

ing the scanner personally and a small sketch of the event. In 

addition, comments must he written for the attention of either 

the measurer or a physicist summarising any further information 

according to well—defined rules. As an example of such a comment, 

if an electron pair is seen which may be associated with an event, 

it will be brought to the attention of a physicist by writing 

the abbreviation "EP". 

Check Scanning 

To reduce the probability of an event's being missed, two 

independent scans are made through every roll of film, and then 

the two sets of scan cards are used in making a "check scan" 

through the film. This is done by a physicist or well—experienced 

assistant. 

The check scan involves comparinm the two sets of scan 

cards and correcting any errors which may be present so as to 

produce a single set of cards which can be passed to the measur—

ers of the film. These final scan cards are in the same form as 

those written during the first two scans, containing the identi—

fications of the one or two original scanners of each event. 

Although the majority of events are seen by both scanners, 

there are many rhich are seen by only one. From the final scan 

cards, an analysis can be made which gives the "detection eff—

iciency" for each individual scanner. This is done periodically'  

and the results are used to encourage the quality of the scanning 

to be maintained. 

Scanning Efficiencies  

A film scanning system cannot be perfect, and it is import—

ant to be able to calculate the proportion of events of each top—

ology 'which are missed through human error. This is done simply 

by counting the number of events seen by two scanners and the 

number seen by only one, for each type of event. From these two 

figures it is possible to calculate the probability that an event 

rill be seen during a scan, and hence the number of events which 
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must actually have occured. These results are of importance in 

working out absolute cross-sections for the various reactions 

which can take place, since we must then allow for those events 

which went unnoticed. Scanning corrections are of the order of 

a few percent, and become less important for more complicated 

topologies. 

The amount of film from experiment 13 which is being meas-

ured at Imperial College is 76 bobbins, each of which has about 

775 frames. (A "roll" of film consists of four bobbins). An ana-

lysis of the kind mentioned above has been made from a sample of 

the scan cards; of the total of some 59000 frames, the sample 

covered 6200, and indicated that a total of about 35000 events 

will have to be measured and/or recorded. That is to say, we 

have an average of 0.6 events per frame. 

Three-prong decays of the beam particles ("taus") were 

found to occur very infrequently, with about one frame in 200 

containing such an event. This is to be expected with a K beam 

of this momentum. Further results of the scan-card analysis are 
summarised in figure 2.3. 
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FIGURE 2.3 

Results from Analysis of Scan Cards.  
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2.2 	• MEASUREMENT OF Evhrrs  

The sequence of operations required in measuring our film 

is illustrated by figure 2.4. 

Roadmaking 

The automatic measuring machine (H.P.M.) takes as input 

digitised information concerning the location and topology of 

each event on the film. This is provided by the "roadmaking" 

(sometimes called "rough digitising" ) machines. Their operators 

record the identification of each event, its topology code, and 

the positions of certain. points on it. 

These points are: fiducial marks, the primary interaction 

vertex, the vertices of kinks, Vols and secondary interactions, 

a series of points along each track and the end.points, of any 

stopping proton tracks. The coordinates of these points are given 

by the roadmaking machines with respect to the first fiducial 

mark. "Labels" are also transmitted to specify which point is 

which, which view of the event is being measured, and so on. 

In order to check the consistency of these items of infor—

mation, the roadmakers are monitored by the program ONLINE, and 

there is two—way teletype communication between the computer and 

the roadrnaker operators. These teletypes are used by the operators 

in the recording of frame numbers, view codes, point labels etc., 

and by the program in acknowledging that measurements are regis—

tered on the roadmaking machines in accordance with these details. 

If. the roadmaking of an event is not correct, the ONLINE 

program may alert the operator and request a repeat. When a satis— 

'factory set of points has been digitised, ONLINE will transfer 

the infomation onto tape. This is the input to the next nromram 

in the chain, which is MIST. 

The exception to all this, --hick occasionally arises due to • 

computer failures, is the temporary loss of.the ONLI7E program. 
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FIGURE 2.4 
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When this happens roadmaking can still be done, with direct 

paper tape output, and proce.ssed at a later stare; when road—

making is done "off—line" in this way, errors cannot be immed—

iately detected and so a larger proportion of events have to 

be sent back for roadmaking a second time. 

The Promram MIST  

 

The roadmaking machines and ONLINE program give us the 

coordinates of a series of points along each track, and it is 

the function of MIST to construct "roads" through these points; 

These roads are the regions of the film which will be scanned by 

the H.P.D. 

If the points for a track presented to the program do not 

lie approximately on an arc of a circle then the event may be 

rejected by MIST. However, about 95j, of frames are passed through 

MIST successfully. 

The M.P.H.  

The M.P.H. (or Hough—Powell Device, after its original 

inventors) is a mechanism which, under computer control, makes 

a scan of a bubble chamber film frame and registers the bubble 

images which go to form the tracks. It does this optically, 

using a very narrow beam of light and detectors which measure the 

attenuation of the beam in passing through the film. 

Under the guidance of the program HAZE, the M.P.H. makes 

precise measurements of the tracks and also records their degree 

of ionisation. If for some reason the machine is unable to do this 

(e.g. if a track cannot be distinguished in one of the roads) 

then the program will dump onto the output tape all the relevant 

information-regarding that track, including all the digitised 

bubble images in its vicinity. These are subsequently dealt with 

manually by night—penning" on a C.R.T. display. 
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Licht—Pennine 

The HAZE output tape is the input to the program RESCUE 

which, on—line to a C.R.T. display, enables an operator to take 

appropriate action whenever a track has been unsatisfactorily 

treated in HAZE. The C.R.T. is used to display the road points, 

bubble positions and other items of information. The track which 

is giving trouble, and the reason why it was "dumped", are usu—

ally clear to the operator. For example, it may happen that, as 

a result of faulty roadmaking, the actual track does not lie 

within the road. 

Corrective action is taken using a "light pen" to which 

the program will respond when it is applied to the C.R.T. screen. 

By drawing the light pen along the bubble images which comprise 

the track, the operator will trigger the RESCUE program into re—

calculating the position of the track, independently of the 

original roads. About 50% of the tracks displayed have to be 

treated in this way; the remainder are either judged to be good 

enough as they stand, or are so badly determined that no further 

attempt is made to obtain a measurement. In the latter case, it 

is hoped that the other two views of the event will be measured 

well", so that the subsequent stereoscopic reconstruction of the 

event may still be successful. 

About 30-40% of tracks are dumped on the HAZE output tape 

and so are displayed by the RESCUE program as described above. 

The output from the latter does not contain these tracks in .  

"dumped" form, but in the same form as those which passed succes—

sfully through HAZE. 

The SMOG Program 

When the film has been put through the H.P.D. and the HAZE 

output has been passed through RESCUE, the measurements of the 

three views of each event (which will have been written onto 

different tapes at different times) must be collated and merged 

onto a single magnetic tape. This is done by the program SMOG, 

the output from which is the input for the THRESH program. 
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2.3 THRESH and GRIND 

The program THRESH computes the three—dimensional geom—

etry of each event from the measurements of the three views on 

film. The particle tracks are helices with slowly—decreasing 

curvatures; this decrease in curvature is due to the slowing—

down of the particles, and depends on their masses. 

THRESH requires information ("titles") to be fed into it 

at the beginning of each run. These titles give the positions of 

the cameras and of the fiducial markt; in the chamber, various 

optical parameters, criteria for mass assignments to particles, 

criteria for the treatment of short stopping tracks, and so on. 

Since there are three views of each event rather than two, 

there is some overdetermination of the three—dimensional con—

figuration. This is necessary for a statistical fit to be made to 

the measurements, and the output from THRESH contains not a single, 

precise set of coordinates and helix parameters but a number of 

fits, corresponding to different mass assignments for the particles, 

together with statistical errors. In addition to this, the pro—

gram canj output information on the degree Of ionisation in each 

track. 

GRIND is the program which we use to analyse each event 

kinematically from the output of THRESH. Like THRESH, GRIND has 

to be preloaded with exnerinent—dependent titles, and these con—

tain among other things a list of hypotheses for explaining the 

events. The program will output the details of a statistical fit 

to the plausible hypotheses; it is convenient to classify these 

fits according to the number of independent constraints which are 

used in making them. 

GRIND Checking 

In general, an event involving only charged particles will 

give rise to a four—constraint (4—C) fit; if there is one unseen 

neutral particle, its momentum can be reconstructed in a 1—C fit. 
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If secondary interactions or decays are involved, each vertex is 

fitted individually before the event as "a whole is fitted. The 

overall number of tenable hypotheses can become quite large. To  

decide finally on its classification, every event is looked at • 

on a scan table and checked against the GRIND output. Many fac-

tors play a part in this final decision-making — the ionisat-

ions of the tracks, the statistical probabilities of the fits, 

the presence.of electron pairs and so forth. • 

More often than not, an event cannot be assigned uniquely 

to a particular fitted hypothesis. It often happens that the 

event is underconstrained, e.g. when there are two or more unseen 

neutral particles produced. These "nofit" events are classified 

according to the identities of the observed charged particles, 

although these are often ambiguous. Unresolvable ambiguities 

occur to a lesser extent with fitted evonts. 

Standardised criteria are used in GRIND checking. We will 

always take 4-C fits in preference to 1-C fits, for example, and 

fits will be taken, in preference to nofits. "0-C" events, which 

cannot be fitted statistically but which are reconstructed by 

simply solving the energy-momentum conservation equations, are 

rejected. 

Broadly speaking, the GRIND checking of an event will result 

in one of the following types of decision being made: 

(i) The event is satisfactorily and uniquely fitted and assig-

ned to an hypothesis..  

(ii) The event is fitted, but must be taken as ambiguous between 

two or three hypotheses. 

(iii) Because of the production of neutral particles, the event 

is not fitted, but is assilrned to a nofit hypothesis. 

(iv) The event is unfitted and ambiguous between two or three 

nofit hypotheses. 

(v) The event will have to be rejected. This is the case with 

0-C events, and sometimes witb events -Mich are too con-

plicated to be measurable, and with everts which should not 

have been measured in the first place such as those occuring 
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outside the fiducial region. 
t 	The event will have to be remeasured. This may be because 

some obvious fault comes to light in the original measure—

ment, or because of some inconsistency between between the 

event on film and the GRIND output for it; e.g. the ion—

isations of tracks may be inconsistent with the fits made 

by the program. 

The Production of D.S.T.'s  

Data Summary Tapes, or D.S.T.'s for short, are prepared from 

the GRIND output tape through the program SLICE, using "slice cards" 

which specify the hypothesis or hypotheses accepted for each event 

in the GRIND checking. 

A D.S.T. record is written for every hypothesis, containing 

all the information which may be relevant to analysing the under—

lying physics of the interactions. Besides calculating such quan—

tities as C.M. momenta, effective masses of combinations of part—

icles, invariant momentum transfers and so on for the D.S.T., 

SLICE computes the experimental errors on these physical quantities 

from the error matrix calculated in GRIND. 

Noir-unique. hypotheses are flagged as such on' the D.S.T., and 

can .be given a weight which is the inverse of the total number of 

hypotheSes fitting the event. Events involvingstrange particle 

decays can be given a "decay weight" determined by the probability 

that the strange particle might not have been seen to decay. 

Our D.S.T.'s are the end product of the film analysis system 

described in this chapter, and are our starting point for the 

study of the physics of the K—p interaction at 10 GeV/c. 
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CHAPTER 3. 

SINGLE PION PRODUCTION  

A K-p interaction can lead to single pion production in 

four possible charge states:.  

reTT-p 

K it-• xrep 

K-P • K-Ten 

K pi• g°n°n 

In case (i), if the K0  is seen to decay by K° 	TT+Tr-

this decay is measured and a 4-C (four-constraint) fit is made 

to the event. If the K°  is not seen to decay, and in cases (ii) 

and (iii), the momentum of the neutral particle must be calcul-

ated and a 1-C fit is made. 

3.1 	THE DATA  

KI 	K°TT p 

Our data sample contains 494 4-C events of the type with 

seen K°  decay. These events are extremely reliable, and all but 

two of them were fitted uniquely to the Kp -,K°71- p hypothesis..  

Associated with each event is .a "decay weight" to allow for sim-

ilar events where the K°  may have decayed into114-71"—  outside the 

limits of our fiducial region in the bubble chamber. The sum of 

these weights is 562.87  and when we also allow for the neutral 

decay modes and the long-lived component of the K°  we arrive at 

1,639 as the number of events of type (i) which probably took 

place. Using the microbarn equivalent calculated in Appendix A, 

this corresponds to a cross-section of 0.318 mb. + 6% . 

Since the K°  is seen in 494 cases'  we might expect to find 

about 1,145 1-C events where the K°  is not seen. 

There are 1,281 1-C events fitted to reaction (i), but 342 

of these are fitted ambiguously with other hypotheses. It is our 
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practice to give ambiguous events a weight which is the recip—

rocal of the number of different hypotheses to which they can 

be fitted. This "hypothesis weight" is almost always f, and is 

occasionally.. Taking this into account, our 1,281 events are 

weighted to 1,110 , which compares well with the number men—

tioned in the last paragraph. 

Kip --> rtr°n 

The events in this channel are invariably 1—C fits, and we 

have 2,171 of them. Allowing for those which are ambiguous, this 

number is weighted down to 1,995.5 implying a cross section of 

0.387 mb. ± 44. 

There are 347 ambiguous fits in this channel, a high pro—

portion of them ambiguous with the 1—C elt—p events mentioned 

above. We shall investigate this problem of ambiguities and that 

of possible misfitting in more detail later. 

K 	p.K—Tr+P 

This channel contains 2,627 1—C events, of which 24 are 

ambiguous, so that the weighted sum is 2,615. This corresponds 

to a cross section of 0.507 mb. + 4%. The low proportion of 

ambiguous events is partly due to the fact that a positive pion 

can almost always be distinguished from a proton by its ionis—

ation, so there is little chance of confusion between this chan—

nel and the Kp —* K—Tr°p and K—p —zt K°IT—p channels. 

Though we have no difficulty with ambiguous events in this 

channel, it is likely that some contamination is present fron the 
+ unfittable reaction K—p 	nir It n, particularly when the TT °n 

system has a low effective mass. 

K-13 	or  0 n  

This channel contains at least two unseen neutral particles 

(the topology will be either 000 or 001) and no fit can be made to 

such an event. Our experiment therefore provides no useful infor—

mation on this reaction. 



3.2 AMBIGUITIES AND BIASES  

- o 	o K 'IT °p 	Tr n Ambirruities  

As we mentioned in the previous section, there are nearly 

350 ambiguous events in our data which give 1-C fits to both 

reactions (i) and (ii). We must ask ourselves what properties 

such events are likely to have, and whether or not it is safe to 

proceed with the analysis of the data without making corrections 

for them. 

The situation is illustrated by figure 3.2.1, and the crit-

erion for ambiguity to occur is that the final-state kwon and 

pion should have momenta (lab. frame) equal in magnitude. 

To understand why this is so, bear in mind that the momenta 

of the charged particles are measured independently of their masses, 

and that the momentum of the neutral particle follows by subtrac-

tion. On the other hand, energies of the particles depend on their 

masses, and if both fits to an event satisfy overall energy con-

servation we must have 

E(0) 	E(tr) = ECK + E(.11 °) 
i.e. 

(e02 .K2)* 

(e .4. .K 2)* ... (e.2 

which is only the case if .202 
	2 

 . In figure 3.2.2, the ruan-

tity /g2 - /20/ is shown for the ambiguous data as well as for 

the uniquely-fitted data, and our result is confirmed. 

