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ABSTRACT

This thesis is based on an experinmental
investigation of K p interactions at 10 GeV/c.
It begins with an account of experimental pro-
cedures, after vhich we discuss the limitations
of the exneriment and some general features of
the data as illustrated by the single-pion—
production reactions. e go on to investigate
diffractive dissociation, which can occur in a
variety of feactions, and in narticular we de-
velop & partially dual model to describe the

production of the § and L mesons,
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CEAPTER 1

THE 10 GIV/C EXPERIMENT

The experimant on which this thesis is based was originally
proposed at the beginning of 1965, and was intended to investigate
~ the interactions of negative E-mesons with protons using o K-meson
bean with momentum 10 GeV/c. This was the highest momentun aveil-
able at the time, and was obtained using the_CERN T'roton Synchro-
tron situated at Meyrin, near Geneva. Initinlly, the interactions

were recorded in the Dritish National Hydrogen Bubble Chamber,

The objectives of the experiment were to examine the mecha-
nisms by which particles and resonant states could be produced,
and to Study their proverties. It was anticipated that many theor—
etical models could be put to the test in this way, and that our
knowladgse of the hadron spectrumAcould 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 beanm tuning and bubble chamher exposure

begahn in April,_1965, and is referred to as "experiment 75".

'-:ﬁSiﬁCe:then there have been three additional sets of data taken

with the sane K beam momentum, namely experiments 10, 12 and 13.
‘In a11; some 700,000 photographs of the bubble chamber have been
'takeh, and each shows a burst of (on averawe) eight K ﬁesons
p3351nu through it. A small proportion of these interact with the
hydrogen nuclei in the chamber, and most of those which do so
lead to finel states wvhich are of interest to us. Such "events"
are analysed from the photographic film, and vhen all the film

analysis is conplete some 300,000 events will have been neasured.

Five Europeean research groups have collaboreted in all utages
of the exverizent (Refs. 1.1-1.5). The work has so far extended
- over five years, and the processins of the reaalnlng film from
experiments 12 and 13 will continue for at 1east another two jeﬁrs,

into 1972,



Needless,fo say, experimental techniques and methods of
data processing are constantly being revised and improved upon,
For example, the beam and bubble chamber set—up haes changed con-
.siderably from the original arrangement which was used in 1965,
and film measurement technidues have advanced a great deal with
the introduction of automatic measuring machines of various types.
Furthermore, the computing facilities available to the collabor-
.atioﬁ have multiplied over the years, and the data processing
systems and computer programs that we use are in a state of

constant evolution.

For most of the people involved, the day-to-day work of the -
experinent. consists largely of developing, updating and naintain-
ing our sysfems 4o handle the flow of data to be analysed. The
megsuring and the analysis of events is a continuous process which
is being accélerated steadily. For these reasons, this experiment
and others like it have not only advanced our knovwledge of high-
energy particle physics, but have also taken advantage of and

given impetus to many other areas of sqience and technology.

The justification for all this development lies in the
statistical nature of the physics of hedronic interactions. As
very largé-dmounts of data become availaﬁle, 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 femainder of this chapter, I shall describe briefly
the principleé by which the beam line and bubble chamber are used
to produce photographic data on K p interactions at 10 GeV/c. In
view of the many alterations which have been made to this systenm
over the years, details have been ozitted and the account is a

very general one.

The published papers in which the work of the collaboration

- has been reportedvure listed in Refs. .1.6 et seaq.
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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
& beam of 10 GeV/c negative kaons from this it is necessary to
use & 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 spectruz of momenta.

This secondary beam is then passed down the "beam line",
which is a complicated chain of devices designed to collimate
and pnrify the beanm 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
monentun. In this way it is arranged that particles of momentum
other than about 10 GeV/c ere deflected away fron the direction
of the beam line. Collimating slits which will absorb such un-

‘wanted particles are spaced at intervals along the beam line.

¥hile momentun separation is a relatively straightforward
process, the problem of sepdrating out unwénted types_of part—
icle is more difficult. There exist two methods of doing this,
namely by "electrostatic" separation and by "radio-frequency" or
R.F. éeparation. Both techniques use the fact that the masses of
the beam particles differ from one another. The keons, in vhich
we are interested, have a mass 6f 464 FeV/cg, to be compared with,
say, 14Q'MeV/c2 and 938 }x{eV/c2 for tha pions and antiprotons
which will have to be removed. it a fixed momentum of 10 GeV/c.for
all particles, these differences in mass inply differences in

velocity.

In this experiment N.F. separation has been used, since
electroséatic seperators are not suitable at high energies. R.F.
separation is essentially a "ﬁi:e—bf—flight" nethod for distin-
guishing particles of different velocity. The separators. of which

there are two in our beam line, each consist of & pair of
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radio-frequency oscillating cavities, between which is a focus-
sing device to focus the bean particleé emerging from the first
oscillator into the second. In'passing through each cavity, the
beam partiecles are deflected through an angle which depends on
the phase of‘the oscillation at that instant; in passing through
" & coxplete separator, the deflection devends on the relétive
phases of the tvo oscillators as seen by each particle; end 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 bﬁrsts with a
repetition rate which is determined by the fregquency with which
the original protons'ére ejected from the synchrotron. As each
~burst passes through the chamber, Kp inﬁéractions may take nlace
with the protons which are the atomic nuclei of the liquid hydro-
gén 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.be{ﬁg;maintained under préssure at a temperature (27° K)
which, if it were at atmospheric pressure, would be well above its
boiling point. Thus, by slightiy_felaxing the pressure, the liquid
_ can be put into a "superheated" state, and under certain conditions
bubbles of hydrogen gas may anpecr. 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 con be photographed, leaving a record of the tra-
jéctories_bf the kaons and the charged products of their inter-

actions.




FIGURE 1.1
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When this lias been done, the chamber ia‘repressurised
and cleared of bubbles, and depressuriced again just before the
next 5urst 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 photogrephed 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 cccount of the procedure
which is being used at Imperial College for the analysis of the
"experiment 13" film, i.e. the latter Paft,of the 10 GeV/c exper—
iment. This film was taken at‘Easter, 1965; 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—
iele tracls but also certain fiducinl 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 fiew‘number and the date of expo—
sure. This information is also given in a form in which it can
be sensed and checked by the automatic measvring machine, and
there are also "Brenner marks" by which the position of the film

can be automatically sensed.

Topolory Convention

Since the K p system has no net charre, & genuine event
 will appear with as many positive as negative tracks leaving the
interaction vertex, and these are distingunished from one another
by the directions of their curvatures in the magnetic field
which is applied to the checher, Clearly, there must be an even

numnber of "prongs" leavin~t the vertex.
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The tomology of the event is renresented by o three~ digit
nuaber, of which the first dirit is the number of prongs, the
second is the number of these nrongs which "kink", and the third
is the number of "V®'s" yhich nay be associnted with the event.
A kink in a track corresponds to an in-flight decay of ‘the part—
icie, involving the emission of an unseen neutral particle at
the kink., A V% is a pair of tracks, ong_positivé and the other
negative, coming from a poin§”at which?ﬁypéutral partiele has

decayed in flight.

Accentance of events

A rigid set of rules have been laid down cohcerning the
acceptance of events for measurement. Ve measure all even-prong
events with the exceptions of the topologies 030 and 410, 610,
810, ete. Normally, events for measurement muét lie with their
interaction vertices within a fiducial region which is defined
by the positions of certeain fiducial marks as seen on the first
view; this is region 1 of fiocure 2.2, Region 2 limits the accep-
‘tance of neutral deecay vertices, i.e. v°ts. 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,

Furthernmore, we measure the three~prong "tau" decays of the
beam which are occasionally seen, Region 1 is the fiducial region

for these.

Event types whiéh'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 o deck of "scan ceards™ on whieh are written the itenms
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
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within the frame, the topology of the event, a number identify-
ing {the scanner personally and a small sketech of the event. In
addition, comments must be written for the attention of either
the neasurer or a physicist summarising any further information
according to well-defined rules. As an exemple of such a comment,
if an electron pair is seen vhich may bhe associated with an event,
it will be brought to the attention of a physicist by writing

the abbreviation "EP",

Check Scannineo

To reduce the prdbability of an event's being wmissed, two
independént scans are made through every roll of film, and then
the two sets of scan cards are used in raking o "checlt secan”
through the filn. This is dome by a physicist or well-experienced

essistant.