Using the Honte-Carlo event-generating program FOWL, we have 

examined events which satisfy our criterion for ambiguity, and 

found that they lead to no anomalous behaviour in the distributions 

(mass snectra, t-distributions, etc.) which are of physical in-

terest. 

m 
2
) 
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FIGURE 3.2.1  

Proton 

and this: 

BEAM 

 

Proton 
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FIGURE 3.2.2 	Differences in Lab. Momenta between 
kaon and pion tracks. (500 MeV/c bins) 

(a) P(10) — p(IT), unique fits. 
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• Misfits in K—p 	K—Tr%  

Figure 3.2.3 shows the K—Tr effective mass spectrum for 

our reaction (ii) data, as well as m(K°Tr —) for reaction (i). In 

the former, there is a clear enhancement just above threshold 

and well below the K. (890) mass. In the latter, there is no such 

enhancement. 

There is no plausible physical reason why an excess of 

events should appear in this region for reaction (ii), and we 

shall argue that it arises from elastic events which are mis—

fitted because of imprecision in determining the beam momentum. 

To fit a TT°  in this way (see fig. 3.2.4) 2  we must have 

2 
• = ( E(W) — E(D) )2  - 	2.(131) - 2o3»2  

and when the beam is relativistic, this gives 

mw 	mK
2
•( 2  — 11(B)/13039 — p(B')/p(B) ) 

—2p(III)p(B).(1-Cose) 

where 8 is the angle between P(131) and P(B). When 2(B 1) and 

2(B) are not very different, the first term is small. The last 

term can be written in terms of the pion's transverse momentum 

to give 

m r a —pt
2(Tr) . 2 

Now, for the purposes of fitting we can have —0.121C mil!‘ 0.1, 

so such a fit can be made if 

pt(17) 4. 110 MeV/c. 

That is to say, if a extra TT is fitted (because of a badly—

known beam momentum) to an elastic event, then the rr°  will have 

a very low transverse momentum. A consequence of this is that all 

the tracks will he approximately coplanar. 

Figure 3.2.5 shows that the events in the E. 	peak do, 

in fact, have predominantly low transverse momenta. 
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FIGURE 3.2.4 

Event is really like this: 

BEAM 

Proton 

but is fitted to this: 

Proton 



FIGURE 3.2.5 
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Scatter plot of m(K-11°) against 

transverse momentum of TT °. 
Each dot = one event. 
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What about the K71T°  effective mass spectrum for these 

misfitted events? To understand this, we must bear in mind that 

there will tend to be large measurement errors on the (usually 

fast) kaon momentum, whereas the proton is usually well—measured. 

The fitting procedure will adjust pK  and pir  in order to con—

serve overall energy and momentum. Initially, we have a "miss—

ing energy" and "missing momentum" which will be almost equal 

(since they are presumed to arise from an error in the momentum 

of a highly relativistic beam) and so the fit will require the 

pion to be relativistic. Since the kaon is usually moving close 

to the forward direction, it turns out (approximately) that 

s(rilf °) = mK2.(1 + pltipK) + mr2.(1 pKipg) 

which, under the circumstances, cannot be far above threshold. 

We have seen that the hypothesis of "misfitted elastics" 

will explain the presence of a low—mass ii peak in reaction 

(ii), as well as the low transverse momenta associated with the 

pions. We should not be surprised that a number of elastic events 

failed to fit the elastic hypothesis -- in fact there is a 15 

cut—off in statistical probability for a 4—C fit applied in this 

experiment, and since we have about 16,000 elastic events in our 

data there must be about 160 which are falsely rejected because 

of low probability. Such events may well contribute to the phen—

omenon we see in fig. 3.2.3. 

These misfitted events do not have a strong reflection in 

the TT °p effective mass spectrum, and it will not be necessary 

to remove them in order to analyse the "rep system. 
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' 3.3 FEATURES OF THE DATA • 

The features of the single—pion—production data will serve 

to illustrate many properties which are, in fact, common to all 

high—enermv hadronic interactions, including the many—body reac—

tions which we will examine later in this work. 

The most striking of these features is shown by fig. 3.3.1, 

the transverse momentum spectra for kaons, pions and for nucleons 

produced . in all, of the Kp 	ITITN channels. Although the 

kinematic limit for a transverse momentum is in this case about 

2.0 GeV/c, the distributions all peak at about 300 MeVic. The 

three parts of fig. 3.3.1 are combined in fig. 3.3.2, which is a 

lomarithmic histogram of the snuared transverse momenta. Insofar 

as the data points on this figure lie on a straight line, the 

transverse momentum spectrum is described by a Boltzmann—like dis—

tribution of the form 

dG 

dpt 
Apt  . PxP( —Pt

2
/4.  ) 

where A and q are constants. The straight line superimposed on 

fig. 3.3.2 corresponds to a value q 410 HeV/c. 

The incident C!S momentum of the K and proton is 2.1 GeV/c, 

and the longitudinal momenta of the final—state particles will be 

of this order, the transverse momenta being restricted to a few 

hundred HeV/c. It is therefore appropriate to display the data 

according to longitudinal momentum phase space. This technique is 

discussed in Appendix E. 

Histograms of the longitudinal momentum phase space angle 

LO are given in fig. 3.3.3, and fig. 3.3.4 is a key to their in—

terpretation. Different regions of W corresnond to different 

peripheral or multinerinheral diagrams, some of which are shown 

in fig. 3.3.5. Fig. 3.3.3 (a)—(c) can tell us a great deal about 

the reaction mechanisms for single pion production, and we will 

discuss.th.em in some detail. 
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• FIGURE 3.3.1  Transverse momentum spectra in 
single pion production channels 
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FIGURE 3.3.2 

 

Distribution of pt
2  for produced 

particles in all 1Cp —1)  KTIN channels. 
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FIGURE 3.3.3 	Distributions of "LPS" angle w for 

the K—p -->T1IN reactions. 

Events 0.2 radian 

200 - 

100- 

1 
Tr /3 	271/3 	7T 	4m/3 	517/3 	211 

1111•11111111•MEM,  300 - 

(b) K—p 	1(1"1"°p 
200 - 

100 " 

1 	 
21" TT /3 	27/3 	

1 	
4'R/3 .5U/3 

(c) irp --) K-17 +n 

400 

200 

TT 3 	2m/3 



	7 

(ZN b) 

N 

p 	 

K 

36 

FIGURE 3.3.4 	The Longitudinal Momentum Phase 

Space: definition of Wangle. 

pL(N) 

FIGURE 3.3.5 	Peripheral Exchange diagrams referred 

to in the text. 
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K-1.-K°Tr-u 

These events, in fig. 3.3.3(a), are mostly in the third 

sextant of the 14-plot; this corresponds to the peripheral pro-

cess of fig. 3.3.5(a). The spill-over into the second sextant 

indicates that the pion can often be associated with the nucleon, 

as in fig. 3.3.5(b). 

The small number of events in the fourth sextant reflects 

the rarity of strange meson exchange (fig.3.3.5(c)). The absence 

of events elsewhere in the plot can also be explained in terms 

of the peripheral model. 

Irts .— Ii TS'°T, 

Comments similar to those above apply also to this reaction, 

with the difference that here the second sextant (fig. 3.3.5(b)) 

contains a much larger proportion of events. 

ICTP .- rT174n 

The to-distribution for this channel is similar to that for 

K-p -4prIT°p, but has. considerably more events at and below the 

point 14= 21T/3. 

We 'notice that the fourth sextant of this distribution is 

almost empty; this is understandable from fig. 3.3.5(c), which 

for this channel would involve an "exotic" double charge on the 

exchanged particle. A peculiarity of this channel is that a few 

events occur with high values of M), i.e. in the region corres-

ponding to fig. 3.3.5(d); in the right-hand part of fig. 3.3.3(c) 

the vertical scale has been expanded to make them clear. The 

peripheral model could only explain such events by the exchange 

of an exotic.S=+1 baryon, and we consider it more probable that 

the events are misfits. 

In all three reactions, it is clear that baryon exchange 

and strangeness exchange tend to be suppressed in comparison to 

the exchange of B=S=0 objects. That is to say, the nost inportant 
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multiperipheral graph is that of fig. 3.3.5(e). Figs. 3.3.5(a) 

and (b) are limiting cases of this, and we have seen that the 

former dominates reaction (0 whereas the latter is also very 

important in reactions (ii) and (iii). 

We have so far said nothing concerning inelastic diffraction, 

which will be the principal subject of this work. We will use the 

terms "inelastic diffraction" and "Pomeron exchange" interchange-

ably, the Pomeron being essentially the same object which is pre-

dominantly responsible for high-energy elastic scattering. We will 

defer detailed discussion of the Pomeron's properties until Chapter 

7, but in the meantime we will make frequent reference to the better 

known ones. 

There is strong evidence (the "Gribov-Morrison Rule", Ref. 

5.5) that when a particle is diffractively dissociated, the pro-

duced system must belong to the same spin-parity series as the 

original particle. Any KIT system must have natural spin-parity, 

and since the kaon is a pseudoscalar, it follows that the dissoc- 

iation k- 	KIT cannot be diffractive. For this reason we will 

say no more about the process of fig. 3.3.5(a). K (890) produc-

tion, which is dominant for such events, is analysed in Ref. 1.10. 

Events where the pion is associated with the nucleon will be 

analysed in the next section; it is significant that these events 

occur most coniously without charge exchange, and we shall show that 

their dominant production process is Pomeron exchange. 



30 

3.4 THE 11.N SYSTEMS  

1e established in the previous section that peripheral 

production of low—mass ITN systems occurs abundantly in our data. 

In figures 3.4.1 (a)—(c) the TIN effective mass spectra are shown 

for reactions (i) to (iii). 

The Production Mechanisms  

   

We will distinguish the following processes which may lead 

to the production of low—mass TIN systems: 

(a) The production of I = 3/2 ITN systems. In order to con—

serve I—spin at the baryon vertex this would have to come 

about through isovector exchange from the kaon. 

(b) The production of I = 1/2 TIN systems by isovector ex—

change from the kaon. 

(c) The production of I = 1/2 TNT systems by isoscalar ex—

change. To conserve I—spin at the kaon vertex this can 

only occur in reactions (ii) and (iii). 

We may describe these three processes by three independent 

amplitudes, and because we are in the resonance region these will 

be strong functions of the TIN effective mass. An I—spin analysis 

of the K—p 	KTTN reactions is given in Appendix D, and in terms 

of the notation used there the processes listed above correspond 

to the three F
T
B  amplitudes. 

Ideally, we should like to separate out the contributions 

of these different amplitudes and study them independently; we 

are particularly interested in the amplitude for nrocess (c), 

where the exchanged object is liable to be the Pomeron. However, 

to disentangle the contributions of the different amplitudes 

(over any region of the phase space) will re7uire five quantities 

(three magnitudes and two relative phases) to be obtained from 

the three partial cross—sections. This is not Possible. 
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Nevertheless, we shall, see that conclusions can be drawn 

concerning the relative importance of processes (a) to (c). 

E°(rr —n)  

If we look now at fig. 3.4.1(a), i.e. the Tr p mass spectrum, 

we see a clean &°(1236) enhancement and also two less significant 
/ peaks at about 1460 and 1660 MeV/c2  . The 1660 11eV/c

2 
bump could 

be due to the A(1650) or perhaps the iN(1670) resonance; but 

there is no established LI, resonance between 1236 and 1650 11eV/c
2 

which might account for the enhancement at 1460 MeV/c
2 
 . It there—

fore seems probable that there is a significant amout of I= f Tf —p 

production in the 1460 MeV/c2  region -- perhaps the "Roper" reso—

nance. 

Above about 2.0 GeV/c
2, 

the TT p spectrum begins to rise 

slowly. This is in fact a reflection of the strongly—produced K 

resonances in the eTT —  system, and so far as the TT p spectrum 

is concerned it is a non—resonant background which must have both 

I m 3/2 and I = 1/2 components. 

We can say, then, that process (a) plays a large part in 

.this reaction. Process (b) contributes, to a lesser extent, at 
/ 

around 1460 1eV/c
2 
 . Above about 2.0 GeV/c

2 
 both processes will 

give a non—resonant contribution. The bump at 1630 1eV/c
2 
 cannot 

with certainty be put down to one process or the other.'  

. K—I 	K7(17 N)+  

It is mentioned in Appendix D that the ratio of the cross—

sections Cr(11%)/a(Te'p) is an indicator of the I—spin of the 

(1T N) systems. This ratio (with statistical errors) is dis—

played in fig. 3.4.2 as a function of the ('f7 N)+  effective mass. 

It is immediately clear from this figure that the (TT N)+ systems 
are predominantly of I—spin I ; the ratio is always closer to 2 

than to 0.5, and only comes down to 1 at high values of the mass, 

where we might expect to find a statistical mixture of the two 

I—spins. 
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FIGURE 3.4.2  

C.:5°  ("en) 
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1=1/2 

I-Spin 

Mixture 

1=3/2 

2.0 

1.0 "" 

0.5 

4 
1.2 	1.6 	2.0 	2.4 	2.8 

(TT N). Effective Mass 	(GeV/c2), 80 MeV/c2  bins. 
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The double circle represents the (unphysical) point 

where m(11r 	m . It is reasonable to suppose that our 

data points should extrapolate back to I= at this point. 

It would clearly be possible to draw a smooth curve from this 

point down through the data points (bearing in mind their 

errors) and tending asymptotically to the central dotted line. 

The only significant deviation from such a curve would be at 
around 2160 1ieVic2 , where the data points rise up towards the 

14 line. This is perhaps a hint of N (2190) production. 

The (1T N)+ mass spectra (figs. 3.4.1 (b) and (c)) show 

some important features. The only bump which can be clearly 
J.+ identified as a resonance is that at the /...x (1236) mass (in both 

spectra), but above this, and extending up to about 1800 1feV/c2  p 

is a broad and rather ragged enhancement (again in both spectra). 

It is relevant that the numbers of events involved are much 

greater than in the case of the Tr p spectrum. 

Qualitative Conclusions 

The I = 	IT -ik production depends on the 	amplitude 

of Appendix D, and from eqns. D15—D17 we see that the contri—
bution of this amplitude to Ti°p production (or Tr+n production) 

will be about one—eighth (or a quarter) of the contribution to 

the TT p production cross—section. (Assuming that interference 

effects are not very strong.) Now, the TT p 1=3 cross—section 
is small below about 2.0 GeV/c

2 
so the corresponding contri—

butions to the (TI.N)+  cross—sections are likely to be very 
small. In other words, process (b) must be relatively insigni—

ficant in reactions (ii) and (iii). 

The dominance of I.+ in reactions (ii) and (iii) must, 

therefoie, arise from the occurence of process (c). 



Quantitative Results  

We have e7amined the consequences of assumincr that process 

(b) can in fact be ignored in all three reactions. As shown in 

Appendix D, we can then extract from our data the contribution 

of process (c) alone. This can be written 

(5-c  = cr(ii) 	— 3010 

and is plotted (with statistical errors) in figure 3.4.3. This 

quantity,ought, of course, to be positive over the entire mass 

range; the fact that it becomes negative at high values of the 

(IT N) mass is an indication of the failure of our assumption. 

Figure 3.4.3 shows no clear resonance structure. We can say 

only that process(c) produces -ITN systems of predominantly loin 

effective mass; the spectrum consists of a broad enhancement 

( width at half height is about 480 MeVic2  ) which peaks at 

about 1360 1eVic21. The number of events with m(TrN) less than 

2.0 GeV/c2 in fig. 3.4.3 is 1,281; in view of the approximation 

we have made, this must be regarded as merely a lower limit on 

the number of events in the data corresponding to process (c). 

In order to estimate cross—sections for the three processes, 

it is more useful to assume that there is no interference between 

the three amplitudes describing them. Although this would be a 

most unreliable approximation at any particular value of the TrN 

effective mass, it is not likely to be far wrong when we integrate 

the amplitude over the Thole of phase space. This is because the 

phases of the amplitudes are likely to vary considerably across 

the TIN resonance region. 

Again using results from Appendix D, we have calculated 

numbers of events and cross—sections for processes (a)—(c) in 

the approximation of "no interference", and they are tabulated 

in Figure 3.4.4. 
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FIGURE 3.4.3  

do = 6-(ii) 	30r(i) 

80 MeV/c2  bins 
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FIGURE 3.4.4.  

Nos. of events and cross—sections 

( with ra(TTN)< 2.0 GeV/c2  ) for 
reactions (i)—(iii) and processes 

(a)—(c), in the "no interference" 

approximation. 

Process 

(i) Korr—p  

(a) (b) (c) Sum 

185 
(po p-b. ) 

267 

(52 r.b.) 
452 

(f.38 IA.) 

(ii) K-7r°p 370 34 659 1063 
(73 p-b. ) (7 p.b. ) (128 /b.) (206 pb.) 

(iii) rTr+n 185 66 1320 1571 

(36 rb. ) (7 r.b.) (256 lib. ) (305 !O. ) 

Sum 740 367 1979 
(145 rb.) (65 rb.) (385 t4-13•) 
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In calculating these results, we have used the individual 

reaction cross—sections for ra(TTN) < 2.0 GeV/c
2 
 . No errors are 

quoted, since the statistical errors would be considerably less 

than the uncertainties arising from our assumptions. 

t—Distibntions 

In figures 3.4.5 and 3.4.6 we show logarithmic t—distribu—

tions from the incident K to the outgoing kaon. In figure 3.4.5, 

the data are those for the individual channels, with m(11 N) less 

than 2.0 GeV/c
2 
 . 

In figure 3.4.6, the t—distributions are those for the three 

separate production mechanisms listed earlier; they are found by 

taking linear combinations of the data in figure 3.4.5, i.e. by 

solving eqns. D30—D32 in Appendix D. This method is based on the 

assumption that there is no interference between the amplitudes 

describing these production mechanisms, and its justification was 

mentioned in the previous subsection. 

The first two plots of figure 3.4.6 correspond to the iso—

vector (presurt.ablyp ) exchange processes, and would not be well 

described by straight lines. Close to t=0, their slopes are small. 

The data points in the third plot adhere closely to a straight 

line up to about —t = 0.4 GeV
2 
 ; the line superimposed is an 

"eyeball" fit, and has slope eaual to 6.4 GeV-2. 

Process (c), then, gives rise to a steep t—distribution 

with a slope not much less than that found for elastic scattering 

in Appendix A. We take this as strong evidence for the diffractive 

nature of process (c). 
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FIGIML' 3.4.6  

log(cross—section), 

arbitrary origin. 

Logarithmic t—Distributions 

for Ep -*E(TrN), 
senarated according to the 

reaction mechanisn according 

to the "noninterference" 

approximation, with 1(ITN).<2.0 GeV/c2  

Process(i)  

4.0 

in bins of 0.04GeV
2  (and multiples) 

Process (ii)  
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3.5 CONCLUSIONS  

We can summarise as follows the results of the previous 

section: 

It is clear from the data that there is abundant peri-

pheral production of low-mass (ITN)4" systems. 

These arise predominantly from the exchange of an iso- 

scalar object; we deduce this from the facts that the 

cross-section for charge exchange ( K-p -3:17(ITN)*  ) is 
small and that the (IT N)+ systems have an average I-spin 

not much greater than 4. 

(iii) Isovector exchange also occurs (to a lesser extent) and 

gives rise to both 1=3/2 and 1=1/2 (TrN) systems. 

The (ITN)+  mass spectrum resulting from isoscalar ex-

change does not have any clear resonant structure; rather, 

we find a broad enhancement stretching from 1300 to 1600 
/ 

MeV/c
2 
 . however, it is impossible to make an exact analysis 

of this production process in isolation from the competing 

isovector exchange processes, and this conclusion depends 

on an assumption which can only be approximately true. 

(v) Isoscalar exchange accounts for roughly 50% of the total 

cross-section for K-p -3. K-Tr+n, and 33% of that for 

K-p 	K-TT0p. (Numbers from results in figure 3.4.4). 

(vi) The t-distribution for this isoscalar exchange process is 

well descibed by an exponential at lower values of t, and 
- 2 

the logarithmic slope is about 6.4 GeV . 

We can conclude from all this that we are observing the dif-

fractive dissociation of the incident proton; i.e. that Pomeron 

exchange is responsible. Note that this conclusion depends on a 

definition of the Pomeron which is based on its empirical properties 
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alone. These properties are well-established in the literature, 

and are discussed in Chapter 7. 
• 

One such property is the approximate constancy (with beam 

momentum) of the cross-section for any Fomeron-exchange reaction. 

Now, at very high energies, we expect Pomeron exchange to dominate 

the K p 	K (ITN)
4- 

cross-sections, since the amplitudes for 

reggeon exchange will tend to zero. If the romeron exchange cross-

section is in fact constant, and enual to that which we find at 

10 GeV/c (and given in figure 3.4.4) then the asymptotic cross- 

sections are predicted to be about 0.13 mb. for K-p 	rTr0p and 

0.26 mb. for K-p 	rex'. 

From recent work on pp -3. pTrN 

making use of the factorisability of 

it has been calculated (in Ref. 3.1) 

K (TT N)4T cross-sections are 0.11 and 
the previous paragraph are in fairly  

reactions (Ref. 3.2), and 

the Pomeron exchange amplitude, 

that the asymptotic rp 
0.22 mb. The predictions of 

good agreement with this. 

Further information on the role of Pomeron exchange in these 
reactions appears in refs. 1.21 and 3.1, where the data is fitted 

to models which incorporate inelastic diffraction as well as the 

other possible reaction mechanisms. In the first of these ("Appli-

cation of the Veneziano Model with pion and Pomeron exchange to the 

reaction K-p -•21K771-4-  at 10 GeV/c"), the proportion of the cross-
section due to Pomeron exchange is found to be 25.5% -- rather 

less than the 50% which we find. 

In Ref. 3.1 ("Dual + Pomeron Analysis of Kt p -)PKtlep"), 
on the other hand, the proportion of Pomeron exchange is found as 
55%, to be compared with our 33%. 

We need not be too concerned by these discrepancies, since 

the models used in Refs. 1.21 and 3.1 are at best approximate and 

are used more to test the versatility of the Veneziano model than 

to extract numbers from our data. Since their results straddle ours 

in (v) above, we consider our results as being confirmed by them. 



52 

In summary: Our examination of the K—p ..i0.7.rrY data has 
shown up the limitations of the experiment (in sections 3.1 and 

3.2), the Peripheral character of high—ener,:iseattering (in 

section 3.3) and many of the ideas and technir:ues which we find 

useful. In particular, we have been able to show that a high 

proportion of the cross—section for single pion production can 

only be accounted for by Pomeron exchange. 

References (3)  

Ref. 3.1 	Dual + Pomeron Analysis of K—p 	K—IT op, 

Kajantie and Papageorgiou, 

CERN preprint TII.1170 (1970) 

Ref. 3.2 	H. Satz, 

Nuclear Physics D14, 366 (1969) 
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CHAPALA 4 

DOUBLE PION PRODUCTION  

The possible E.-P 	J,IITTN reactions are: 

(i) EP 

I f sr ° 
(ii) 117n 7) I:01r in) 

E-n 	E-1T+Ir 0n 
(iii) E-p --> 0 Tr +Tr -n 

and 
	K-p 	11(3,1.0.00n  

.where only the numbered reactions can be fitted to events in the 

bubble chamber. In the case of reaction (i), these are 4-C fits; 

in the other two cases they are 1-C fits which can only he made 

when the decay of the 0 is seen and measured. 

4.1' THE DATA  

The numbers of fits in our data sample, together with 

other infor-lation, is tabulated in figure 4.1.1. In reactions 

(ii) and (iii) there are few ambirruous fits and the sum of the 

hypothesis weights is not much less than the total number of fits. 

In reaction (i), on the other hand, there are roughly 1G00 

ambiguous fits. Yost of these ambiguities arise from the diffi-

culty of distinguishing between the two negative tracks, the K-

and the Tr -. Thus, both hypotheses refer to the same channel, 

and the sum of the hypothesis weights is close to the actual 

number of events. 

The cross-sections are quoted with a statistical error only. 

We can trust reaction (i) (4-C fits) and also reaction (ii) (fit- 
o% 

ting a Tr ), but in reaction (iii) the missing mass is large and 

so, very often, is its error. It is often impossible to distinguish 

between Kp 	K°11+Tr-rt and K-p 	K°11-4-1TTen, and this no 

doubt leads to some contamination and loss of events in our data. 



FIGURE 4.1.1  

  

Cross-sections, etc., for double 

pion production. 

Reaction 

(1) (ii) (iii) 

Number of fits. 6892 1526 801 

Sum of hypothesis 

weights. 

6069 1520 793 

Probable number of 

events, allowing for 

unseen e decays. 

6069 5680 2478 

Cross-section, 

with statistical 

error. 

1.18 mb. 

+ 3% 

1.10 mb. 

+ 4% 

0.48 mb. 

+ 41% 
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4.2 POYERON EXCHANGE  

Under wha% circa-istances can inelastic diffraction mive 
rise to a K1TTT final state? Since Pomeron exchange cannot 
lead to the dissociation K 	(KTT)—, for reasons discussed 

in the previous chapter, the only possibilities are the follow— 

ing: 

(a) —> I rr +Tr 

(b)  

(c) p —> p 7T+TT 

in reaction 

in reaction 

in reaction 

We show exnerimental K—TeTT, r°11—TT°  and n 1T
+

71" 
— 

eff—

ective mass spectra in figure 4.2.1, and for comparison figure 
T.o  4.2.2 contains 1, IT +  IT , p1T1T°  and n /ITC spectra in the 

sane remion. No selections have been applied to any of this data. 

The vertical aces on these historrrams are calibrated with both 

the cross—sections (corrected, where necessary, for unseen 0 
, 

decays) and the numbers of events per bin of width 80 MeVic
2 
 . 

The (KIITT)—  mass spectra of figure 4.2.1 (a) and (b) are 

very similar to one another, both in shane and in cross—section. 

The Q enhancements just below 1.4 GeV/c
2 
doninate these, and the 

L enhancements are also visible at about 1.8 GeV/c
2
. On the 

, other hand, figure 4.2.2 (a), the 1o  TT+  Tr mass spectrum, contains 

far fewer events and no structure similar to the 0 and L peaks. 

Figures 4.2.2 (b) and (c), i.e. the (I171-11-)°  mass spectra, 

both show a low cross—section with no outstanding enhancements. 
— 

In contrast, figure 4.2.1(c) (the pIT
+  rr spectrum) contains a 

large number of events even close to threshold, and there is a 
, clear peak at around 1.7 GeV/c2  which may well be due to reson— 

ance production. 

Where Pomeron exchange can occur, then, we see that there 

is production of (KITTT)—  and (NiT1T)+  systems with effective 

masses which are not far above the respective thresholds. This is 

a very strong effect, and suffices to explain why the total cross 

section for reaction (iii) (where no romeron exchange can occur) 

is less than half that for reaction (i) or (ii). 



FIGURE 4.2.1 Effective Mass Spectra, 
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FIG= 4.2.2  Effective 7:ass $7ectral. 

in bins of 80 YeVic
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We can remove most of the "background" from figs. 4.2.1 (a) 

and (b) by applying the following cuts to our data: 

For process (a): —tPP 0.6 GeV2, and 

m(p7r+) not in the LY11.(1230) mass region. 
For process (b): —t

PP 
 < 0.6 GeV2, and 

m(plf—) not in the L.S°(1236) mass region, and 
m(p1T°) not in the 12S.4-(1230) mass region. 

The cuts on t leave almost all events which involve Pomeron ex—
PP 

change from the proton, whilst removing the majority of the other 

events. The A(1236) resonance is produced abundantly (in the 

charge states indicated) and it is as well to eliminate it here 

since it is incompatible with Pomeron exchange from the proton. 

The events selected by the above criteria have the KTriT 

effective mass spectra of figure 4.2.3 (a) and (b). These show 

very clean Q and L enhancements, and only a small proportion of 
the events have high. ( >2.5 GeV/c2, say) values of this effec—

tive mass. We also notice that the two spectra are very similar 

in shape to one another. 

The dissociation of the proton, i.e. process (c), poses a 

more difficult problem. In figure 4.2.4 we plot the pleTir — 
, 0 effective mass spectrum, with —t <0.6 GeV

2 
 and with 17, (890) 

KK 
events removed from the sample. There are recognisable resonance 

peaks in this spectrum, but the background is greater than in 

the KIM case and the spectrum extends higher above threshold. 
This indicates that the simple cuts we have applied are not suf—

ficient to isolate the diffractively produced /MIT systems. 

Certain features of fig. 4.2.4 

are significant peaks close to 1460i 

may well correspond to the N (1470), 

are worthy of comment. There 
, 

1720 and 2200 NeV/c
2 
 . These 

N*(1090) and N*(2190) reso— 

nances, as indicated over the histogram. However, the width of 
, 

our 1460 HeVic
2  peak is much less than the width established for 

that resonance. Of course, the masses and widths "established" 

for these N Is are obtained by partial wave analyses of formation 

experiments, and it is not obvious that they should have a similar 
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PIGUP...73 4.2.3  (a) rTr+11.— 

 

raass spectrum. 
—tPP < 0.6 GeV2,  

(1236) removed. 

Q 
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appearance in production. It is perhaps ecnially likely that the 

N (1520) ( also indicated in the figure ) is responsible for the 

first peak. If we ass-me that the piTr
- 

mass spectrum is 

dominated by the resonances we have suggested, an interesting 

pattern emerges. The snin-narities of the N (1520), N (1690) 

and N (2190) are (3/2)-, (5/2)+ and (7/2)-  respectively, i.e. 

they belong to the same spin-parity series as the proton. In fact, 

they can be regarded as Regge recurrences of the proton. 

It is then very temptina- to suggest that diffractive dis-

sociation arises from the excitation of the incident particle to 

some higher spin state. This is essentially the Gribov-Morrison 

rule (Ref. 5.5). Applying this idea to the Q and L enhancements, 

we surmise that they are resonances with JP  = 1
+ and 2 respec-

tively, and can be.treated as recurrences of the kaon. 

This view of diffractive dissociation is illustrated in 

figure 4.2.5; we shall refer back to it later. 

So far in this. chapter we have pointed out the occurence of 

diffractive dissociation in the two-pion-production channels. The 

cross-sections for the dissociations K -* urn, 	(890)g, 

and p -i.A44(1236)77 are collected together in the table of 

figure 4.2.6. We have already mentioned that there is a good deal.  

of 4Y(1236) production in reaction (0, as well as 
*
-
, 
(S90). 

In the next section, we shall concentrate on the quasi-three-body 

final states involving these resonances. 
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FIGURE 4.2.5 

A view of diffractive dissociation: 

FIGURE 4.2.6  

Cross-Sections for diffractive dissociation processes: 

Process 

 

Restrictions 

 

Cross-Section 

     

K- --)K-Tr+Tr-  No 41, 	ma!TriT ) < 2.5 GeV 0.59 mb. + 34% 

K-  -.> K-1TIT No 	ra CE Tr IT ) < 1.5 GeV .A , 0.35 mb. ± 4% 

K-  --> K°7T-II°  No 	m(EITT( ) < 2.5 GeV , 0.55 mb. ± 4% 

lc  .....> roir 	 Tr  o No 4A 	m(711-if ) ( 1.5 GeV , 0.33 nib. + 43% 

IC -, K*(890)1T-  No L. , 	m(K*TT ) < 2.5 GeV 
* 
K 	---> K-11+ only. 

0.29 nib. 4- 4% 

p --> A (1236)-FT No K(890), 

ra(AIT ) < 2.5 GeV. 

0.13 nib. + 5% 

K and 0 resonances are defined by the intervali 

K* = (0.82, 0.96) GeV/c2, L = (1.12, 1.34) GeV/c2  

(ii) In addition to the restrictions mentioned in the table, 

we require /t/ to be less than 0.6 GeV2  in every case. 