The check scan invelves comparineg 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 massed to the measur-
ers of the film. These findal scan cards oare 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 secanners,
there are many vhich are seen by only one. From the final sean
cards, an analysis can be made which gives the "detection eff-
iciency" for each individual scanner, This is done neriodically,
and the results are used to encourage the quality of the scanning

t0 be maintained,

Scenninr BEfficiencies

A film scanning system cannot be perfect, and it is import—
ent to be able to calculate the proportion of events of each top-
ology vhich are missed throuch human error. This is done simply
by couniing the number of events seen by two scanners and the
nunber seen by only one, for each. type of event. Erom these two
figures i£ is possibie to cnleculate the ﬁrobability that an event

vill be seen during o scan, and hence the number of events which
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must aétualiy'have occured. These results are of importance in
working out absolute cross—se@fions,for the various reactions
'which can take place, éince we must then allow for those events
which went unnoticed. Scanning corrections are of the order of
& few percent, and beconme less important for more complicated

topologies.

The amount of film from experiment Lé.vhich is being meas—
ured at imperial College is 76 bobbins;‘éﬁéh 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 59006 frames, the sample
covered 6200, and indicated that a total of about 35000 events
vill.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

sumnarised in figure 2.3.
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FIGURE 2.3
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2,2 VMEASUREMENT OF EVENTS

The sequence of operations required in measuring our film

is illustrated by figure 2.4.

Roadmaking

The;automatic measuringaﬁachine'tH;P}D;) 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
fecord the identification of each event, its topology code, and

the poSitions of certain points on it.

Thege points are: fiducial marks, the primﬁry interaction
vertex, the vertices of kinks, Vo1 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 teletyne comrmmunication between the computer and
the roadmaker operators. These teletypes are used by the operators
in the recording of frame numbers, view codes, point labels etc.,
and by the program in aclnowledging that measurements are regis-—

tered on the roadmakine machines in accordance with these details.

If the roadrzking of an event is not correct, the ONLINZ
progran nay alert the operator and renuest a repeat. VWhen a satis-
" factory set of points has been digitised, ONLIXE will transfer
the infomation onto tane. This is the input to the next progran -

in the chain, vwhich is MIS3T,

The excention to 2ll this, which occasionally arises due to -

computer failures, is the texmporary loss of the ONLIYE nrogran.



16
FIGURE 2.4

Measurine Zvents throuch the H.P.D.

Information fronm

scan cards

Y
Operator with film P ONLINE program detects
~on roadmaking : o ‘and requests correction
rnachines, governed —> ‘of roadmaking errors
by'ONLINE program

\ 4
MIST program sets 5 Events with bad roads
up "roads" from “can be rejected by NIST
ONLINE o/p tape

Y

Film on H.P.D.,
on-line to HAZE
program, fed by

MIST o/p tape Program RESCUE edits

the HAZE o/p tape,
enabling tracis badly

Y

ﬁeasured on the H.P.D.

N

to be corrected manually

SM0G program by "light-renning"

merges o/p tanes

from different

views

v

Gives i/p tape
for THRESH progranm




17

When this happens roadmaking'can séill be done, with direct
paner tape outnut, and procéSSQd &t a later stagej wvhen road-
meking is done "off-line" in this way, errors cennot be immed—
iately detected and 50 a larger proportion of events have to

be sent back for roadmeking a second time.

The Prorrars MIST

The roadmaking machines and ONLINEyﬁfbgram give us the
“coordinates of a series of points along each track, and it is
the functidn 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 fo the program do not
Iie‘approximﬁtely on .an arc of a circle then the event may be
rejected by MIST, However, about 957 of frames are passed through
MIST successfully, ‘

The HoP-D.

The H.P.D. (or Hough-Powell Device, after its original
inventors) is a mechanisnm which, under computer control, makes
a scan of a bubble chamber film frame and registers the bubble
images which go to form the traéké. It does this optically,
using a very narrov 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 H.P.D. makes
Precise neasurenents 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 prosram 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

menually by "light-penning" on a C.R.T. display.
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Light-Penning

The HAZE output tape is the input to the.program RESCUE
which, on-line to & C.R.T. display, enables an operator to take
appropriate action whene;er a track hés been unsaﬁisfactorily
treated in HAZE. The C.R.T. is used to display the road points,'
bubble positions and other items of infofmation. The track which
is giving trouble, and the reason why it was "domped", are usu-
ally clear to the operator. Fof_examplé;'it may happen that, as
a result of faulty roadmaking, the actual track deoes not lie'

within the road.

Corrective action is taken using a "light pen" to which
the program will respond when it is applied to thé C.R.T. screen,
By drowing 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 farther
attempt is made to obtain & 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 fecon;truction 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 SYUO0G Progran

_When the film hes been put through the H.P.D. and the HAZE
output has been passed through RESCUZ, 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 & single magnetic tape. This is done by the program S0G,

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 measuréments of the three fiews on
film, The particle tracks are helices with slorly—decreésing
cnrvatures, this decrease in curvature is due to the slowlnb

down of the particles, and depends on thelr masses.

THRESH requires information ("tifies“) to be fed into it
at the beginning of each run. These titles give the positions of
the cameras and of the fiducial marks in the chamber, various
optical parameters, criteria for mass assignﬁents to particles,

criteria for the treatment of short stoppins 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-
'grag can‘oﬁtput 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 TIRESH, GRIND has
to be preloaded with exnmeriment—dependent titles, and these con-
tdin among other things a list of hypotheses for explaining the
eveﬁts. The program will output the details of a statistical fit
to the plansible 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

neutrel particle, its momentun 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 e whole is fitted, The
overall number of tenable hypotheses can become quite large. To
decide-finally»on_its classifiéation, 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 ienisat—
ions of the tracks, the statistical probab111t1es of the fits,

the presence.of electron pa1rs and so forth.

Hore often than not, an event cannot be assigned uniquely
to a particular fitted hypothesis, It often hapvens that the
event is underconstrained, e.g. vhen there are two or more unseen
neutral particles produced. These "nofit" eVent§ 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 events.,

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—

A ned to an hynothesis. . ,

(ii) The event is fitted, but must be taken as ambiguous between
two or three hypotheses. A

(iii) Because of the vroduction of neutral particles, the event
is not fitted, but is assigned 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 eventé, and sonetimes with events wvhich are too com—
.p11cuted to be measurable, and with ever®s which should not

have been reesured in the first place such as those occuring
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outside the fiducial region. -
‘(vi) The event will have to be remeasured. This may be because
~ soze obvious fault comes to llght in the original ‘measure-—
ment, or because of some inconsistency betveen between the
| veVent on fllm and the GYIFD 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 Summery_Tnpes,.or D.S.T.'s for ehort,:are~§repared from
the GRIND output £aoevthrough the program SLIﬂE, uSinw "slice cards"
wh1ch ‘specify the hypothesis or hypotheses accepted for each event
- in the GRIND checklnv.. .

'A D.S.T. record is written for every hypothesis, containing
all the information ﬁhich-may be relevant to amalysing tﬁe under-
lying physics of the interactions. Beéidee céléuleting such quan-
tities as C.M. momenta, effective masses of combinations of part—.
icles, invariant momentum transfers and éo on for the D.S.T.,

SLICE computes the experimental errors on these physical quantities

from the error matrix calculated in GRIND,

‘ Non-unique hypotheses are flagged as such on the D.S.T., and
can be given a %eight which is ﬁhe inverse of the total number of |
. hypotheses fitting the event. Events involving strange partiele
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 syétem
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

AKp 1nteract10n can lead to single p1on productlon in

four possible charge statess .

e

(i) Kp >k’np

(ii) Kp > KT

| (iii) Kp = KiTtn
and (iv) Kp = K°T°n ,

In case'(i), if therK0 is seen to decay by x° -9»rr*kr',
" this decay is measured and a 4—6‘(four-conétruint) fit is made
to the event. If the K® is not seen to decay, and in cases (ii)

and (iii), the momentun of the neutral parfiCIQ-must be calcul-~

" ated and a 1-C fit is made.