Here, t is tpp  or t as appropriate. KK 
(iii) Errors quoted are statistical, based on numbers of events. 
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4.3 THE DOUM9—REGGE—EXCHANGE MODEL  

Rere, we will analyse two important miasi—three—body 

subreactions of reaction (i), viz. 

(iv) K—p —* K*0(890)1r —p , and 

(v) K—p —,E—Tr —.A++(1236) . 

There is a great deal of K*o(890) in the diffractively produced 
— 	— 
K Tr

+ 
 Tr systems -- about 50% -- and by selecting this resonance 

we obtain a IL
* 

 TT mass spectrum which is not very different from the 

full K—Ir+IT spectrum (fig.4.3.2(b) c.f. fig.4.2.3(a)). We have 

a relatively smaller L enhancement because the branching ratio for 

L —.K*(890)IT is less than that for the Q (Ref. 1.20, for example). 

TheeS1T spectrum (fig. 4.3.3(b)) turns out to be much more 
— sharply peaked to low values of the effective mass than the piT+  

spectrum (fig. 4.2.4). It seems that the selection of the 0 leaves 

a much "cleaner" set of events. 

We will discuss these reactions in the light of the multi—

peripheral picture (fig. 4.3.1), using the Double—Regge—exchange 

model with Pomeron exchange in order to make predictions. This well—

known model has been tested by many authors in the past (Refs. 4.1, 

4.2 and 4.3). If reaction (iv) above is assumed to proceed according 

to fig. 4.3.1(a), the squared matrix element is of the form 

% /A/2  = N . Q-u_ 2 . exp(Tt ) . (gme)244  • 	 p 	PP 	1 — CesCire() 

(4.1) 

where 

Q
vp 

= sitp  — t 

t * +mm*
2 

2 	'  nn 
Inc  Inc 	— mK

2 
+ 4-(t + t * — Mir )• 

KK 	K 
2 	

K  
pp PP 

tom*  * KK 
of = oL t.(tim* — in ) 

N 	= Normalisation constant. 

+ i(tpp  + t 
2% 

* _ 
KK 	ni1T 
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In fact we will ignore the first factor of (4.1), i.e. treat the 

overall normalisation as a free Parameter. In the third factor, 

the coefficient of t is taken to be 77.0 GeV
2 

a'typical "slope" 
PP 

for lip elastic scattering. We use a linear pion trajectory 0(, 
and will take its slope 00 to be 1.0 GeV

-2. 

Similarly, assuming reaction (v) to be described by the 

exchanges in fig. 4.3.1 (b), we use for our squared matrix element 

the expression 

% 
/A/

2 
= .N • 0 	• exp(3t ) • (2 -KIT • 	KK .4.4 )

20( 	1  

1 - Cos(1TaL) 

where 

(4.2) 

Q sKir - t pp  - 	mK
2  + f(tKR + t 	- mTr) pp  

2 -  
s 

2 + 
	

2 
	tno  +mp 	m

A% t 	- m 	f(t 	- mIT ). °ILA 	TrP Kg 	 KK + t 

t PA 
c(= pion trajectory, same as used above. 

Again we shall not fix the overall normalisation factor N. 

Note that in the third factor of (4.2) t is given a coefficient KK 
of only 3.0 GeV

-2
. This is, in effect, the KW elastic scattering 

slope; as such, it is not directly measurable experimentally, but 

can be estimated by comaring 7Tp, Kp and pp elastic scattering slopes 

at high energies. This procedure assumes that the elastic scattering 

differential cross-sections can be factorised into Pomeron "form 

factors", of exponential form, for each particle. Our value of 

3.0 GeV
-2 for the KIT elastic scattering slope was found in this 

way, and checked by comparing fig. 4.3.3 (c) with the predictions 

given by eqn. (4.2) using this and neighbouring slopes. 

In figures 4.3.2 and 4.3.3, the data has superimposed on it 

the predictions of the Double-Regge-exchange model (dashed lines). 

These curves are normalised to the total number of events in each 

case (except for fig. 4.3.3(a)), and were obtained by use of the 

Monte-Carlo phase space integration program FOWL, which is des- 

cribed in Chapter 5. Note that both the data and the predicted 

curves given here have tPP 
	

tKK  (or 	) restricted to being less thin 

0.6 GeV
2 
 in absolute value. 

•1 
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The distributions which we have chosen to show in figs. 4.3.2 

and 4.3.3 are of particular interest for comparing the predictions 

of the model with the experimental data. Let us look first at the 

t-distributions. These are very well fitted by the model, and are 

approximately exponential with slopes of 7.7 and 4.6 GeV for t PP 

and tKK  resoectively. 

Only the gross features of the K Tr and 220T effective mass 

spectra are predicted by the model; there is in each case a lotP.-

mass threshold enhancement, but this cannot explain the structure 

which is apparent in the data, particularly the LNIT mass spectrum. 

On the other hand, the suppression of high effective masses in both 

spectra is described well by the Double-Regge model. 

Figures 4.3.2 (a) and 4.3.3 (a) are the distributions of the 

longitudinal momentum phase space angle ("LPS" angle) which is ex-

plained in Appendix E. ( N.B. With reference to fig. El, we adhere 

to the convention that particle 1 is the "leading", or "beam-like" 

particle, and particle 3 the "target-like" particle. ) 

There is an immediately obvious discrepancy , shown up between 

theory and experiment in the first of these figures. The predicted 

curve peaks close to an angle of 21/3  radians, i.e. the pions are 

predicted to be slow-moving in the C.M. frame. The data, on the 

other hand, indicate that the pions tend to be moving forward, i.e. 

in the direction of the K . This is because the K Tr systems are 

largely reIonant; in particular the Q bump takes up a large propor-

tion of the cross-section in this case, and can be regarded as a 

1 resonance with an s-wave (i.e. isotropic) decay into Kr. The 

failure of this model to take this into account is the reason for 

the disagreement in fig. 4.3.2 (a). 

For a different reason, there is also a disagreement between 

the data and our predictions in figure 4.3.3 (a). The main. peak 

at an LPS angle of 21/3  radians is satisfactorily explained, but 

there is an additional surplus of events in the third sextant 

which is absent on the theoretical curve. Events in this region 
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involve a negative pion travelling forward (in the C.11.) along 

with the 

We interpret these events as arising from nondiffractive 

K-Tr scattering, perhaps (in the multiperipheral nicture) invol-

ving K exchange. In other words, the discrepancy in figure 4.3.3 

(a) arises because the cuts we have applied to the data do not ex-

clude all nondiffractive events. 

In conclusion: Diagrams 4.3.1 (a) and (b), nuantified by 

eqns. (4.1) and (4.2), are found to be a fair description of our 

data on the reactions K-p 	K*(1)(890)Trp and K-p -> K71420-/-(1236). 

The discrepancies found between our data and our nredictions can 

be understood without compromising the conclusion that these reactions 

are dominated by diffractive dissociation. 



70 

4.4 UNDERSTAEDING DI.EYAACTIV DISATIATION  

We have just seen that the Double—Regrre—exchange model gives 

Predictions for the K —> Kir and p 	dissociation processes 

which are in reasonable agreement with the exPerimental data. The 

distributions show that the main source of disagreement is the fail— 
* 

ure of this model to allow for resonant beheviour in the K IT and 

z2or systems. 

The Double—Regge—exchange model with Pomeron exchange is the 

modern refinement of the idea of Deck (Ref. 4.4) which pictures 

diffractive dissociation as the elastic scattering of an initially 

virtual particle. See figure 4.4.1(a). Given that hadrons in 

general can always be regarded as bound states of other hadrons, we 

can see that such scatterintr must surely occur, and we are provided 

with a way of visualising diffractive dissociation which is simple 

and for many purposes very useful. 

On the other hand, we need to be able to understand thediff—.  

ractive production of resonances -- or, at any rate, of resonance—

like enhancements. Figure 4.4.1 (b) can give us an insight into 

this. Here we have drawn a "triangle graph" which, if regarded as 

a Feynman graph, can for our purposes be contracted to the form 

of figure 4.4.1 (c). This latter diagram will have singularities 

where the internal lines are on the mass shell and have four—mom—

enta which are proportional to one another (the Landau—Bjorken 

conditions ). That is to say, we expect the err mass spectrum to 
peak at the value m(K)+m(r) = 1260 MeV/c2, and the 4:\IT spectrum 

similarly at 1700 lieVic. (N.B. Ye take the rescattering vertices 

to be 	KIT and Nr—,ATT because they are the simplest 

exothermic transitions we could have here.) 

The bumps predicted by the above argument may be identified 

with the Q. enhancement and the N (1690). If we replace the r  by 
the f(1260), the masses predicted are close to those of the L and 

the N (2190). Thus, much of the structure seen in the mass spectra 

of the diffractively—produced systems can be explained by a remark—

ably simple model which does not invoke the existence of resonances 

in these systems. 
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FIGURE 4.4.1 	Mechanisms for Diffractive Dissociation: 

(a) 

(b) 

(c) 
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We have now introduced three distinct explanations for the 

diffractive dissociation phenomena that we have observed, shown 

diagrammatically in figures 4.2.5 and 4.4.1. We cannot point to 

any one of them as being the "correct" description; each of them 

contains some truth, and yet none of them in itself can give us 

a complete explanation. 

In fact, we are faced with an excellent example of the con—

cept of Duality (See Refs. 4.5 and 4.6, for example) . This is 

one of the most important recent developments in the field of 

hadron physics, and has great unifying strength in enabling us to 

understand apparently distinct explanations for certain hadronic 

reactions as being no more than alternative representations of 

essentially the same physical processes. 

In the present examples, the idea of Duality leads us to hope 

that a "good" description of the R—PKir and priNIT vertices would 

contain, as special cases, the aspects which we have discussed in 

this Chapter. 

In the next Chapter we will in fact develop a dual model 

for the I: -÷ KITTT diffractive dissociation vertex, which unifies 

(inter alia) the "s—channel" and "t—channel" descriptions which 

are shown by figs. 4.2.5 and 4.3.1(a). To understand our "triangle 

graph" explanation in the same context is a rather more subtle 

problem, to which we will return in Chapter 7 when we discuss the 

Pomeron in terms of dual loop graphs. 
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CHAPTER 5 

A DUAL DIFFRACTIVE MODEL FOR 

THE Q AND L MESONS 

We present here a study of the reaction.  

	

Kp (rterr—)p. 
	 (5.1) 

where the assumption is made that it proceeds by Pomeron exchange 

as illustrated in figure 5.0.1, i.e. that the production of the 
— 	— K TT+  Tr system is a diffractive process. This process is charae- 

-  terised by predominantly low K + 11* effective masses, and by 

small four—momentum transfers t
PP 

 from the proton. 

— — 
As was mentioned in the previous Chapter, the K Tr

+  Tr masa. 

spectrum contains the Q and L enhancements, which have been the 

subject of some controversy among different authors. They have 

been explained by some as resonances with unnatural spin—parity 

which is usually accepted as being 1+- for the Q and 2 for the 

L meson. Other authors have argued instead that these peaks 

result from a kinematic mechanism similar to that proposed by 

Deck (Ref. 4.4). 

We have developed a model which combines these interpret—

ations by being explicitly dual with respect to the top vertex 

of figure 5.0.1. It is similar in essence to that used by 

Pokorski and Satz (Ref.5.1) to describe diffractive dissociation 

of the nucleon in the reaction pp —).pnIT . 

5.1 	DESCRIPTION OF THL MODEL  

The amplitude for the diffractive process (5.1) is factorised 

in the form 

A = 	F(p,p') . S(p 11K Tr+t rr —) . v(K (in),P,K,Tr+or ) 

(5.2) 

where the bracketed parameters indicate the four—momenta on which 
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each of the three factors can depend. (The P represents the Pom— 

eron). Althoumh our model can he annlied 	to any of 

the charrre confimurations for the I: in 	(i;HITIT)n reaction, we 

will concentrate on. reaction.  5.1, for which we have a large data 

samnle consistinf; of fomr—constraint fits, 

The factor F.  

The first factor of e.7:11. 	F(not), describes the lower 

vertex, and. we expect it to be .a function of the four—momentum 

transfer from the target to the final proton..7e use the usual 

expression for Poieron e7:change, 

F = expa-.A.t ) 	 (5.3) 
PP • 

Now, at the point where m(K-111- 11C) = m 	the factor V has a I. 
pole with constant residue and the factor S reduces to a constant. 

At this (unphysical) pole, we would expect the residue of egn. 5.2 

to describe elastic K—p scattering, and so the slope A in eon. 5.3 

is taken to be that found experimentally (Ref. 5.2) for elastic 

K—p scattering at 10 GeV/c. 

The factor V.  

This factor is a dual Veneziano—type amplitude which des—

cribes the upper vertex of fig. 5.0.1. The Pomeron is here tree",  

ted as a scalar particle with the Tiantun numbers of the vacuum. 

The coupling of four pseudo—scalar and one scalar Particle has 

been investigated within the Veneziano model by Savoy (ref. 5.3) 

in connection with the interaction of the cr meson with four 

pions. The exchanged trajectories start with P—wave resonances 

between two pseudoscalar particles, and with S—wave resonances 

between a pseudoscalar and the scalar particle. Explicitly, with 

labelling indicated in fig. 5.1.1, the Veneziano amplitudes are 

of the form 

V = 	—0e34.135( — c412'1 —°e239 "43491  —4)445/—°<51) 	(5.4) 

whereaij  
is the trajectory funtion for the pair of particles 

i and j. 
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It was shown by Savoy 

properties in all its Rer-ge 

point generalisation of the 

by Bardakci and Ruegg. 

that this annlitude has the correct 

linits. The D
5 

 

function is the five—

Beta—function which was introduced 

In our case, where the particles are K—,.n)  P, E—,IT and ki 
77 	we can form four cyclic permutations of the-,  which are non— 

erluivalent and which do not contain exotic channels. These give 

rise to four terms, each of the form of e,n. 5.4. These permut—

ations are illustrate' in figure 5.1.2. In forming- the complete 

Veneziano annlitude V in ern. 5.2, re acid these four terms to 

obtain a fully crossing—symmetric e7.-Iression. Their weights are 

taken to be erna/ for the following reasons: 

(a) 
	

Close to tIle second nole in the r—trajectory (i.e. the (1 

meson) terms I and II of fig. 5.1.r. rill dominate the 

amplitude. If they are added with equal weight, it can be 

shown that the decays 2 	KT'.  and 2 	IZ are predicted 

to be S—wave, as re7aired by exmeriment. This is verified 

by the results we will show later. 

Terms I and III must contribute equally if the sun V is to 

be C—invariant. 

For reasons of symmetry, tern IV must have the same weight 

as the other three terms. 

In evaluating the B
5 functions, we have used complex tra—

jectory factions with linear real parts; the trajectory parameters 

are calculated and listed in Appendix C. The imaginary parts of 

the trajectory functions are chosen to give non—zero widths to 

the produced resonances. In the case of the kwon trajectory, we 

have chosen an imaginary part which gives a Q—meson width which 

is rather narrower than the observed peak at 10 GeV/c. The peak 

has become narrower with increasing energy, and re expect that it 

will continue to do so when very high—energy experiments can be 

performed; it is by no means clear that the observed peak is due 

to a single resonances  and it has been suggested (Ref. 5.4) that 

there are two l+resonances present, with opposite C—parities. Only 

one of these resonances can be produced by Pomeron exchange, and 
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should survive at high energies. 

In this connection, we should point out that our model 

should describe K 7 1.4- as well as reaction 5.1. Kow—

ever, there are significant differences between the Q mesons 

observed experi7entally in K and r+  ennerinents -- in the lat—

ter, the peak is usually observed to be split. 7e cannot, then, 

erect our noel to describe in detail the structure of the 0 

enhance-ent, and we feel justified in usinm a kwon trajectory 

function which innlie3 a more realistic Irian than that which is 

observed. 