3.1 THE DATA

Kp => KOTT-E

Cur data sample contains 494 4-C evenfé of the type with
seen K° decay. These events are extremely reliable, and all but
two of them were fitted uniquely to the K p => K®1T™p hypothesis.
Associated with each event is a "decay weighi“ to allow for sim-—
ilar events where the K° may have decayed into T T~ outside the
limits of our fiducial region in the bubble chamber. The sum ofi
these weights is 562.8, and when we elso 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 teok
place. Using the microbarn equivalent caléulated 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



23

practice to give ambiguous events a weight which is the recip-

rocal of the number of different hypdthéses to which_they can

be fitted. This "hypothesis weight" is almost always &,-ﬁhd is

occasionally 3. Teking this into account, our 1,281 events are
"weighted to 1,110 , vhich compares well with the mumber men-

tioned in the last paragraph.
Kp = K%

The events in this channél are invariably 1-C fits, and we
have 2,171 of them. Allowing for those which are ambiguous, this'
number 1s weighted down to 1,995.5 , 1mp1y1ng a cross section of
0.387 mb. + 4%, '

.ThereAare 347 embiguous fits in this channel, a high pro-
portion of them ambiguous with the 1-C KOTT—b events mentioned
above. We shall investigate this problenm of;dmbiguities and that

of possible misfitting in more detail later.
-K—R s

' This channelkconfains 2,627 1-C events, of which 24 are
ambiguous, so that the wéighted sun is 2,615. This corresponds
to a cross section of 0.507 mb._i}4%. The low.ﬁroportion of
anbiguous events is pdrtly due to the fact that a pesitiwe pion
can almost always be distinguished from o pfotoh by its ionis-
ation, so there is little chance of confusion between this chan-

" mel and the K p -» K% and Xp — K°t™p channels.

Though we have no difficulty with anbiguous events in this
channel, it is likely that some contamination is present fron the

unfittable reaction K-p - K‘Tf+1f°n, particularly when the TT °n

system has a low effective mass.

Kp —» %1 °n

This channel contains at least two unseen neutral particles
(the topology will be elther 000 or 001) and no fit can bhe made to
such an event. Our exner1nent therefore provides no useful 1nfor—

mation on- thle reaction.



3.2 AMBIGUITIZES AND BIASES

ETt% 3 K% n Ambicuities

_ As we mentioﬁéd in the previous section, there are nearly
350 ambiguous events in our data which give 1-C fits to both
reqctions (i) and (ii). Ve mqgt ask ourSe}Qes wvhat properties
such events are likély to have, and wh;tﬁ;r or not it is safe to
proceed with the analysis of:the data without malting corrections

- for then.

The situation is illustrated by figure 3.2;1;'and the erit-~
erion for ambiguity to occur is that the final-state kaon and

pion should have momenta (16.15. frame) equal in magnitude,

To understand why this is so, bear in mind that the momenta
of the charpged particles are measured independently of their masses,
and thdt'the nomentum of the neutrdl particle follows by subtrac-
‘tion. On the other hand, energies of the particles depend on their
‘masses, and if both fits to an event Saﬁisfy overall energy con-—

. servation we nmust have
E(x°) + E(m™) = E(K) + E(T°)
2 2
@, +m? ¢ @)
(ghg + mK2)§- + ’(202 + mﬂ?)i

: 2 2 '
which is only the case if_go =p o+ In figure 3.2.2, the cman-

tity /n / = [20/ is shown for the ambiguous data as well as for

the uniquely-fitted data, and our result is confirred,

n

Using the lonte~Carlo event—cenerating program FOTL, we haove
. examined evenits which satisfy our criterion for anmbiguity, and '
found thet ther lead to no anomalous behaviour in the distributions
(mo.ss smectra, t~distributions, etc.) which are of nhysical in-

. terest.,
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FIGURE 3.2.1

Cennot distinguish between this:
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Y

Proton
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FIGURE 3.2.2 . Differences in Lab, Momenta between
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Misfits in Kp — K%

Figure 3.2.3 shows the K™ Tr° effcctive mass spectrun for
our reaction (ii) data, as well as m(K®T ™) for reaction (i). In
the former, there is a clear enhancement just above ‘threshold
“and well below the K*(SQO) 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 reanction (ii), and we
shall argue that it arises fron elastic events which are mis-

fitted because of imprecision in determining the beam momentum.

To fit a 17 ° in this way (see fig. 3.2.4) , we rmst have

mf=(3@“-ﬂw>f;(3@w-gw>ﬁ

end when the beam is relativistic, this gives

n = w2 (2= p(0)/5(") - p(E)/p() )
) ~2p(B*)p(B).(1-Cos &)

where 8 is the angle between n(B') and n(B). When p(B') and

2(B) are not very different, the first term is smpll. The last
,‘term can be written in terms of the pion's transverse momentum
" to give . S
Dy = =P (w) . , . N

2

. Now, for the purposes of fitting we can have -0.12 L n "< 9.1,

8o such a fit can be ﬁa.de if

p\;'(fr)'ﬁ. 110 YeV/c.

That is to say, if = extra 7° is fitted (because of a badly-
known bean momentun) to an.elastic event, then the T © 7ill have
a very low transverse momentum. A consequence of this is that all

the tracks will be approximately coplanar.

Figure 3.2.5 shows that the events in the K1 peak do,

in fact, have predominantly low transverse momenta.
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FIGURE 3.2,3
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FIGURE 3.2.4

Event is reclly like this:

Protdn_

but is fitted to this:
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FIGURE 3,2.5

Scatter plot of m(K-Tlo) against
transverse momentum of 1T,

Each dot = one event.
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What about the K T1® 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
fagt) kaon momentum, whereas the proton is usuélly well-measured.
The fitting procedure will &djust Pg and Py in order to con-
serve overall energy and momentum. Initially, we have a "miss—
ing energy" and "missing momentum" vhidh gill be almost equal
(since they are presumed to arise from ahperror in the momentum .
of & 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
- Oy 2 : 2
8(KT %) = m "o (1 + ne/pp) + mgr o (14 pe/p)

- which, under the circumstances, cannot he far above threshold.

¥e have seen th#t the hypothesis of "misfitted elastics”
will explain the presence of a low-mass K peak in reaction
(ii), as well as the low transverse momenta associated with the
pions. Wé should not be surprised that a number of elastic events
failed to fit the elastic hypothesis ~— in fact there is a 17
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'TTop effective mass. spectrun, and it will not be necessary

to remove them in order {o analyse the TTop systen,
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3.3 FEATURES OF THE DATA -

The features of the single-pion-production data will serve
to illustrote many properties vhich are, in fect, common to ell
" high~energy hadronic interactions, including the many-body reac—

tions which we will exomine later in this worl.

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 K p —=» KTTN 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 MeV/c.. The
three parts of fig. 3.3.1 are combined in fig. 3.3.2, which is a
locarithmic histogram of the sruared transverse momenta. Insofar
as the date points on this figure lie on & straight line, the
transverse morientum spectrum is described by a Boltzmann-like dis—

tribution of the form.

4aG~

o 2,2y
ap, = ey exp(-py"/a’)

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

fig. 3.3.2 corresponds to a value q = 410 HeV/e.

The incident CMS momentum of the K and proton is 2.1 GeV/c,
and the longitudinal momente of the final-stote perticles will be
of this order, the transverse momenta being restricted to a few
hundred MeV/c. It is therefore nppronriate to display the data.
according%fdiIongitudinal moentum phase space, This technique is

discussed in Appendix E,

Histograms of the longitudinal momentum phase space angle
W ere givgn in fig. 3.3.3, end fig. 3.3.4 is a key to their in-
terpretation. Different recions of W corresvond to different
‘peripheral or rmltinerirheral.diagroms, some of which are shown
in fig. 3.3.5. PFig. 3.3.3 (2)-(c) can tell us = great decl about
the reaction mechanisms for single pion nroduction, and we will

discuss .then in some detail,
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FIGURE 3.3.1 ' ' Transverse momentum snectra in

single pion production channels
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FIGURE 3.3.2
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FIGURE 3.3.3 o Distributions of "LPS" angle w for
' o the Kp = KTTN reactions.
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FIGURE 3,83.4 The Longitudinal Momentum Phase

Space: definition of (V) angle.

p, (N)

FIGURE 3.3.5 Peripheral Exchange diagrams referred
 to in the text.
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Kn > KOTT "o

These events, in fig. 3.3.3(a), are mostly in the third
sextant of the W —plot; this corresponds to the peripheral pro-
cess of fig, 3.3.5(&). The spill-over into the second sextant
indicates that the vion can often be assoclated with the nucleon,
as in fig. 3.3.5(b). g

The small number of eventé in the fourth sextant reflects
the rarity of strance meson exchenge (fig.3.3.5(c))e The absence
- of events elsewhere in the plot can also be explained in terms | -

of the perinheral model.

Ep—» X 1%

Comments 81n11ar to those above apply also to this reactlon,
with the difference that here the second sextant (fig. 3.3. 5(b))

contains a much larger proportion of events,

Kp->» K71 +n

The tw —~distribution for this channel is similar to that for | ;@{
Kp -» K 1%, but has. considerably rore events at and below the -
point W = 2T/3,

We notice that the fourth sextant of this distribution is

almost emnty; this is understandable from fig. 3.3.5(¢), which

for this chennel would involve an "exotic" double charge on the
exchanged narticle, A péculiarity of this channel is that & few
events occur with hirh values of W, i.e. in the region corres—
pondinz to fig. 3.3.5(d); in the right~hand part of fig. 3.3.3(¢)
the vertical scale has been expanded to make the= cleer. 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 cleecr that beryon exchange

and strongeness exchange tend to be sunrressed in comparison to

the exchange of B=S=0 objeéts. That is to say, the moest important

[
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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 (i) whereas the latter is also very

importent in reactions (ii) and (iii).

We have so far said nothing concerning inelastic diffraction,
which &ill be the principal subject of this'vork. Ve will use the
terms "inelastic diffraction” and "Poméfoﬁiekchahge" interchange—
ably, the Pomeron being essentially the seme object:vhich is pre-
dominantly responsible for high—energy elastic scattering., Te will
defer deteziled discussion of the Pomeron's properties until Chapter

7, but in the meantime we will make frequent refercnce 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
originel particle. Any Xt systen must have naturael spin-parity,
and since the kaon is 2 pseudescalar, it follows that the dissoc—
jation K — KTT cannot be diffractive. For this reason we will
say no more about the process of fig. 3.3.5(a). K*(SQO) 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
enalysed in the next section; it is significant that these events
occur nost coniously without charge excheange, and we shall show that

their deminant preduction process is Pomeron exchange.



3.4 THE TN SYSTEUS

Ve established in the previous section that peripheral
production of low-mass TIN systems occurs abundantly in our data.
In figures 3.4.1 (a)~(c) the TN effectivé:mass spectra are shown

for reactions (i) to (iii).

The Production lechanisms

' We will distinguish the following processes which may lead

to the production of low-mass TI N systems: .

(=) The production of I = 3/2 TN systems. In order to con—-
" serve I-spin at the baryon vertex this would have to come
ahout 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 TIN systems by isoscalar ex—

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

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

Ye may describe these three processes by three independent
amplitudes, and because we are in the resonance region these will
be strong functions of the NN effective mass., An I-spin analjsis
of the K p —> KTIN reactions is given in Appendix D, and in terms
of the notation used there the processes listed above correspond
to the three FTB anplitudes. |

Ideally, we should like to senarate out the contrihutions
of these different amplitudes and study them independently: we
are particularly interested in the anmplitude for process (c),
vhere the exchanged object is liable to he the Ponmeron. However,
to disentancgle the contributions of the different amplitudes
(over eny region of the phose snace) will re~uire five muantities
(three mapnitudes and two relotive ohases) to be obtained froa

the three partial cross-sections. This is not possible.
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FIGURE 3.4.1
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YNEVertheiess, we shall see that conclusions can be drawn

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

Kp K (ﬂ' )_

If we look now at fig. 3.4.1(a), i.e. the TT p mass spectrun,
we see & clenn zﬁ; (1“86) enhancement and also two less s1nn1f1cant
peaks ot about 1460 and 1660 1ev/c . The 1660 "eV/c bumn could
be due to the A\ (1659) or perhaps the 423(1670) resonance; but
there is no established A\ resonance between 1236 and 1650 HeV/c
which might account for the enhancement at 1460 HeV/c o It there~ .
fore seems probable that there is a significant amout of I= 20y
production in the 1460 LfeV/c2 region — perhéps the "Roper!" reso-

nance,

Above about 2,0 GeV/c™, the TT p spectrum begins to rise
*
‘8lowly. This is in fact a reflection of the strongly-produced K
resqnances'in the K°01~ system, and so far as the TT "» spectrum

is concerned it is a non-resonant background which must have both
I=23/2andI =1/2 components.

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

gtthls reactlon. Process (b) contributes, to o lesser extent, at
4around 1460 JeV/c . Above about 2.0 GeV/c both processes will

give a non-resonant contribution. The bunp at 1630 JeV/c cdannot

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

CKp = X ()t

It is mentioned in Appendix D that the ratio of the cross—
sections CT'(TT+n)/C7(TT°p) is an indicator of the I-spin of the
(TTN)+ systems. This ratio (with statistical errors) is dis-
played in fig. 3.4.2 as a function of the (ﬂ'_N)+ effective mass,
It is immediately clear from this figure that the (t(N)+ systens
. are predon1nant1v of I-spin % ; +the ratio is always closer to 2
than to 0.5, and only comes down to 1 at hlgh values of the mass,
where we mlght expect to find a statistical nixture of the two

I-spins.
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The double circle represents the (unphysical) point
where n(TTN) = mp . It is reasbnable 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 nind their
errors) end tending asymptotically to the central dotted line.
The only signific&nt deviation from such a curve would be at
around 2160 HeV/c s where the data p01nts rise up towards the
I=% line. This is perhaps a hint of N (2190) production,

The (11 ¥)* nass spectra (figs. 3.4.1 (b) and (¢)) show
sone important features, The only bump which can be clecrly
identified as a resomance is that at the AAT(1236) mass (in both
spectra), but sbove this, and extending up to about 1800 MeV/cg,
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 TT p spectrum,

Qualitotive Conclusions

The I =1 117 "p production depends on the FI% amplitude
of Appendix D, and from eqns. D15-D17 we see that the contri-
bution of this amplitude to T1°p prodmction (or ' production)
will be about one—-eighth (or & quarter) of the contribution to
the TT “p production cress—section. (Assuming that interference
effects are not very strong.) Now, the TT p I=%: cross-section
is small below about 2,0 GeV/c2,~so the corresponding contri-
butions to the (ﬂ'N)+ cross—-sections are likely to be wvery
smell, In other words, process (b) must be relatively insigni-

ficant in reactions (ii) aend (iii).

The dominance. of I—% in reactlons (ii) and (iii) must,

therefore, arise from the occurence of process (c).
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Ouantitative Results

Ve have examined the consequences of assumine 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
S, = O (i1) + 0 (iii) - 307(1)

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 negetive at high values of the

(17 N) mess 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 TN systems of predominantly low
effective mass; the spectrum consists of a broad enhancement
( width et half height is about 480 l{eV/c2 ') which peaks at
about 1360 MeV/czi The number of events with m(TTN) less than
2,0 GeV/02 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—sectxons 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 TV N
effective mass; it is not likely to be far wrong when we integrate
the amplitude over the wvhole of phase space. This is because thg
rhases of the amplitudes are likely to iary considerably across

the TIN resonance region,

Agein using rééulis 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.

R St —
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Hos. of events and cross—sections
( with n(TTN) <L 2.0 GeV/c_g_ } for

reactions (i)-(iii) and processes

(2)=(c), in the "no interference"

epproximation. o
Procesé
(2) (b) ~(e) Sum
(i) | E°rp 185 267 —_— 452
(36 pb,) | (52 po.) (88 pub.)
(ii) K% 370 34 659 1063
' (73 pb.) | (7 pb.) | (228 pb.) (206 pb.)
(iii) X 185 66 1320 1571
(36 ,‘b.) (7 ,m.) (256 f.h.) (305 ’lb.)
Sum 740 367 1979
(145 ,.n.b.) (65 ,Lb.) K385 rb.’)
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In calculating these results; we have used the individual
reaction cross-sections for n(TTN) < 2.0 GeV/ca. No errors are
quoted, since the stetisticcl errors would be considerably less

then the uncertainties arising from our assumptions,

t-Distibutiong

In figures 3.4.5 and 3.4.6 we show logerithmic t—distribu-
tions from the incident K to the outgoing kaon. In figure 3.4.5,
the deta are those for the individual channels, with m(1TN) less
then 2.0 GeV/cz.