An it nortant assunntion which is made in our choice of 

tra:iectory functions is that the comhination of the roneron with 

a meson leads to r, state lying on the sane Regge trajectory as 

that meson. 

The factor S  

The reaction of figure 5.0.1 has the Regge limits shown 

explicitly in figure 5.1.3, and all these different graphs are 

taken into account by the dual nature of the Veneziano amplitude. 

An intrinsic difficulty in treating the diffraction process in 

our model arises from the fact that the Poneron couples to the 

top vertex as a 04.  particle (the Gribov—Morrison rule, Ref.5.5) 

yet behaves like a spin 1 particle for the Regge limits. In fact, 

the Pomeron can be described by a trajectory with intercept 000) 

= 1 and very small slope. 

The 0+ coupling has been taken into account in constructing 

the Veneziano amplitude; we now need a factor S which becomes 

S 
p Tr when the Pomeron couples to the 1T as in fig. 5.1.3 (b), 

but Splir in the limit of fig. 5.1.3 (d) and so on for the other 

graphs. We consider that the most realistic prescription for S 

is to use SpM , where 11 is the 
"trailing" meson of the outgoing 

system. In other words, we take S to be the squared 
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effectve mass between the outrroin-,  nroton and the outzoincl 

meson with the lowest lonTitu,linal C.Y. momentum; in this way 

	

we ensure the correct Reg0c behaviour for our arr 	in a 

simple :- mrl transparent way. 

Alternatively, re can devise a e—symr_-etric analytic 

function for S which has similar pronerties, viz. 

S 	
S(PK—in) S(PIK—) + S(Pe) + S(P'Tr7) 

tPP 	
2 	2 

1  — 4m — 2m —.2mI T 2 . 

and we have verified that this leads to the same results as the 
prescription describeel. above. 

The choice of the factor S is crucial to the model; if 

we use a constant (as is done in Ref. 5.1) then our LIM mass 

spectrum would be grossly distorted towards high masses. With 

the prescintion nroposed here the amplitudes at the Regge limits 

are essentially equivalent to those used in multi—Regge model 

calculations. 

Overall Normalisation 

The amplitude of eqn. 5.2 is not, as it stands, correctly 

normalised, and the Veneziano model by itself does not provide 

the normalisation for our B5 functions in the factor V. There are 

possible justifications for using Sakurails universal /, coupling 

constant f" for this purpose (Ref. 	, but we have not made 

use of this and we treat the absolute normalisation as a free 

parameter in our model. 

It should be pointed out that even if eqn. 5.2 were norm—

alised, the cross—section that would follow for reaction 5.1 

would still be very sensitive to the widths that we take for the 

resonances produced in the IITTrr system. (To understand why, 

consider the expansion of the B5 function close to one of its 

poles in the physical region. An example of such an expansion is 

eqn. B15 of Appendix. B, and it is clear from this that the cross= 

section for Q 	e(s90)11  is proportional to 1gine2) .) 
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5.2 PREDICTIONS OF THE MODEL  

The Pro-ran FOWL 

The complete amplitude 5.2 has been calculated in the 

Monte—Carlo program FOWL in order to make comparisons with our 

experimental data. This program works by performing a Monte—

Carlo integration of the squared amplitude over phase space, 

and this involves the sequence of events illustrated by fig—

ure 5.2.1. 

To use the program efficiently, it is necessary to use 

"importance sampling" of events in phase space; that is to say, 

we generate events which, though random, tend to be in that 

region of phase space which is physically of importance. In 

practice, this is done according to the souared four—momentum 

transfers between the rungs of a "ladder graph" which is taken 

to represent the event (In our case, the graph of fig.5.1.3(g)). 

This means that each event generated must be given a "phase 

space weight" which is large in the weakly—populated regions of 

phase space, but small in the well—populated regions. 

We have generated events according to the distribution 

exp( lOtp  + 41,10  + 4t.. ) (see fig. 5.1.3(g)). This is because the 

transverse momenta of the secondary particles must tend to be 

small (this is true in general) and so the t's will be predomina—

ntly small. In particular, we expect tp  to be very sharply 

peaked at low values. Anticipating that our model will predict 

this sort of behaviour, we must use this sort of importance 

sampling if the predictions resulting from the Monte—Carlo inte—

gration are to have an acceptable degree of statistical signi—

ficance over the physically important regions of phase space. 

Also, to improve the efficiency of computation, we only 

take events generated with —tp.< 0.6 and with m(R/1-5).‹ 2.5 GeV. 

These limits correspond to selections made on our data in order 

to isolate events of type K p 	(ITTT)p proceeding by Pomeron 

exchange, i.e. those which should be described by our model. 
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Results and Comparison with Experiment  

Figures 5.2.2 and 5.2.3 show the predictions of the model 

model for the Kim mass spectrum and for the t
PP 
 distribution, 

superimposed on the data. In the former, the shaded area repre-

sents the amount of K
* 
 (1420) (which cannot be produced diffrac-

tively) contaminating the data; this is estimated from the 

K (1420) peaks in the Krirsnectra for the reactions K-p 

in our experiment, using the tabulated branching ratios of the 

K (1420). 

The agreement of oar predictions with the data is quite 

satisfactory. It should be borne in mind that the only free par-

ameters in our model (besides the overall normalisation) are the 

trajectory parameters, and these were not adjusted a posteriori. 

Our predicted 0-meson is slirrhtly narrower than the enhancement 

in the data -- see the comments made earlier in connection with 

the K trajectory parameters. 

Clearly, it would be possible by adjusting our trajectory 

parameters to fit the data very well. However, there would be no 

great benefit in doing this and'it would reouire an extravagant 

amount of computer time. 

Perhaps the most significant outcome of our work concerns 

the decay modes of the 0- and L-enhancements, shorn by the 

Dalitz plots in figures 5.2.4 and 5.2.5. By the crossing sym-

metry inherent in our model, the predicted Dalitz plot distribu-

tions (figures 5.2.6 and 5.2.7) include not only the n- and L-

meson production from the dimgra-is 5.1.2 (I) and (II), but also 

the non-resonant "background" from diagrams 5.1.2 (III) and (IV). 

As can be seen, the predicted Dalitz plots for the 0-region 
/ 

(1.26 to 1.37 GeV/c-) and the L-region (1.7 to 1.9 GeVic2) agree 

remarkably well with those obtained from our experiment. 

Comparison of figs. 5.2.5 and 5.2.7 shows that our-model is 

predicting rather too much K (800) compared with K (1420) in the 

decay of the L-meson. No doubt, this is because re have used a K. 

trajectory with a linear imaginary part (see fig. C4, Appendix. C). 
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FIGURE 5.2.4.  
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Further Results 

We have already seen (fig. 5.2.3) that the prediction of 

our model is in rough agreement with the experimental distri—

bution of the squared four—momentum transfer from the target to 

the outgoing proton. As a more stringent test of the model, we 
investigate here the distributions of tI

PP 
 for different reg—

ions of the KIM effective mass spectrum. By t' we mean the 

euantityt—t.'wheret.ia the smallest momentum transfer run 	run 
that can occur with production of alllirt system with the effec—

tive mass considered. 

Both our experimental and theoretical t' distributions are 
fitted to the expression 

dCr 
dt' Constant . exp(At') 	(5.5) 

In Ref. 1.11 it was pointed out that our data show a rapid de—
crease in the "slope" A as m(Kliti) increases. This data is shown 
in figure 5.2.8 together with the predictions of our model. The 

errors on the theoretical,points on this figure arise essentially 

from the statistical uncertainty which comes from performing a 
Monte—Carlo integration over phase space (using the progral FOWL) 

in a finite time. 

Our procedure for deriving the predicted values of A vas to 

obtain t'—distributions for ten m(K1TTr) regions three times each, 

plot these t'—distributions logarithmically, and have all thirty 

independently fitted by eye to eqn. 5.5. We then took the averages 

of each set of three values of the slope A, and derived errors 

from the spreads in value. 

As can be seen from fig. 5.2. 8, both the data and the pre—

diction of the model indicate that A varies almost linearly with 

the TETTTT effective mass up to the highest masses considered. 

Furthermore, the lines have almost equal slopes. This, in itself, 

is a remarkable success. 

90 
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FIGURE 5.2.8. 
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It was not to be anticipated a priori that our model would 

lead.to predictions in agreement with experiment over a range of 

values of t'
PP 

 . The Veneziano model vas proposed only with fixed—

mass external particles in mind; and yet when the "mass" of the 

Pomeron varies our result sugmests that the B5 functions take this 

correctly into account. 

Of course, the slope of our t' distributions is to some 

extent "input" to the model through the factor F in eqn. 5.2. 

However, as 

the "input" 

theoretical 

those found 

pancy if we 

4.5 instead  

fig. 5.2.8 shows, this slope varies considerably from 

value of 7.7 GeV
-2 as m(FITTI) varies. Note that the 

slopes are consistently and uniformly higher than 

experimentally. We would not have found this discre— 

had used a slightly lower slope in eqn. 5.3 -- say 
— 

of 7.7 GeV
-2
. Now, 7.7 GeV 

2
is the slope approp— 

riate to elastic K—p scattering, and contains both a ppP and a 

KKP "form factor". If we had decided just to make allowance for 

the ppP vertex, the appropriate slope would have been half of that 

found for pp elastic scattering. This is, in fact, about 4.5 GeV
2
. 

So, it seems possible that we should have used this lower slope 

for the parameter A in eqn. 5.3, and that the function V takes 

care of the top vertex in every respect, including the expon—

ential dependence on the Pomeron "mass". In this context, we 

should point out that Pokorski and Satz (Hef.5.1) used only a 

ppP form factor (i.e. half the pp elastic slope) in their analysis 

of the pp ,pnIT reaction. 

An important general property of Pomeron exchange reactions, 

which we have not yet mentioned in this chapter, is that as the 

beam particle momentum is raised above the threshold value for 

the reaction the cross—section seems to remain approximately 

constant. This has been found for a number of inelastic diffrac—

tive processes and is a well—known feature of high—energy elastic 

scattering. 

Our model will obviously preditt a flat cross—section for 

Q—meson production, because of the assumption of factorisability 
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and the use of an "S—factor" which corresponds to a flat Pomeron 

trajectory with unit intercept. Furthermore, it is (as we have 

already mention.1d) implicit in our model that the reactions 

Kp 	0p and h p_> 0p should behave identically. 

To test the validity of these assumptions (which are not, 

of course, unique to our model) we have compiled the 2—meson 

productions found in a number of K—p and K+p experiments. The 

results are shown in figure 5.2.9. 

These cross—sections are taken from Refs. 5.7 to 5.18. We 

would like to point out that very few of these authors actually 

quote cross—sections for 0—production, and that to derive them 

from the published information is a difficult business which 

often involves counting events from published mass spectra. This 

involves uncertainties which are reflected in the errors shown 

on figure 5.2.9. Any innacuracies in the cross—sections shown are 

our responsibility rather than that of the authors of the papers 

to which we refer. 

Figure 5.2.9 shows that the Q and Q+ production cross—

sections must rise sharply from the threshold beam momentum, 

quickly reaching a level of about 0.5 millibarns which then 

seems to re-lain constant. Also, we notice no significant diff—

erence between the Q and Q+ cross—sections. These results, 

though not unexpected, are encouraging and in accord with the 

built—in requirements of our model. 

So far in this Chapter we have concentrated on the 

K—p 	(K—Tr4i-r—)p reaction, but our dual diffractive model is 

equally well applicable to the other charge configurations of the 

produced K1T11 system. Events of the type Kp 	
K—rroTrop cannot 

be fitted in the bubble chamber, so we have no data on this 

charge state; but we do have data on the reaction K—p 	K°  TT TT TT op, 

and we have applied our model to this. 

In writing down a Veneziano amplitude for the K7nPelf7rr° 
vertex, eight different dual diagrams must be taken into account. 
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These are shown in figure 5.2.10, to be compared with the four 

diagrams 	 in TeTr. The amplitude is 

given by 

v • 
 ( V/ + VII  .+ VIII + ViVV  — VV./  — VV./I — VV/II) 

where each V. is a function of the form of eqn. 5.4. The terms 

VI — VIV have the same sign and weight for the same reasons that 

the four graphs of fig. 5.1.2 have the same sign and weight. 

Similarly, the terms Vv  — VvIII  have the same sign and weight. The 

difference in sign between these two sets of terms arises essen—

tially because the interchange of two pions which are in an It21 

state must lead to a change in sign of the amplitude. The factor 

of 10 comes from Clebsch—Gordan coefficients, bearing in mind 

that no exotic I—spins are allowed in any channel. 

The amplitude above leads to a predicted EITIT mass spectrum 

whieh is very similar to that found in the b if Tr case, and in— 

deed the data are very similar(fig. 4.2.3 (a) 

important, we can predict the branching ratio 
6 ( 	Ir TT +Tr-) 

R 
(Q 	K°1-rTr°) 

and (b) ). More 

5 GeV/c2 and 

1.14 ± 0.12, and 

value of 1.06 + 0.06. 
•••• 

(This experimental result is taken from Chapter 4.) 

where the Q regionl  is defined by mairTr) 4:1. 

—tPP < 0.6 GeV 2. This prediction is that R 

is in excellent apreement with the experimental 
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FIGURE • 5.2.10  
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(I) 

K°  



-vet rn(1- cxr- ÷).r (1- cc+ir  
PP 

r(1 - 04.1c7174-  - a=i;r17)  

(5.6) 

5.3 CONCLUSIONS  

 

The obvious drawback of the dual diffractive model that 

we have described is that the Pomeron is treated (as regards the 

top vertex of fig. 5.0.1) as if it were a scalar particle. But 

the Pomeron is certainly not a scalar particle -- for most pur—

poses it is more accurately to be regarded as having spin . 1, 

and the factor S in eqn. 5.2 is designed to "patch up" our model 

in this respect. 

This gives our model an unavoidable hybrid appearance. The 

Pomeron cannot be incorporated as a trajectory in the Veneziano 

model, and should not be regarded as a particle in any real sense. 

SO, we construct our function V in eqn. 5.2 treating the Pomeron 

in the simplest way possible, i.e. as a scalar object with the 

quantum numbers of the vacuum. We then write down the functions 

S and F to take account of the behaviour of the Pomeron as known 

from elastic scattering. 

Judged in this light, the success of our model indicates 

that to treat the Pomeron as though it were a particle (with the 

properties established from elastic scattering) is an adequate 

description of it even in the case of inelastic diffraction. 

To give more insight into the nature of the a—meson itself, 

and its K—Tr+TT decay Dalitz plot, we have derived in Appendix 

B the residue of the function V at the pole corresponding to 

m(N -171T) = m(Q). The residue function is eqn. B13, which we can 

write as 

Res(Q) '21  
r(1-ccre)J1(1-04.1at,-) —200. ( pK— • pe ) 	  

in _ ocK_Tr+ 
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Tie will discuss in turn the two terms of eqn. 5.6. 

In the first term, the factor ( pc • 
TT
p + ) has an obvious 

in 
significance when we realise (by considering the rest frame of the 

Q ) that pc is simply the polarisation vector of the Q-meson, 
in 

and similarly that py+ is the polarisation vector of the K or JO 

if 0 -4K1T or Q --)pK. If the KIT and J,K couplings are 

S-wave, the first term is the same as that which follows from the 

work of Goebel et al. (Ref. 5.19) for a 0 of spin-parity 1+. In 

fact this was used by Goldsack and Otter (Ref. 5.20) to show that 

the Q decays into K -IT or j)K by a predominantly S-wave coupling. 

In short, the first term of eqn. 5.6 corresponds to the 

S-wave decay into 1-0-  of a 1 0-meson. It gives a Dalitz plot 

which differs only slightly from that of fig. 5.2.0, and we show • 

in Appendix B (eqn. B15) that this corresponds to a strong K (890) 

band in s(K1I+) interfering constructively with al)(765) band 
-% 

in s(TT + ) . There is a lot more K than, simply because the 

K is a narrower resonance than the" • 

The second term of eqn. 5.6 has t
PP 
 in its coefficient, i.e. 

its contribution is proportional to the four-momentum transfer from 

the proton. The three gamma-functions in this term form precisely 

the expression which is applicable to the interaction of four 

pseudoscalar particles (see for example Lovelace, Ref. 5.6). This 

term, therefore, describes a component of the 0 with spin-parity 

0 i.e. a daughter of the 0-meson. 

The complete expression 5.6, then, descibes the decay of a 

pseudovector Q with an admixture of its pseudoscalar daughter 

proportional to the momentum transfer t 
PP 

To sum up: our model describes the diffractive dissociation 

of the kaon very satisfactorily, uniting the resonance and Deck-

type descriptions of the process in a rather convincing way. It 

simultaneously explains the intrinsic properties of the 0-meson. 
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1.00 

CHAPTER 6 

INELASTIC DI1TuACTION IN OTHER 

CITAMLS 

In this Chapter 'we will investigate a few further reactions 

in which inelastic diffraction may take place. These are: 

(i) K p --> KK+A 
(ii) Irp --> ATP 

* 
(iii) —) - 

fl 
(890)TI—TI —LS:f+(1236) 

6.1 	rp -4 re-A  

This is a "rare" chapnel in which we have fitted just 40 events. 

It is of interest because of the possible diffractive dissociation 

p 	In figure 6.1.1 is shown the LPS angular distribution 

for these events, and it is clear from this that the A is always 
produced moving backwards, and the K forwards, in the C.M. frame. 
Most events have the 	moving forwards, along with the K—, but 

there is a significant number of events (in the second sextant) 

with a backward—going K+. 

The effective mass distributions (not shown) show no signifi—

cant structure except in the case of m(K
+K—), where 14 events form 

a very sharp peak at the 0(1019) mass. There is also a hint (6 events) 

of the f'(1514). 

Resonant behaviour in the K+1 system, then, accounts for many 

of the events in the third sextant of fig. 6.1.1; but we are still 

left with those events where the K+  is associated with the A. These 
cannot be identified with the effects of any particular N or A 
resonances, and although it seems likely that they arise from the 

dissociation of the proton, it is not possible to prove that this 

is diffractive in nature. 
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6.2 rfl  

Another "rare" channel, there are only 28 events from our 

experiment fitted to this reaction. The LPS angular distribution 

of figure 6.2.1, however, shows up some interesting features of 

this data. The majority of the events lie in the third sextant, 

with a backward proton and forward p and A in the CU frame. This 

is highly suggestive of the dissociation process K 	p/X. 

We also notice four events in the fifth sextant, well separ-

ated in phase space from the other events. These -have a backward-

going A while the proton and antiproton are moving forward with 

almost eoual momenta. Although only four events are involved, we 

cannot escape the conclusion that strange meson exchange is playing 

its part here. 

The effective mass plots (not shown) contain no discernible 

resonance peaks -- hardly surprising with such low statistics. 

If we accept that we have observed the diffractive dissociation 

pA, then we should (if crossing symmetry holds at our diff-

ractive vertices) expect the dissociation p --1A g+ also to occur. 
Thus, the results of the previous section and of this section are 

together compatible with the hypothesis that diffractive dissocia-

tion is being observed. Since we have about 0.2 microbarns per 

event, the cross-sections involved here are about two orders of 

magnitude less than those found for diffractive dissociation pro-

cesses in previous Chapters. 
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6.3 	r,) —4. I: °IT —TT —A44  

We have already pointed out (in Chapter 4) that the diff—

ractive dissociations 

	

K-11 +Tr — 
	

(6.1) 

and 
	

p P
+

Tr 
	

(6.2) 

are seen to occur abundantly in our data on the reaction 

	

+Tr 	• 
	 (6.3) 

The purpose of this section is to investigate the simultaneous 

occurence of the dissociations 6.1 and 6.2 above; such a double 

diffractive dissociation process (DDD) will contribute to the 

channel 

rp—.).K— TT+Tr— TT+ITp . 	 (6.4) 

In fact we will restrict our attention to a subset of the above 

channel, namely the quasi—four—body events of the type 

K—p 	K*0(860)TT —Tr — 41s.4.+(1236) 	 (6.5) 

selecting such events from our data by the cuts 

0.82 <m(K-11+) 4. 0.96 GeV/c2 	(6.6) 

and 	1.12 < m(p Tr+) < 1.34 GeV/c2. 	(6.7) 

We require that 6.6 is true for one of the Tris, and that 6.7 is 
only true for the other Tr+. 

Our reasons for making these selections are as follows: 
*0  

(i) The It (890) and A 4-1-(1236) resonances are very strongly 

produced in processes G.1 and 6.2; we expect that this will 

also be the case in DDD. 

(ii) Strong production of the K and A are in fact indicated 

by the K-11-4-  and pli+  effective mass spectra for reaction 

6.4. Out of 1427 fits, we have about 900 Is Is and as many 

A's. When we examine the m(K—TT+) vs ra(ple) triangle 

plot (not shown), we find that the numbers of events in and 

around the 	overlap region imply that there is no 

significant interference between these resonances. In other 

words, the triangle plot distribution function factorises 

in this region. 

(iii) Of our 1427 fits to reaction 6.4, 327 are incorrect and arise 
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from ambiguities in distinguishing the final—state K—  from 

the Tr-1s. However, the proportion of misfitted events will 

be much less when we select a sharp resonance such as the K 

(iv) We remove from our sample events corresponding to a host of 

nondiffractive reactions, and to the single diffractive 

dissociation reactions Kp 	(K-4Tr)p and K—p —> K—(4Tip). 

(v) Above all, the analysis and simulation of the data is con—

siderably simplified when we restrict ourselves to quasi—

four—body events. 

We have 172 events of the type 6.5. The C.M. longitudinal 

momentum distributions of the particles are shown in figure 6.3.1, 

and the preponderance of forward Km's and backward A-H-1 s indi—
cates (as we would expect) that the reaction is peripheral as re—

gards strangeness and baryon number. On the other hand, the pions 

have a distribution peaking at zero in which it is impossible to 

distinguish separate forward and backward peaks. 

Our aim here is to see if the data can be explained by the 

nrocess of figure 6.3.2(a), and we have tried a number of different 

recipes for "sorting" the two pions. We find that there is no way 

of doing this cleanly. In particular, there is no statistically 

significant correlation between the C.M. frame directions of the 

two pions. For this reasons, we are obliged to show two combinations 
* _ 

of particles per event in the K Tr and 4./..SIT—  effective mass 
spectra, which are given in figure 6.3.3. 

It is interesting to compare these mass spectra with those 

in figures 4.3.2(b) and 4.3.3(b), i.e. with the e°Tr and LY1-44 
mass spectra found for single diffractive dissociation in the reaction 

(6.3) above. The two pairs of histograms are really quite similar, 

and this fact strongly suggests that the reaction (6.5) is diffractive 

in nature. 

To check this, we have predicted the shapes of the histograms 

in figs. 6.3.1 and 6.3.3 under the assumption that reaction proceeds 

by DDD. These predictions are the dotted curves superimposed over 
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those histograms. They were calculated using the multiperipheral 

model of Chan, Loskiewicz and Allison (Ref. 6.1), the. "CLA Model." 

In this model, the overall amplitude is taken to be an incoherent 

some of contributions from the various multiperipheral graphs, which 

in this particular case are the graphs of figure 6.3.2(b). 

The parameters used in calculating these graphs are the same 

as those suggested in Ref. 6.1, and which were also used in Ref.1.19. 

No absolute normalisation is given by the CLA model, are our curves 

are normalised to the total of the data in each case. 

The CLA Model, with the Pomeron exchange graphs, gives a 

fairly good representation of the data. It is interesting to note 

that it falls short of fitting the effective mass spectra in pre-

cisely the same way (and for the same reason) as our Double-Regge-

Exchange model calculations in Chapter 4 failed to fit the corres-

ponding mass spectra there. (This reason is our failure to take 

proper account of resonances in the Kr-  and /ITT systems.) 

Using our data on elastic K-p scattering, and on inelastic 

diffraction in reaction (6.3), we can estimate the number of DDD 

events we might expect to find here by an argument which is presented 

diagrammatically in figure 6.3.4. We assume that the Pomeron ex-

change amplitudes can be factorised (in the simplest sense) and 

find that 

o = Crqn . 0KN 
0-4  

P(QN).1)(4) 

• P(QP).P(K) 
• 

(6.8) 

In this expression, 0 and N refer to arbitrary narrow mass 

regions of the K*°(890)Tr-  and 11.44-(1236)7T systems respectively, 

and the crs are cross-sections for producing the suffixed final 
states from a fixed-energy K-p initial state by Pomeron exchange. 

The p's are the magnitudes of the CM momenta of the (bracketed) 

final-state systems. 

We calculate the right-hand side of eqn.(6.8) by taking the 

cross-sections given in Chapter 4, and using 	1.5 and mn=1.8 GeV/c
2 

to calculate the momenta. The number of DDD events predicted to be in 

our data on reaction (6.5) then turns out to be 230. 
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FIGURE 6.3.4  Relating Double Diffractive Dissociation 

to Single Diffractive Dissociation and 

Elastic Scattering: 

  

FIGURE 6.3.5 	t—Distribution for Double 

Diffractive Dissociation: 

Dotted straight line has slope = 2.35 GeV
-2 
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Our evidence that the data on reaction (6.5) arise from DDD 

can be .summarised as follows: 

(i) The number of events involved (172) is close to the number 

(230) suggested by the idea of Pomeron factorisability as 

shown in figure 6.3.4. 

(ii) The longitudinal momentum spectra of fig. 6.3.1 are in good 

agreement with the predictions of the CLA model for DDD. In 

particular, our inability to distinguish between pions from 

the dissociation of the incident kaon and those from the 

dissociation of the target proton is to be expected. 

(iii) The CLA model also enables us to describe the mass spectra 

of fig. 6.3.3 in the context of DDD. 

(iv) Perhaps the most convincing evidence is the comparison of 

the mass spectra for single and for double diffractive dis.,.-

sociation. For example, fig. 6.3.3(a) shows a strong peak 

similar to the Q meson, and also a hint of the L meson. 

Obviously, we have very strong circumstantial evidence to 

the effect that reaction (6.5) is dominated by Double Diffractive 

Dissociation. To prove this beyond doubt would renuire it to be 

shown that the cross-section for the process is almost independent 

of the beam momentum; unfortunately we cannot do this here. 

Finally, in figure 6.3.5, we show the logarithmic t-distri-

bution for our data. This is the squared four-momentum carried by 

the Pomeron; what we have actually plotted is, to be. precise, the 

smallervalueof/t-t./,this quantity having been calculated min 
(for each event) for both orderings of the pions. tmin  is the 

minimum value of t that can occur given the effective masses of 
* _ 

the KV and ATI' systems. In short, figure 6.3.5 is as sharp 
as it can be made, and its slope is to be taken as an upper limit. 

This slope is found (by the "eyeball fit" superimposed on 
- 2 

the graph) to be about 2.35 GeV . This seems to be anomalously 

low in comparison to the diffractive scattering slopes we found 

in previous Chapters, but is not surprising when we bear in mind 

(a) the phase space in t in this case, and (b) the fact that we 

are essentially observing ITV elastic scattering as in the first 

graph of fig. 6.3.2(b). 	• 
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6.4 CONCLUSIONS.  

In all three of the reactions we have studied here, we find 

strong indications that inelastic diffraction occurs. The cases 
. 
Ap and p 	AK are important in that all our other examples 

of inelastic diffraction have involved pion production. These cases 

are rare because of the high "mass lift" which must be given to the 

incident particles, and because of the low phase space volume for 

(e.g.) a decay N —.NAM in comparison with N  

The occurence of double diffractive dissociation is expected 

on "factorisation" grounds, and it would be very remarkable if we 

did not observe it. We can say that the bulk of our data on the 

reaction lrp —› e°(890)7T—TT—Z144(1236) are compatible with the 

hypothesis of DDD, with a cross—section of not much less than 30/xb. 

(with K*0 	K—Tr+). 

Reference  

6.1 Chan, Loskiewicz and Allison, 

Nuovo Cimento 57A, 93 (1968) 
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CHAPTER 7 

ON THE NATURE OF INELASTIC DIFFRACTION  

To understand inelastic diffraction, it is first of all 

necessary to understand elastic diffraction. So, in spite of 

this Chapter's title, we must begin it with a discussion of the 

elastic scattering of hadrons, a phenemenon which at medium and 

high energies is predominantly governed by Porneron exchange. 

7.1 ELASTIC SCATTERING 

Our first problem is to clarify the meaning of the phrase 

"Pomeron exchange", or "diffraction", which we have used so lib—

erally. The best annroach to this is through the idea of diffrac—

tion as being the optical "shadow" of inelastic processes. To make 

progress, we have to make some sort of assumption about these 

inelastic processes, and at its simplest, this assumption might 

take the form of a statement about the size and "opacity" of the 

hadrons. This is the basis of the Optical Model, which enables us 

to relate the shapes of elastic scattering "t—distributions" to 

the spacial wave—functions of the hadrons (through a Bessel Trans—

form). The Optical Model really comes into its own as a tool for 

investigating the structure of nuclei, but we will not find it 

fruitful for rationalising the behaviour of "elementary" particles 

in elastic scattering. 

Here, we shall assume the principles of Duality and Unitarity; 

the former as embodied in the formalism of the dual resonance model. 

We will not commit ourselves to any particular algebraic represent—

ation for the reaction amplitudes, but assume that the relevant -

amplitudes have the properties of duality, crossing symmetry, etc. 

which are necessary to give meaning to their representation in terms 

of "dual diagrams". 

All that we shall say in this context is only strictly true 

for mesons, which can be regarded (and drawn) as pairs of quarks. 

A reaction ab 	X, where X is an arbitrary system, can be drawn 
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in just two distinct ways, i.e. where a quark line is exchanged 

between a and b, and where this is not the case (and X = X1+X2). 

Note that the first of these implies the existence of reson—

ances between the mesons a and b, whereas the second does not. We 

now invoke unitarity to empress the forward elastic scattering 
amplitude between a and b as a sum over intermediate states, i.e. 

Im (Cab) T 1 ab> = f<n.b 1 T I X> < X I Ti] a.b> 	(7.1) 

This, of course, is no more than the familiar Optical Theorem. 

Expressed graphically, it is as follows: 

<abiTIX> 

 

n.131 T1X> <X ab> 

•% Im.(ebiTlab> 	= + 

(7.2) 

where we have introduced twisted propagators (denoted by a cross) 

and a non—planar loop diagram. (Ref. 7.1) The first term of eqn. 
(7.2) is no more than a simple four—point function, with reggeons 
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in both the s— and t—channels. It has nothing to do with the 

Pomeron, and will become insignificant at high energies. The 

second term, th'n, must account for the bulk of high—energy elastic 

scattering, i.e. diffractive scattering. Showing the quark lines, 

we can draw it like this: 

1 

and it will be seen that there is no net 

exchange of quarks between a and b. So, this diagram represents 

the exchange of four—momentum, but no quantum numbers, and this 

exchange is not dual to any resonances in the s—channel. 	will 

associate it with the Pomeron. 

The arguments given above are oversimplified, and open to 

objections concerning, in particular, the nature of the summation 

over the intermediate states X. Some authors (Ref. 7.2) suggest 

that this diagram is simply the lowest—order term in a series of 

multi—loop graphs which together build up the Pomeranchuk singular—

ity. 