In figure 3.4.6, the t-distributions are those for the three
separate prdduction mechanisms listed earlier; they are found by
talting 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
assunption that there is no interference between the amplitudes
describing these production mechanisms, aﬁd its justificotion was

mentioned in the previous subsection,

The first two plots of fipure 3.4.6 correspond to the iso-

vector {presumably ) 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 asbout -t = 0.4 GeV2 : the line superimposed is an

"eyeball" fit, and has slope equal to 6.4 GeV -,

Process (c), then, gives rise to a steep t—dis@ribution
with 2 slope not nuch less than that found for elastic scattering

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

‘nature of process (c),




FIGURE 3.4.5
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Lorarithnic t-Distributions
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FIGURE 3.4.6 - Logarlthﬁlc t-ﬂlstrlbutlons

log(cross—section),

arbitrary origin.
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CONCLUSIONS

3.5
We c2n summarise as follows the results of the brevious
section? -' ' .

(1)

(i) -

(iii)

(iv)

(v)

(vi)

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

pheral production of low-mass (TTN)+ systens,

These arise predominantly ffém the exchange of an iso~
sealer object; we deduce this from the facts that the
cross-section for charge exchange ( Kp —» K°(7WN)° ) is
small and that the (TTN)+'systems have an dfgrage I-spin

not much greater thon %,

Isovector exchange clso occurs (to & lesser extent) and
gives rise to both I=3/2 and I=1/2 (TTN) systems.

The (TI'N)+ mass specfrﬁm resulting from isoscalar ex-

change does not have any clear resonant structure; rather,
we find a broad enhancement stretching from 1300 to 1800
HeV/éz. However, it is impossible to make an exact anaiysis
of this prodﬁction process in isolation from the competing
isovector exchange processes, and this conclusion depends

on an assumption which can only be approximately true.

Isoscalar exchange accounts for roughly 50% of the total -
cross—section for K p > K-Tf+h, and 33% of that for
Kp = K 1T°%. (Nuobers from results in figure 3.4.4).

The t—distribution for this isoscalar exchenge process is
well descibed by an exponentizl at lower values of t, and

the logarithmic slope is about 6.4 GeV™2,

Je 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

LY



alone. These properties are well-estnblished in the literature,

end are discussed in Chapter 7.

One such ﬁroberty is the approximate constanéy (with bedn
nomentuz:) of the éross—section for any Fomeron—exchange recction,
Now, at very high enerples, we expect Pomeron exchenge to dominate
the K p —> K (TTN) cross—sections, since the amn11tudes for
reggeon exchonge will tend to zero. If the Pomeron exchange cross—
section is in fact constant, end ecual to that which we find 2t
19 GeV/c (cnd given in figure 3.4.4) then the esymptotic cross—
sections are predicted to be sbout 0,13 mb, for Ep =» K.Tr P and
0.26 mb for K P ~-> K rr n.

7 From recent work on pp —> pW N reactions (Ref. 3. a), and

mak1nm use of the factorlsab111ty of the Pomeron etchange arnlltude,

it hes been calculated (in Ref. 3.1) that the asymntotlc p €> |
(TTV) cross—sections are 0.11 and 0.22 mb, The predlct1ons of

the previous paragravh are in fairly good agreement with this.

Fﬁrther information on the role of Pomeron exchange in these
.reazections anpears in refs. 1.21 and 3.1, vhere the data is fitted
to models which incorporate inelastic diffraction as well as the’
other possible reaction mechanigrs. In the first of these ("Appli-
cation of the Venezicono lodel with pion and Pomeron exchange to the
reaction K p -9»nK_TT 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 ("Ducl + Pomeron Analysis of K& P -§>Kf1qu“),
on the other hand, the proportion of Pomeron exchange is found as

55%, to be compared with our 33%.

Ve need not be too concefnedvby these discrepancies, since
the nodels used in Refs. 1.21 and 3.1 are at best cpproximate 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 es being confirmed by then.

e e e B e e ne 5 = an



In summary: Our examination of the Kp -> ETN data has
shown up the limitations of the experiment.(in sections 3.1 and
- 3.2), the neripheral chafacter'of high~ener~y scattering (in
section 3.3) and neny of the ideas and techhirues which we find
useful, In pdrticular, we have been able to show that a high
proportion of the cross-section for single pion production can

only be cccounted for by Pomeron exchange.
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CIAPTER 4

DOUZLE PI0M PRODUCTION

The possible I p ~» L TITIY reactions are:

(i) Fp > whep
NS (E A A

(ii) ™ - I°7 7%

o —» = 1%

(iii) Ep —» °wfo ™

and Kp — 2w %%

-where only the nunbered renctions can be fitted to events in the
bubhle chamber. In the case of reaction (i), these are 4-~C fitss
in the other two cases they are 1-C fits vhich cen only bhe made

when the decay of the x° is seen and meesured,

4.1~ THE DATA

The numbers of fits in our data sample, together with
other infornation, is tabulated in figure 4.1.1. In rezctions
(ii) and (iii) there are few ambipuous 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 1600
anbiguous fits., Most of these ambiéuities arise from the diffi-
culty of distinguishing between the two negative trocks, the K
and the T . Thus, hoth Iypotheses refer to the same channel,
and the sum of the hypothesis weights is close to the actual

nunber of events,

The cross—seéﬁidﬁs ore quéied with o statistical error only,
Ye can trust reactionfti) (4=C fits) end olso reaction (ii) (fit-
ting = T°), but in reaction (iii) the missing mess is large and
so, very often, is its error, It is often impossible to distinguish
between K p — kKt ™n ana Kp = KOTT+3T-TT°n, and this no

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



FIGURE 4.1.1

CrossesectiOns, etc., for double

pion nproduction.,

Regction
(1) C(di) (iii)

Numbef of fits. 6892 1526 801
Suri of hynothesis 6069 1520 . 793
weights,
Probable numbef of

~ . 6069 5680 2478

~events, allowing for
o

unseen L decays.
Cross-section, 1.18 mb.| 1.10 mb. | 0.48 mb,
with statistical + 3% + 47 + 43%

error,

i s e e g SO
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4,2  POVERON EXCHANGE

Under wha- cireunstonees cazn inelnstic diffraction gsive
rise to =~ LTI finzl stnte? Since Poneron exchange cannot
lead to the dissociztion K - (L) , for reasons discussed

in the nrevious chanter, the only peossibilities are the follow-

ing: :
() ¥ > xntrT in recction (i),
() K - 1%w uw® in reaction (ii) and
(e) » > st in rezetion (i).

We show exmerizental L T ™, r°m~1w?® and nTrwr™ eff-
ective rmass spectra in figure 4.2,1, and for compearison figure
4,2,2 contains I{°ﬂ+‘n'_, p‘ﬂ'-\To and nTH AT snectra in the
sane resion., No selections hove been applied to any of this dote,
The vertical axes on these historrams are celibreted with hoth
the cross—sections (corrected, vhere necessary, for unseen x°

deceys) and the nurbers of events per bin of width 80 MeV/cz .

The (KTITT)™ mass smectra of figure 4.2.1 (a) and (b) are
very similar to one another, hoth in shape ond in cross—scction.
The Q enhancements just below 1.4 GeV/c2 dominate these; and the
L enhancenents are also visible at about 1.8 GeV/cg. On the
other hend, figure 4.2,2 (2), the Kon+TT- mass spectru—, contains

far fewer events and no structure sinilar to the O and L pesaks.

Figures 4.2.2 (b) and (c), i.e. the (1T)° nass spectra,
both showr a low cross—section with no outstunding emhancerents.
In contrast, figure 4.2.1(e) (the p1f+ﬂ“- snectrum) contains a
large number of events even close to threshold, and there is a
clear peck at around 1,7 GeV/c2 which may well be due to reson—~

ance production.

Where Pomeréﬁfexchange can occur, then, we see that there
is production of (ETTTT ) and (N1TTT)+ systens with effective
mo.sses which are not far abovevihe respéctive thresholds. This is
a very strong effect, and suffices to explain why the total cross
section for reaction (iii) (where no Poneron exchange can occur)

is less than half that for reaction (i) or (ii).
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Te can remove most of the "backeround" from figs. 4.2.1 ()

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

For process (a): -tpp<: 0.6 GeVg, and
a(pT’) not in the ZN\"(1236) mess region.
For -process (b): =t < 0.6 GeV2, and
m(p T ) not in the 1250(1236) mass region, and
m(pJTo)'nbt in the ZCS+(1236) nass region,

The cuts on tpp leave almost all events vhich inydlve Pomeron ex—
chonge from the proton, whilst removing the majority of the other
events. The Zﬁ&(1236) resonance is producea abundently (in the
charge states indicated) and it is as well to eliminate it here

since it is incomﬁatible with Pomeron exchange from the proton,

The events sélected by the ebove criteria have the —K'ITTT
effective mass spectra of figure 4.2.3 (a) and (b). These show
very clean § and L enhoncements, and only a small proportion of
the events have high ( > 2.5 GeV/c2, szy) velues of this effec—
tive mess. Ve clso notice that the twp spectra are very sinilar

in shape to one another.

The dissociation of the proton, i.e. process (c), poses a
more difficult »roblem. In figure 4.2.4 we plot the pTC T
effective mass spectrum, with - KK<:0.6 Gevg and with K*°(890)
events removed from the sample., There are recognisable resonance
peaks in this spectrum, but the background is greater than in
the KETITT case and the spectrunm extends highef above threshold.
This indicates thnt the simple cuts we have applied ere not suf-

ficient to isolate the diffractively produced pT I systenms.

Certain features of fig. 4.2.4 ere worthy of comment. There
aré significant pecks close to 1460, 1720 and 2200 MeV/c2.-These
may well correspond to the N*(1470), N*(1690) and N*(algo) reso~
nances, as indicated ovér the histogram. However, the width of
our 1460 HeV/cg peek is much less than the width established for
thet resonance. Of course, the messes and widths "esteblished”
for these N*'s are obtained by partial weve analyses of formation

experiments, and it is not obvious that they should have a similar
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FIGURT 4,2.4

pTTfTr- effective mess snectrun,
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appearcnce in production.' It is perhaps ezually likély thet the
N*(1520) ( also indiceoted in the figure ) is resnonsible for the
first peck. If we assnme thet the p1Ttﬂ'- . mass spedtrum isg
doninated by the resonances we have suggésted, en interesting
pattern emerges. .Tﬁe spin-narities of the ﬁ*(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 protoﬁ. In fact,

they can be regarded as Regge recurrences of the proton.

It is then very tempting to suggest that diffractive dis-
sociation ariges fron the éxcitation of the incident parﬁicle to
some higher spin state. This is essentially the Gr§b0v5ﬁorrison
rule (Ref. 5.5). Applying this idea to the 0 and L enhancements,
' we surmise that they are resonances with I =1% onda 2~ Tespec—

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 h@fe pointed out the occurence of
diffractive dissociation in the two~pion~production chennels. The
cross-gsections for the dissociations K =» KT, KX —> K*(SQO)TT:
and p -9»Zﬁ;++(1236)1T~are collected together in the table of
figure 4,2.6, We have already mentioned that there is a good deal.
of A:§++(1236) production in reection (i), as well as 3*0(890).
In the next section, we shall concentrate on the quasi-three-~body

final states involving these resonances.



FIGURE 4,2.5
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A view of diffractive diséociation:

P K
o K - —
K> T K = > K
m '
i g r
iU
P> > p p > ~ v
. N
N
FIGURE 4,2,6
Cross—Sections for diffraoctive dissociation processes?
Process Restrictions Cross-Section
- et = W .
P S Gk 1 No 2N, m(ETWT)<L 2.5 GeV 0.59 mb. + 33%
—- -t = -
£ - K No D, nETTW)L 1.5 GeV 0,35 mb. + 4%
£ -» Ko r° No A\, n(ETW)< 2.5 GeV 0,55 mb. + 4%
K - w® No AN, n(XTT)< 1.5 GeV 0.33 mb. + 43%
- * - *
K- -> K (890)T1 No AN, n(ETr) <2.5 GeV 0.29 mb. + 4%
* -—
K = K1t only.
| - x :
p = A\ (1236) ™ No K (890), 0.13 mb. + 5%
(AT ) L 2.5 GeV.

, . ) | . . |
N.B. (i) X and /N resonances sre defined by the intervals

* ) .
K = (0.82, 0.96) GeV/cg, ANS (1.12, 1.34) Gev/c2

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

we renuire /t/ to be less than 0.6 GeVg_in every case.

Herey, t is t__or t
12

KX

as appropriate.,

(iii) Errors quoted are statistical, based on numbers of events,
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4;3 THE DOUDLT=REGGE=-EXCHANGE MODEL

Herey, we will analyse two important cuesi-three-body

subreactions of reection (i), viz,.

- ¥* -
(iv) K p = K °(890)7T "p , and
(v) Ep > m-AMa2s6) .

There is e great deal of K*O(SQO) in the diffractively produced
K-TT+ﬂ’- systems — about 50% — and by selecting this resonance

we ohtzin a K*TT nass spectrum vhich is not very different from the
full K1 1T~ spectrum (fig.4.3.2(b) c.f, fig.4.2.3(a)). Ve have .
& relatively smaller L enhancement because the branching ratio for
L -a»K*(SQO)TT is less than that for the 0 (Ref. 1.20, for example).

The O\ TT spectrum (fig. 4.3.3(b)) turns out to be rmch more
sharply peaked to low values of the effective mass than the p1T+ﬁTf
spectrum (fig. 4.2.4). It seems that the selection of the £\ leaves

a mach "cleaner" set of events,

We will discuss these reactidns in the light of the multi-
peripheral picture (fig. 4.3.1), using the Double-Regge—exchange
rnodel 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

42 2 2L 1 (4.1)

/A% = N, cexp(7t_) . (0 )" . .
%p e St 1 — Cos(Tret)
where -
2

o~ ") 2 2
‘Q“ _ 2) tKK* + m - mK*

.‘= e 'y .

W w by
ol = ot'(t, * = m,r)

N = ©Normalisation constant.
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In faect we will ignofe the first factor of (4.1), i.e. treat the
oferall normalisation as a free parameter; In the third factor,
the coefficient of t op is taeken to be 7.0 GeV-g, a ‘typical "slope"
for Trp elastic scatterlng. e use a linear pion trajectory o, -

and will teke its slope ol' to be 1,0 GeV-z.

Similarly, assuming reaction (v) to be described by the
exchanges in fig. 4,.3.1 (v), we use for our squared matrix element

the exnpression

2 2 Lo ' 2e( '
/&% = N 0 o exp(Btgg) o (Q0n)" 1 (4.2)
, ] - Cos('ﬂ'“)
where
- - >) ' 2
%k = sw " Tk Y gy tta T e )
2 - 2 t +m = m
Qrp = Sma = b -9, +V-}(tm{+tpb -o_)e P& p A
; tpts

= pion trajeetory, same a&s used above.

Again we shall not fix the overall normalisation factor N,
Note that in the thlrd factor of (4. 2) trx is given a coefficient
of only 3.0 GeV 2. This is, in effect, the KT elastic scattering
slope; as such, it is not directly measurable experimentally, but
can be estimated by comvaring TIp, Kp and pp elastic secattering slopes.
at high energies. This procedure assumes that the elastic scattering
differential cross-sections can be factorised into Pomeron "form
factors" , of exvonential form, for each nart1c1e. Our value of
3.0 GeV for the KT elastie 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-Regre—exchange wodel (dashed lines).
These curves are normaligsed to the total nunber of events in each
case (except for fig. 4.3.3(a)), and were obtained by use of the
Monte—-Cerlo phase space integration program FOWL, which is des-—
cribed in Chapter 5, HNote that both the datea and the predicted |
curves given here have tpp (or tKK) restricted to being less than

0.6 GéV2 in absolute vclue.

e e v e o s



>‘. 65 ) . -

"FIGURE 4.3.,1
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" The distributions which we heve chosen to show in figs., 4.3.2
and 4.3.3 are of particuler intereét for comparing the predictions
of the model with the experimentel 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"2 for t

Pp
and tKK respectively.