The non—planar graph above has been calculated (Ref. 7.3) 

by "sewing" reggeons, i.e. by joining together two legs of a six—

point graph without loops, and also (Ref. 7.4) by Nielson's 

ingenious electrostatic analogue (Ref. 7.5). The results are in 

agreement with one another, but the amplitude found is exceedingly 

complicated, and there is a serious difficulty with its normalis—

ation. The most significant finding is that the Pomeron behaves 

like a trajectory with slope equal to half the slope of normal 

Regge trajectories. 

Having decided that the Pomeron is to be represented by a 

particular dual diagram, we must ask ourselves how we should inter—

pret diagrams where this Pomeron occurs more than once. In figure 

7.1.1 we show pairs of Pomerons in "series" and in "parallel", and 
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(a) Pomeron Exchange 

(b) 

(c) tit 
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identify them with reduced Fraphs containing the primitive 

"tadpoles" of Ref. 7.6. This sort of reduction is a duality 

transformation, and for more general cases has been investigated 

through algebraic tonolomv (Ref. 7.6). The point we wish to make 

here is that this sort of "tadpole" can be regarded as a self—

energy graph for the line to which it is attached; in a renormal—

ised theory, they would he redundant, self—energy effects being 

taken into account in the pronagators of the bare lines. 

Unfortunately, the dual resonance model has not, at this 

point in time, been successfully renormalised. This is why it is 

not unitary, and why complex trajectory functions have had to be 

used (as in Chapter 5) in phenomenological applications of it. 

On the other hand, such applications (usually using the B4 
and B

5 
functions) have been surprisingly successful, and we are encouraged 

to hope that the problems of renormalisation and unitarity will 

not be insurmountable. 

Lovelace (Ref. 7.7) has investigated the properties of the 

Pomeron as described by fig. 7.1.1(a), and the resulting express—

ions for Pomeron propagators and vertex functions have been incorp—

orated into a phase shift analysis (Ref. 7.8) which enables 1C4P 

elastic scattering data to be explained consistently over a wide 

energy range without any necessity for introducing exotic reson—

ances. 

We have already mentioned that the calculation of the graph 

of fig. 7.1.1(a) suggests that the Pomeron should behave as a .  

trajectory with half the usual slope. This is in 	with 

data on pp elastic scattering from Serpukhov (Ref. 7.9) which was 

fitted to a slope of 0.40 ± 0.09 GeV
-2 for the Pomeron. 

We also notice that the Pomeron exchange graph for, say, 

the process ab --> ab can be turned (by a duality transformation) 

in to the graph for ab —> ab. In other words, we have "built in" 

the requirement that particles and antiparticles should behave 

similarly in elastic scattering at high energies. This was one of 

the original theorems of Pomeranchuk, and is in fact fairly well 

obeyed. 
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• Baryon—antibaryon scattering is an exception to this. It 

cannot be renresented by the graph we have drawn, whereas baryon—

baryon scatteriwr can be. Experimentally, there is in fact a 

significant difference between, for examnle, np and pp elastic 

cross—sections at high energies. This serves to remind us that 

much of what we have said in this section can only be strictly 

justified in the absence of baryons. 

Nevertheless, we have built up a picture of the Pomeron 

which enables us to understand, in a simple way, many of the known 

properties of elastic diffraction. We shall find it equally useful 

for understanding inelastic diffraction. 
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7.2 	THE QUANTUM NU :MRS OF THE POMERON 

The idea If the Pomeron given in the previous section can 

be applied to inelastic as well as to elastic nrocesses, and it 

is then obvious that the Pomeron does not carry any additive 

quantum numbers; i.e. diffractive scatterinm cannot involve the 

exchange of strangeness, hypercharge, charge or isospin. Many. 

people would regard this as one of the definitive properties of 

the Pomeron. In our picture, this follows from our use of the 

"naive nuark model"; in this connection it is interesting to 

note that Baacke (Ref.7.10) has suggested a connection between 

the isoscalar nature of the Pomeron and the absence of "exotic" 

resonances. 

The situation as regards multiplicative quantum numbers 

is not so clear—cut. Although, it seems likely that G— and C—

parity is conserved in diffractive dissociation, this is by no 

means Proven exnerimentally. 

.The spin and parity of a diffractively—produced system will 

in general be different from that of the incident particle; but 

it will belong to the same spin—parity series. In other words, 

the "naturalness" of spin—parity is conserved. This is the 

"Gribov—Uorrison" rule, and is strictly true for the dissociation 

of spinless mesons, in the forward direction, off spinless nucei. 

While there is no experimental evidence to suggest that this rule 

is ever broken, it is impossible to say whether it is universally 

true or whether it is merely a good approximation. 

Since the Pomeron seems to carry no quantum numbers, it is 

difficult to see how it can be a ouantised object. It is, in fact, 

misleading to sneak of "Pomerons" as if they could be enumerated. 

The absurdity ofl say, "double Pomeron exchange" is in full accord 

with what we pointed out in the previous section (fig. 7.1.1(c)). 
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7.3 FACTORISABILITY AND PERIPIERALITY 

In Chanter 4 we were able to explain the 0 enhancement in 

three distinct ways. In the framework of the Dual Resonance Model 

these are understandable as different views of the interaction 

defined by this graph: 
K 

p 	p 
It is trajectories, rather than individual resonances, which 

are input to this model; so it is natural for us to describe the Q 

(and L) meson as a Regge recurrence of the kwon. Using a. simpli-6 

fied partially dual model, this idea was put to the test in Chapter 

5, and we were able to successfully explain the features of the data. 

In fact, the model used in Chapter 5 and also the Double—

Regge—exchange and CLA models used in Chapters 4 and 6 assumed, 

essentially, that the amplitude for a diffractive process can be 

"factorised", i.e. that this sort of reaction: 

	Clk".••••••.../"..0"NormItit> q 

q2  
(2) 

has an amplitude of the form 

0 

7 
/A/ = Fl(qi,t) . (111; . F2(q2,t) (7.3) 

where F1 
and F2 are functions only of t and of the variables q1 

and o2  which define the diffractively produced systems. 
"s" is the 

- 
squared effective mass of the component particles of these systems 

which are assumed to scatter off one another. 

In most phenomenological work, the t—dependence of the vertex 

functions F1 
and. F

2 
can be written as a simple exponential in t; an 



120 

important narameter in this renresentation is the coefficient 

of t in the coefficient of t in such an exponential, i.e. the 

"slope". Since these "form factors" are multiplicative, the 

Sloes are additive. 

It follows from the above that the differential cross—section 

for a diffractive process will have an exponential dependence 

on t, and the reactions we have studied were found to occur with 

the following slopes: 

(i) Kp —> K—p 

K—p K-0-20+ 

(iii)  

(iv) K—p 	(e0Tr-)p 

(v) K 	(K*017—)(17— .6.++) 

6.9 

6.4 

4.6 

7.8 

4. 2.35 

Gev-2 
Ie 

We see that, while all these diffractive nrocesses are peri—

pheral, some are more peripheral than others. We can understand 

this by visualising inelastic diffraction as virtual elastic 

diffraction. For example, IT p elastic scattering (at about 

10 GeV/c) occurs with a slope of roughly 7.5 GeV
-2

; so it is not 

surprising that (iv) above has a slope of this order if it is 

pictured as virtual ir—p scattering. Reactions (iii) and (v) dep—

end on K—Tr—  and IT Trscattering respectively, and we would inter—

pret their low slopes as evidence that (in the optical model) the 

mesons have a lower interaction radius, i.e.are smaller than protons. 

In the case of reaction (v), the slope is depressed still further 

by the low value of s which must be applied in this case in eqn.(7.3). 

To sum up, we ,have found throughout this work that, in spite 

of the undoubtedly complex physical -structurebf.,the Pomeron, the 

amplitudes for diffractive processes can be approximately factor—

ised in the form (7.3), though the details have varied according 

to the models we have used. In other words, Fomeron exchange can 

be parametrised,in the same way as Reggeon exchange, and this sim—

ilarity is what has led to the definition of a "trajectory" for 

the Pomeron. 



121 

Empirically, it is found that the Pomeron trajectory must 

have a high intercept (close to unity) and a much lo-ser slope than 

do "normal" trajectories. This implies that the cross—sections 

for diffractive processes must fall slowly, if at all, as the 

incident beam momentum is increased. In fact there is sone theor— 

etical justification (Ref. 7.7) for sunnosing- that they behave 
% — like (lo, s) 1 with respect to elastic scattering- cross—sections, 

where s is the s-Tuared total C.M. energy. At the same time, average 

,article multiplicities will probably increase like log(s), 

(Ref. 7.11) so that the importance of diffractive dissociation 

(both "single" and "double") is likely to become greater as more 

and more channels become open. 

In the future, the Problems associated with inelastic dif— 

fraction will certainly become more urgent and more demanding of 

both experimental and theoretical workers in hadron physics. 
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APPENDIX A 

Elastic K—n Scatterincr at 10 GeVe. 

In this appendix we shall examine the elastic scatter—

ing' data so far nbtained in our experiment. This elastic 

scattering is overwhelmingly.diffractive, i.e. it can be 

regarded as due to almost pure "Pomeron" exchange between 

the two particles. (This fact is confirmed by the extreme 

rarity of the reaction K—p 	en at 10 GeV/c ; if the elastic. 

scattering involved an appreciable amount of isovector exchange, 

then theK—p 	On cross—section would be of the same order 

of magnitude.) 

In our data sample, there are 16,201 events fitted to 

the "elastic" hypothesis. These are highly reliable four—cons—

traint fits, of whiCh only 30 are ambiguous with other hype.,. 

theses. Figure Al shows the logarithmic t—distribution for this 

data. The.line superimposed on this is a straight line fit to 

the data in the range 0.14:—t 1(0.4 . 

The region —t<0.1 has been disregarded in the fit 

because the events here involve a very short proton track in 

the bubble chamber and are difficult to 

there is a bias against these events at 

This is the reason for the dip at low t 

the first two bins in figure Al. 

In fitting to a straight line, we 

(N ) 	A.exp(kt) dt el 

when t is small; the parameters A and k  

observe on film; i.e. 

the scanning stage. 

which is apparent in 

are assuming that 

are found to be 

A = 1.328 x -105 	3% (GeV) 

k = 6.88 + 2% (GeV-2) 4, 

The "slope" k is used elsewhere in this work. We will also 

need to know the "microbarn equivalent" of our data sample, and 

we can now calculate this (and also the total elastic cross—

section) by using the known K—p total cross—section at 10 GoViC - 

and applying the optical theorem. 
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FIGURE Al 

Logarithmic t—Distribution 

for Elastic Scattering. 

In d 	 . 
dt (Ne1) ). • 

8.0 

6.0- 

—t (Bin width = 0.02) 

2.0 

0.2 
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The Optical theorem (assuming that the forward scattering 

amplitude is imaginary) tells us that 

2 
tot = 16Tr-h2 	"441  dt It=0 

i.e. that 

2 
d d 	0-tot *T1  
dN 161T A2 .A 

where w is the bin width and ln(A) the straight-line intercept 

from fig. Al. To find the total elastic cross-section, dis- • 

regarding the biased data with -t<0.1, re can use 

crel 
= 

dN '%1 
der (—t<0.1) . exp(0.1k) 	(A3) 1   

Then, with ertot = 22.5 + 0.2 mb. (Ref Al), eons. (A2) and (A3) - 
give us 

dd = 0.194 imb./event, + 3% 
dN 

and 	crel = 3.82 mb., ± 	. 

This latter result indicates that some 17% of all our 

events must be elastic, and that the processing efficiency for 

them is 82.5% , averaged over t. This efficiency is much less 

than that for inelastic channels, where the difficulty in seeing 

short-recoil protons is not serious. 

Reference Al 7. Galbraith et al., Physical Review 138D (1965)1913 

(A2) 
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APPENDIX B 

The 2-pole Residue Function for 

(Errn.)-P 

In Chapter 5 we introduce a dual diffractive model for the 

reaction K-p 	(KITIT)-p, writing our amplitude in the form 

A = exp (Pct
PP ' 

) . S 	. V( K- (IMO— ) 	(BO 

The Veneziano-type factor V contains poles corresponding to 

the observed resonances in the ralf system, and in this appendix 

we rill derive the residue of the pole at mKirir  = m0  . This em-

pression will describe the (KrrTT) Dalitz plot from the decay of 

the Q - meson. 

Consider first the charge configuration K- TP.-->K-IT4it, 

numbering these particles as in figure B1. .Note that in this figure 

all particles are labelled as though they were outgoing. With this 

convention, we have 

P1 P2 P3 P4 	° 
	

(B2) 

for their four-momenta. 

FIGURE B1  

The factor V will contain four terms, two of which contain 

the Q - meson pole at 8123  = 845  = mQ
2. Taking only these terms, 

we have 

V = 0 23  . B5  (-e(45,1-0(3  ,-042311-OCir-c<15) 

) (BR) 1-04  -454  23' 53 +O(19  • B5 (-1145./1-cX147-  I 

• 
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where the co( Is are the appropriate trajectory functions. The 

first term of eqn. (B3) can be written 

--c)flee43414-e(23 
oe 23 ' 	(-1)k . 

It=0 

B
4
(1-0(

34
,k-c(45.) . B (k+l-c<12 c423)  

using the Hopkinson-Plahte series representation of the B5  function. 

When 04.
45=1, 

i.e. at the 0-pole, eqn.(B4) has residue 

23'0(34 • 34(1-o 12'-0(23) 
	

(B5) 

(04. 	 cie +1—et
23

) . B4
(2-che 

23' 	15 	34 	1 ' 7  23 

which can be rearranged to give 

11-0(.28). -(1-04' ).(1-0( ).-t4 12 • 	 23 	15' 

e'434" (17 °0 23) +04343 

1—<14 

(B6) 

Similarly, the residue function from the second term of 

eqn. (B3) will be 

B4(170412/170(23).  H17434412).(170 423)7135'(17°423)  

."'414"(17t412) 44'414i 

	
(B7) 

so that the whole of eqn. (B3) gives us 

Res (v) . 

(G 45=1)  

-B4
(17c41211-D423

). 2(1—et ,).(1-0,42  

(ci 5
+c,C

34).
(1-c423) + 

(o4 
14
+o4

15
), (1- 01.

12
) 

= W4 say. 

34+ed14)  

(Bs) 

• 

(B4) 
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To simplify (138), note that in the ideal case of linear, 

parallel trajectories 

	

= az° 	.0-4°  + c140 35 	.(335+834) 

	

oc k 	r 

2 

	

cl4k 	c4p 	CI( .(512—mQ2 +2mk2 4rife )  

12 — 1 4. okiT (139) 

where T is the squared "mass" of the Pomeron. In similar fashion, 

we obtain 

c414 + 0(15 = 0(  23 — 1 + pin 
	

(B10) 

and inserting (B9) and (310) into (138) we find 

W=—B4(1—ot12,1-42423).4at.tT.( ,2—c4
23-4)(12) 	4 *414)  

(B11) 

Now, 

0434 + 0‹14 ock* + c'll.(834."14) 

et°  + o*  + c42.((p3+p4)
2
+(p1-FP4)

2
) 

2 
+ 	. ( ornk2 +mir +2p4• (p3+p1 )) 

1 + 2 ast  (rak2  + A4.(P3+171)) 

using 04(m) = cil c*(mk2) = 	, i.e. taking the f) (or K*) 

trajectory to be half a unit above the Tr (or K) trajectory. 

Now using (B2), we find 

cm-434 + a<14 = 1 — 24:1421)4
. *(p2 

 +p
5 
 ) 

'  

041.(T — 2p2.p4) 

and using this, (B11) leads to 

W = —13
4
(1-0412'1—oe ).(o41 T(1-10412—

QC
23
) + 200p

2
•p
4
) 

(1312) 

• 1' 

(B13) 
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Baying obtained er,n. (B13), we can immediately write down 

the corresponding expressions describing the other Q - decay 

charge configurations K°Tf-11-0  and K 1r0  7.0. In both these cases 
we number the particles 3,2, and 1 in that order. For these 

charge states, two more terms must be included in eqn. (B3), and 
these lead to an extra term in (B13). This term differs from 
(B13) only by the interchange 1 *-), 2 of the particle labels, and 

is added for the rleTT°  case and subtracted from (B13) for 

the K°11f-ito  case. 

The result we have derived, eqn (D13), has a Inriber of 

interestinrr features. In particular, when T = 0, it reduces to 

W = -2 KIP0eP4 'n4(1  -c41291  -c(23) 	(D14) 

and this will describe the 2 —4ke-  vriff Dalitz plot when the 

Q is neripherally produced. 

for-22 0-(%(2,..:, ).: i.e. At the pole where 04 	or a
23 

=1
9 	

or 
12 *0  _ 

for 2 -4 K 7T , the residue of (B14) is simply 	and 
.k * 

this describes the correlation between the spin of the p or K 
and that of the 0. This coefficient is slowly-varying over the 

Dalitz plot. 

Close to the R -p overlap region on the Dalitz plot, the 

B
4 

function can be expanded like this: 

( 	1 	. 	1 	1 	• ) B4(1-.0(12,1-0123) ( 101 
	

3 )//( 	l2-cg23 ) 1 -mW2 . 	12 

1 
1-0112 	

1-m:42 

1/.0 
( 2) r • ci f  

1/00 
. 

(823-111k*
21  ,/ i lk* 

(B15) 

Here, the widths of the p and K (890) resonances enter through the 
imaginary parts of the trajectory functions as explained in Appendix 

C. The terms of eqn. (B15) are Breit-Wigner function for the /7 
*' 

and for the K , interfering constructively where the 17 and K bands 

intersect on the Dalitz plot. 
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APTENDIX C 

Regge Trajectory FUnctions for Use in 

Veneziano Amplitudes. 

A typical amplitude of the Veneziano type is 

r(1-0((s». r (i-tot» 
V =  

	

	 ('C1 )  r (1-0((s)-0((t)) 

and this will describe, for example K 	K-17 i+  scattering. 

It has poles at positive integral values of o((s) and oc(t), and 

close to the pole at, say, o‹.(s) = n we can expand it in the form 

r (1-.4(0) 	 1 	1 
V (C2) 

r (i-n-a(t)) 	(n-1): 	oC(s)—n 

If 414(s) is real, this pole is in the physical region, violating 

unitarity. So, we add a small imaginary part to 010-((s), putting 

in the form 

0( (0 = 	+ s ic( (s—s0)a . 8  (s—s0) 
	

(c3) 

Then, if Reo(sres) = n, (C2) becomes 

1 
V cK:  
	 (C4) 

e (s—sres)  /1"((sres) 

close to the pole. This is simply a Breit—Wigner in s with the 

half—width 

res res 
	Ime4(sredic<- 
	 (C5) 

i.e. we must choose the trajectory parameters so that 

/ 	‘1(  
CO. Ores — so/ '44  rresmres 

as well As 

o • 
otsres = n = spin of resonance 

(co) 

(c7) 
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The parameter so  represents the value of s at which we 

begin to add an imaginary part to 0((s), and we choose this to 

be the threshold mass srluared for the channel concerned. For 
example, in K—17 —=> K— Tr+  the s—channel trajectory function 

‘ must be real below so  = (r + m.o./2  
From (C6) it is clear that at high values of sres  , where 

sresl› so 

e4 
res = 	• (mres)2 	 (C8)  oC 

and if the widths of our resonances are not to decrease when the 

masses become large we must have 	. 
Returning now to eqn.(C1), we see that at large s and small 

t we can write 

fl (f_ e4(t)). —0((s))04- (t) 
	

(C9) 

which is the correct Regge limit when u((s) is real. When c2C (s) 

is of the form (C3), (C9) becomes.  

r (i_ eqt)). eintx(t). (ces+.0_,,,,"(a_so)')ok (t) 
or, since we are considering large s., 

V gt r(1-0((t)).eiVra((t).(oes + ict"sY )o4  (t) 
	

(en) 

From this, we can see that in order to retain correct Regge 

asymptotic behaviour we must have x ag. 1. So we must choose the 

exponent )' in the range 	y < 1. Bearing this in mind, and 

using (C6) and (C7), we have chosen parameters for the K*, p I K 

and Tr trajectories used in chapter 5. These are tabulated in 
fig.C1, and the corresponding Chew—Frautschi plots are shown in 

figs. C2 and C3 for comparison with the known masses of the 
resonances concerned. Similarly, figs. C4, C5 and C6 show the 

known resonance widths and the curve implied in each case by 

eqn. (C6). The masses and widths used in calculating the trajec—

tory parameters and in figs. C2—C6 are those published by the 

Particle Data Group in the Jan. 1970 Review of Particle Properties. 



FIGURE Cl 

Table of Traiectory Function Parameters.  
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Trajectory 
0 

OC 

      

0 

       

         

         

* 
K 0.35 0.82 0.095 0.4 1 

P 
0.48 0.95 0.11 0.078 i 

K —0.166 0.68 0.0535 0.244 1 

TT —0.017 0.88 ( Not 	required ) 

In deciding on these parameters, we first obtainedoeamd 

OCR  in each case from the Chew—Frautschi plots (Figs. C2 and C3). 

Then, using s, = squared threshold mass, it remains to fix °rand 

• 
For the p trajectory, where the p f and g mesons appear 

with almost equal widths, we use ' =1 . For the K and K*  traj— 

ectories, we use y=1 . 

In calculating et
le in the case of the K trajectory we have 

not, for reasons explained in Chapter 5, taken the Q width into 

account. 



FIGURE C2 

K and K trajectories  
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It and ()trajectories  

FIGURE C3 1"--1  g(1660) 

1.0 . 	2.0 	3.0 

70) 	Al  (1070 
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a • 
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FIGURE C4 K trajectory  • 

K (1420) 

s (GeV/c2)2  
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0.2 (GeV/c2) 

L(1785) 

FIGURE C5 K trajectory  
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0.0 
0.0 

FIGURE C6 

1.0 

p trajectory  

3.0 2.0 
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APPENDIX D • 

Isospin Analysis of the Reactions 

K—p —31.7N and K—p 

The purpose of this appendix is to derive relationships 

between cross—sections for the various K—p —> KTrN reactions, 

paying particular attention to the isospin of the TrN system. 

The results are made use of in Chapter 3. 

By way of introduction, we will first examine the K—p 

7> EN amplitudes. 

This reaction occurs in two charge states, namely 

K—p 74,  K—p 
	

(D1) 

and 
	K—p  iron 	 (D2) 

and we will denote the amplitudes for these two processes by 

Al  and A2  . 

We introduce total isospin amplitudes Fo  and F1  , where 

the suffix denotes the total (s—channel) isotopic spin. The A's 

and the F's are inter—related, and using Clebsch—Gordan coef—

ficients we find that 

and (D

Al  = 3(F1  + Fo) 	 (D3) 

4) A2 	l(F1  —*Fo) 	8 

Alternatively, we may use t—channel isospin amplitudes 

Go and G1 
 corresponding respectively to isoscalar and iso—

vector exchange particles. In this case, we find that 

Al  = VG, + Go) 	 (D5) 

and 	A2  = 	 (D6) 

It is important to realise that the A's, F's and GIs are 

no more than alternative choices for the two isotopically in— 

dependent amplitudes which must contribute to the K—p 	KN 

reactions. Al  and A2  are useful because they relate directly 
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to the cross-sections for reactions (D1) and (D2). The 'Pis and 

Gas, on the other hand, are introduced because they corresnond 

to definite I-snin states in the s and t channels and-so are 

more nhysically relevant than the A's. 

Now, at 10 GeV/c incident K-  momentum, we are well above 

the s-channel resonance region where the total K-p isospin 

would be important. The C.H.S. energy is 4.46 GeV, and for such 

a system the isospin is not well defined. It would therefore be 

very surprising if the E p -> EN amplitude were dependent on the 

total I-spin, and we can say that 

F
o 

F
1 
	 (DT) 

It follows, using erns. (D3)-(D6), that 

Al  . Po  = Pi  = Go 	 (DS) 

and 
	

A
2 
=G

1 
. 0 
	

(Do) 

We conclude that the elastic reaction (D1) will occur, 

whereas the charge-exchange reaction (D2) will be suppressed. 

If we examine the t-channel, this elastic scattering will appear 

as the result of the exchange of an isoscalar object. Needless 

to say, these conclusions are well confirmed by experiment and 

the exchanged object is the familiar Pomeron. 

It remains to point out. that the preceding argument could 

equally well be completely reversed, and we should not regard 

our premises as being any more fundamental than our conclusions. 

Suffice it to say that:.  

for K-p -,,,r3T scattering at high energies, 
the dominance of Pomeron exchange implies, 

and is implied by, the fact that the scat- 	(D10) 

tering is independent of the s-channel Kp 

isospin 

IC-T) 	17.7TN 

We will write the amplitudes for these reactions as 

Al  A(K-p K°TTp) 

A2  = A(Kp -> K-TT°p) 
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A
3 
 = A(K—p —> K—Ten) 	 (D13) 

and 	A
4 

= .1(rp 	OIT°n) 	(D14) 

These can be decomposed in terms of three independent iso—

spin amplitudes, but these can be chosen in various ways. We will 

make two such decompositions. If Is, IT  and IB  are the isospins 

in the channels shorn in figure DI, we firstly consider amplitudes 

FTB labelled by IT  and IB  = and secondly amplitudes Gs
D 
labelled 

by Is  and 'BB. 

3/2 311  = 
	2 F1- + 	F13/2  

3A  +AT F -  -1-• 1§7 F 3A2 
. _ vp,75 

Fo
.-  

" 1 	1 
3A3 = 	xi Fo 

4 
- — 	F

1
A-  
' + ' F13/2 

3A
4 
= — 	F

1  + 127  P1
3/2 

JE 4 

(D15) 

(DIG) 

(D17)  

(D18)  

4. 	4 	3/2  . The G
s
11 are G

o p GI-  and G1 	, in terms of these (see fig. D3) 

the A's decompose like this: 

Al = 	.J God _,TsG1 	— 	G1
3/2 (D19)  

4 ap-A2 = — 	G
o  1  — 	G1- 

 + 4-IG1
3/2 (D20)  

+ II al 	Gi3/2  243-13 = 	s Gol. i 	 (D21) " +  
4 215. A4  = — 	G

o
4*  + 	G

1
-  — 

	

'5 G13/2 
	

(D22) 

The magnitudes of Al  , A2  and A3  are experimentally measurable; 

this is not possible for A
4 

because it corresponds to an unfittable 

reaction. Disregarding their absolute phase (as we must) the three 

independent isospin amplitudes (however we choose them) involve 

five real numbers, and we cannot extract these from our data with—

out making some assumptions. 

In vier of what re found for the Kp 	reactions;  .let 

us examine the conseuences of assuring that G = G1
1  

. The FT which contribute are F
o/▪ 

F
1-  ▪ and F1

3/2
. Referring 

to figure D2, and using Clehsch—Gordan coefficients, we arrive at 

the relations 



FIGURE D1  
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FIGURE D2  

FIGURE D3  
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In this case, it follows easily. that 1'1-
4  
7 
9, i.e. that iso- 

vector exchange occurs only when.  an I = 3/2 TT!: syste~ is pro-

duced. So we have (omittiwr the IT suffix) 

311  . 	F.3/2 	(D23) 
, 	4- 	r- 	3/2 

3A2 - - 	472 F- 	+ 42 F 	(D24) 

r- 3A3  = 	43 F- 	+ 	F
3/2 	(1)25) 

Writing /Ai/2  = cri  , it follows that 

/F' /2  . 2/9  (012  + 6r3  -3 o') 	020 

/F3/2/2 = dr2 	 (D27) 

Re(11-.F3/2  *) = 63 	3er - 26r2 	(D28) 

and since both sides of (D26) must be positive, we expect to find 

that 

C5/2  + Cr3 > 36r1 	
(D29) 

and this will provide a test of the assumption that F1 = 0 . 

Another simplifyin7 assumwtion which will prove useful is 

that interference can be neglected between the various isospin 

amplitudes. Applying this to enns. D15-D17, and writing /Ft9= 
we get 96

l  = 	4E1  + 1:13/2 
	

(D39) 

	

002 = 3/2;1  + 1;4-  + 2E13/2 	(D31) 

963 	3Zo 	Z1.12 1- 413/2 

	
(D32) 

which are easily solved to give the f.'s in terms of the known 

cross-sections cry  cr2  and cr3  . 

Finally, consider the isospin of the (1711)+  systems which 

are produced in reactions (ii) and (iii). It follows from (D16) 

and (D17) or frol (D20) and (D21) that the ratio 

R = 0#21,cr3 	 (D33) 

will be equal to wherever I(1TN)+4, and 2 wherever 1(TIN)+=3/2. 

For this reason the ratio It is a useful clue in investigating the 

production mechanisms. 
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APPENDIX E 

Longitudinal Momentum Phase Space 

for Presentation of Data. 

Data on the high—energy collisions of hadrons can be 

presented in various ways, according to whatever aspects of the 
data are of interest to the experimenter. We describe here a 

technir:ue (Ref. El) which is particularly useful for displaying 

the features of three—body (or qtlasi—three—body) final states. 

We exploit the fact that particles produced in hadronic 

interactions have transverse morenta which are generally restric—

ted to a few hundred MeV/c. At medium and high energies ( beam 

momentum greater than, say, 5 GeV/c in the lab) the transverse 

momenta of secondary particles are therefore considerably lower 

than their typical longitudinal momenta (which we will take in 

the CL! frame) . So, we can ignore the transverse momenta and 

consider the longitudinal momentum phase space. 

Denoting the longitudinal momenta of three final—state 

particles by q1  (i=1,3) and their masses by mi  we have by mom—

entum conservation 

;El qi  = 0 

and by energy conservation 

(qi2 m  21* 
/ Etot (E2) 

where the equality holds in the latter equation when the transverse 

momenta are neglected. Since we can also ignore the m1  compared 

with the q. at high energy, (E2) leads to.  

Etot 
	 (Ea) 

Now, (El) implies that the q1  can be displayed in two dimensions, 

using three coordinate axes at 120°  to one another (On the same 

principle as a Dalitz plot). Plotted in this way, eqn. (E3) will 

describe the outline of a regular hexagon, as is shown in figure 

El. If (E3) were exact, events plotted on this graph would lie 



141 

alongtheboundaryathellexagon,butinsaarasthem.mid the 
transverse momenta are not exactly zero the events will actually 

lie slightly within the boundary. 

A "Hexagon Plot" of the type descibed shows the longitudinal 

momenta of the three particles, and the correlations between them, 

in a clear and easily digestible way. Each face of the hexagon 

can be associated with a particular multineripheral graph, as is 
shown in Fig. El. 

A useful economy in presentation can be made by plotting, 

rather than the hexagonal scatter plot, a histogram of the angle 

GO (see fig. El). This angle will be given by 

tan() 

 

E4) 
ql 	2q3 

• 

Various extensions and refinements of the longitudinal 

momentum phase space technique can be made; for example, some'of 

the information lost by assuming that the transverse momenta are 

negligible can he retained by making scatter plots of the angle 

GO against the transverse momenta of the three particles. If we 

consider four—particle final states, it turns out that the long—

itudinal momentum phase space lies just inside the surface of a 

cuboctahedron, with the four momenta measured by distances from 

four planes which lie within it. 

Reference El This technique was originally suggested by 

Van Hove (Physics Letters 28B (1969) 429; 

also Nuclear Physics B9 (1969) 331) and some 

applications to this experiment appear in 

Ref. 1.19. 
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FIGURE El  

The Hexagon Plot for Longitudinal 

Momenta of Three—Particle Final States. 

B=Beam, T=Target. 
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