Only the gross features of the K*Tf and \TT effective mass .
spectra are predicted by the model; there is in each case a low-
ness threshold enhancement, but this cannot explain the structure
vhich is apparent in the data, particularly the lﬁkTT mas8s 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 svace 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 exneriment in the first of these figures. The predicted
curve peaks close to an angle of 27/3 radians, i.e. the pions are
predicted to be slow-moving in the C.H. frame, The data, on the
other hand, indiecate that the pions tend to be moving forﬁard, i.e.
in the direction of the K*. This is because the Kfff systems are
largely reéonant; in particular the 0 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 K T, The
failure of this model to take this into account is the reason for

the disagreement inifig. 4.3.2 (a).

For a differéht‘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 2“73 redions is satisfactorily explained§ but
there is an additional surplus of events in the third sextant

vhich is cbsent on the tlheoreticzl curve, Events in this region
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involve & negative pion travelling forward (in the C.M.) along
with the K . |

W¥e interpret these eveﬁts as arising from nondiffractive
)Gk scattering, perheps (in the multiperipheralvpicture) invol-
ving K* exchange. In other words, the discrepancy in figure 4,3.3
(a) arises because the cuts we hove applied to the data do not ex-

clude all nondiffractive events,

In conclusion: Diagrens 4.3.1 (a) and (b), cquantified by
eqns. (4.1) and (4.2), are found to be a fair description of our
deta on the reactions K p —> K*O(SQO)TT-p and K-p,h> Kf11-12\++(1236).
The discrenancies found between our date and our oredictions can
be understood without compromising the conclusion that these reactions

are dominated by diffractive dissociation.
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4,4  URDERSTANDING DIFFRACTIVS DISSOCIATION

¥We have just seen that the Double;Regge;exchange model gives
predictions for the I = K%ﬂ' and p —9>ZQ>TT dissociation processes
which are in reasonable agreement with the exnerimental 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*Tf and

I\ T systems.

The Double—Regge-exchéﬁgeAmodel with Pomeron exchange is the
nodern refinement of the idea of Deck (Ref, 4.4) which pictures
diffractive dissociation as the elasti§ scatteriﬁgNSf an initially
virtual particle. See'figure.4.4.1(a).‘ Given that hadrons in
general can alwcys be regarded as bound states of other hadrons, we
cen see that such scatterine must surely occur, and we are provided
with a way of visualising diffractivé dissociation which is simple

and for many purposes very useful,

On the other hand, we need to be able to understand the diff-
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 & "triangle graph" which, if regarded as
a Feynman graph, ean 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—B;orken
conditions ). That is to say, we expect the K‘TT mass spectrum to -
peck at the value m(h)m(p) = 1260 LeV/c>, and the LN 1T spectrum
similarly at 1700 MeV/c « (N.B. We take the rescattering vertices
to be KF-) L‘\T and Nf’"” ADATr  because they are the simplest

exothermic transitions we could have here.)

The bumps predicted by the above argument may be identified
with the 0 enhancement and the N*(IGQO). If we replace thelo 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 diffraétively—produced systems can be explained by a remark-
ably simple model which does not invoke the existence of resonances

in these systens.
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‘ We have now introduced three distinct explancations for the
diffractive dissociation phenomena that we.ha#e observed, shown
diagranmatically in figures 4.2.5 and 4.4.1. Ve cennot point to
any one of then as being the "correct” description; each of them
contrins some truth, and yet none of them in itself cdn give us

e complete explanation.

In fact, we are faced with an excellent example of thé con—
cept of Duality (See Refs. 4.5 a@d 4.6, for e;ample) . This is
one of the most importent récent developments in the field of
hadron physics, and has great unifying strength in enabling us to
understend apparently distinct exmlanations for cerﬂain hédronic
reactions as being no“moré then alternative representations of

essentially the sane physical.processes.

In the present examples, the idea of Duelity leeds us to hoﬁe
thet & "good" description of the K-PKﬁﬂ' and PPAT vertices would
contein, as specizl cases, the aspects which we have discussed in
.this Chapter. 7 »

In the next Chapter we will in fact develop a dual model
for the X - 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 Chanter 7 when we discuss the

Pomeron in terms of dual loop graphs.
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- CHAPTER 5

A DUAL DIFFRACTIVE MODEL FOR
THE 0 AND L MESONS

We present here a study of the reaction

Kp - Kr'm™)p . (5.1)
where the assunntion is made that it proceeds by Pomeron exchange
as illustrated in figure 5.0.,1, i.e. that the production ofﬂtﬁe
K m7r™ system is o diffrective process. This process is charae—
terised by predominantly low K 1 T4~ effective masses, and‘bj
small four-momentum transfers tpp from the proton, o .

As was mentioned in the previous Chapter, the K_Tr+*f- ma§§ff
spectrum contains the @ and L enhancements, which ha#e béeﬁtﬁﬁé-
subject of some cohtroversy among different euthors. They have
been expiained by some as resonances with unnatural spin-parity
which is usually accepvted as being 1+_for the 0 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). |

Ve 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 ~> pn1f+.

5.1 DESCRIPTION OF THE MODEL

The amplitude for the diffractive process (5.1) is factorised

in the form
' [N gt A (K. P, T
A= Flpsp') « S(p"HE LT, ) o V(K (;)yPK , 7,7 )

(5.2)

where the bracketed parameters indicate the four-momenta on which

(RSP —
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FIGURTE 5.0,1
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each of the three factors can denend. (The P renresents thc Pon-
erbn). Although our model crn he omnlied e~unllw well to any of
the charge confisnrations for tihe K = = (E'UTT)p rerction, we
7ill concentrate oﬁ_reactinn's.l, for vwhich we hove a large dote

stanle consisting of four—-constreint fits,

The Trctor F

The first factor of evn. 5.2, F(n,n'), describes the lower
vertex, and we ermect it to be o function of the four—iementur
tronsfer fron the target to the finel proton.. Te use the usucl

expression for Toneron azchange, vize
F = exp(%A.tpD)_ . ' (5.3)

* . R -+ .‘_ :
How, at the point where (¥ T 1T ) = 1, 9 the factor V hes a

I
pole with constant residue end the factor S reduces to 2 constent,
At this (unphysical) nole, we would expeet the residue of enn. 5.2
to describe elostic K p scattering, and so the slope A in etn, 5.3

is teken to be thet found experimentelly (Ref. 5.2) for elastie
K p seattering at 10 GeV/e. | |

The frctor V

This foctor is a dual Veneziazno—-type amplitude vhich des—
eribes the upner vertex of fig. 5.0.1., The Pomeron is here trea=
ted as o scrlar particle with the quantué nunbers of the vacuun.
The counling of four pseudo—scealar and one scelar particle has
been investigated within the Veneziano model by Savoy (ref. 5.3)
in connection with the interaction of the O meson with four
pions. The exchangéd trejectories start with P-wave resonances
between two pseudoscelar particles, and with S-wove resonances
between o pseudoscalar and the scaler particle. Explicitly, with
labelling indicateﬁ in fig, 5.1.1, the Veneziano amplitudes are
of the form |

v X gy o Byl= 0y 55 1=0pay= g,y 1= 0L, =) ) (5.4)

23"
vhere cxij is the trajectory funtion for the pair of partiqles
i and jo . .
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_ It was shown hy Savoy that this cmplitude has the correct
properties in all its Regre linits. The B_ function is the five-
. o .
noint generalisction of the Deta~function which was introduced

by Barda L01 and Ruegg.

In our case, where the’particles are K-(in)’ P, K-,TT
™, we can form four eycliec mermutations of the— which are non~
equivalent and whieh do not contain e"otic channel s. These give
rise to four terms, each of the form of en. 5.4. These permut-—
ations are illustrrte” in fipgure 5.1.2. 1In fornine the comnlete
Venezizno amnlitude V in ern. 5.2, we add these four teras to
obtoin 2 fully crossinnusvmietric exnression, Their weights are

tolen to be enuzl for the followln* reasons?

() Close to the second pole in the E—=trejectory (i.e. the 0
neson) terns I and II of fig. 5.1.2 will dominate the
emnlituce, If they are added wltl equn 1 weichity, it can he
showvn that the deceys 9 ~» K'Tf end ) =» Ep cre predicted
to he S=wave, as recuired by experiment, This is verified
by the results we will show laoter,

(») Terms I and III mus st contribute eﬂually if the sun V is to
be C-inveriant, '

(¢) For rensons of symmetry, tern IV nmust have the same weight

as the other three terns.

In evalueting the B functlons, we huve used comnlet tro—
jectory fretions with 11near rezl portss tne trajectory paraneters
are celculated end listed in Appendix C. The imaginary parts of
the trajectorr functions are chosen to give non-zero widths to
the produced resonances. In the case of the keon trajectory, we
have chosen an imaginary part which gives a Q-meson width which
is rather narrower then the observed peak at IOfGeV/c. The peck
has become narrower with increesing energy, end we expect that it
will continue to do so when very high—energy experinents can be
performed; it is by no means clear that the.observed peak is due
to a single resonunce, ond it hes been suggested (nef 5.4) that
there are two 1 resonances present, with ovv051te C-nparities. Only

one of these resonences 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 nodel
should describe K+p —9'K+ff—TT+ as well es recction 5.,1. Tow=- .
ever, there are significant differences hetween the Q mesons
observed experi-oentnlly in K and It emmerinents — in the lat-
ter, the peak is usuzlly ohserved to be snlit. Te cnnnot, then,
exmect our nolel to describe in detail the structure of the 0
enhance~ent, ~nd we feel justified in using e knron trajectory -
function which innlies o mére re~listic width then that vhich is

ohserved,

An immorinnt essinotion which is nade in our choice of
trrjectory fuactions is thnt the comhination of the Tomeron with
n meson lecds to n state lying on the same Regze trajectory es

thet meson.

The fzctor S

The reaction of figure 5;0.1 has the Regge limits shown
explicitly in figure 5.1.3, &nd all these different graphs are -
taken into account by the ducl nature of the Veneziano amplitude.
An intrinsic difficulty in treating the diffraction process in
our nodel arises from the fact that the Pomeron counles to tﬁe
top vertex as a 07 particle (the Gribov-liorrison rule, Ref.5.,5)
yet behaves like a spin 1 particle for the Regge limits. In fect,
the Pomeron can be described by o trajectory with intercept of(0)

= 1 and very smzll slope.

The 0+ coupiing has been taken into account in constructing
the Veneziane amplitude; we now need a factor S which becomes
S

but Sp'K~ in the limit of fig. 5.1.3 (d) and so on for the other
craphs. Ve consider that the most realistic prescription for s
is to use Sp'M s where M is the "trailing" meson of the outgeing

' 1 system. In other words, we take S to be the squared

)

pfrr- when the Pomeron couples to the TT  as in fig., 5.1.3 (b),
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effectve ness between the outroing nroton and the outgoing .
neson with the lowest lonzitzdinal C.ll, momentan; in this woy
we ensure the correct Regre hehnviour for our armlitude in e

simnle ond tronsparent wey.

Alternotively, we con devise = C—sfn:etric‘analytic

function for S +which hns 51~11ar prozerties, viz,

S = S(pﬂ_in) + 3('C7) + 3(pwF) + 3(p'w)

- 4n 2 - 2n 2 -.2n 2

* tpor j E ™

and Le have verlfled that this leads té'the sane reSults as the

nrescr1nt1on descrlbe' ‘above.

The choice of the factor S is crucial to the quei;.if'&f
we use 2 constont (es is done in Ref. 5.1) then ourﬁﬁ1fﬂ' mass
snectrun would be grossly distorted towards high ﬁasses. With
the vre501nt10n nroposed here the amplitudes ot the Negge limits
are essentlally ermaivalent to those used in multi-Regge model

caleculations, .

Overall Nornclisation

The cnplitude of eqn. 5.2 is not, as it stdnds, correctly
norzalised,.and the Veneziano model by itself does not provide
the normalisation for our B5 functions in the factor V. There are
p0351b1e Just1flcat10ns for using Sekurai's universal /9 coupling
constant f for this purpose (Ref. 5.6) , but we have not made
use of this and we treat the absolute normalisation as o free

paraneter in our model.

It should be pointed out that even if egn. 5.2 were norme
alised, the cross—section that would follow for reaction 5.1
_ would still be very sensitive to the widths that we take for tﬁe
resonanéés produced in the KTIT system. (To understand why,
consider the expansion of the B5 function close to one of its:
noles in the physicel region. An example of such an expansion is
eqn. B15 of Appendlx B, and it is clear from this that the cross=
‘sgqt;on for 0 <> K (SQO)TT is proportional to 1/(fﬂK* ) W)



81

5,2 PREDICTIONS OF THE HCDE

The Program FOTL

The conmplete amplitude 5.2 has been calculated in the
Yonte-Carlo program FOJL in order to make comparisons with our
experimentel data, This program works by performing a lonte—
Carlo integration of the squared amplitude over phase speace,
and this involves the sequence of events illustrated by fig—

ure 5.2010

To use the progran efficienﬂly, 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 squared four-momentum
transfers between the rungs of a "ladder gfaph" 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( 10t + 4t + Aty ) (see fig. 5.1.3(g)). This is because the -
transverse momenta of the secondary particles must tend to be
smell (this is true in general) and so the t's will be predomina~
ntly smell., In particqlar, we expect tp 40 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 Honte~Carlo inte-
gration are to have.an acceptable degree of gtatistical signi-

ficance over the pﬁysiéally important regions of phase space.

Also, to improve the éfficiency of computation, we only
take events generated with ~tp < 0.6 and with n(ETT) <L 2,5 GeV.

~ These limits correspond to selections made on our data in order

to isolate events of type K p => (KT )p proceeding by Pomeron

exchange, i.e. those which should be described by our model,
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Results and Comnarison with Exweriment

Figures 5.2.2 and 5.2.3 show the predictions of the model
model for the KTITT mass snectru~ and for the tpp' distribution;
suverinposed on the date. In the former, the shaded area repre—
sents the amount of Ic*(149.o) (which cannot be produced diffrec-
tively) contaminafing he data; this is estimeted from the
K*(1420) penks in the.iﬂTTspectrn~for the reactions K-p —>‘§Tfp
in our exmerinment, using the{fabulated brenching ratios of the
K (1420). |

The agreément of our ﬁfedictions with the daéa is gunite
satisfactory. It should be borme in mind that the only free par-
ameters in our rodel (besides the overall normalisation) are the
' trajectory paranmeters, and these were not adjusted a posteriori.
" Qur predicted O-rieson is slichtly narrower than the enhancement
in the dots — see the comments made earlier in connection with
the K trajectory parameters.

Clecrly, it would be possiﬁle by adjusting our trajectory
nar~neters to fit the data very well. Hovever, there would Dhe no
crect benefit in doing this and it would rcquife an extravagant

erorint of commuter tine.

Perhans the most significant outcome of éur work concerns
the decny nodes of the 0-~ and L-enhoncements, showm by fhe
D=litz plots in figures 5.2.4 and 5.,2.5. By the crossing sym—-
nmetry inherent in our nmodel, the nredicted Delitz nlot distribu~-
tions (figures 5.2.6 and 5.2.7) include not only the 0- 2nd I-
meson production from the diagrams 5,1.2 (1) and (II), hut also
the non-resonent "bockeround” from disgrens 5.1.2 (III) ana (IV).
As can be seen, the nredicted Dzlitz nlots for the O-region.
(1.26 to 1.37 GeV 02) and the L-region (1.7 to 1,9 GeV/ca) agree

- renarkably well with those obtained from our exmerinent.

 Comparison of fiss. 5.2.5 and 5.2.7 shows thot our model is

. * *
predicting rather too rmch K (890) compered with K'(1420) in the
decry of the L-meson. No doubt, this is becouse we have used a K.

"trajectory with a linear inaginary part (see fig. C4, Appendix C).
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FIGURE 5.2.4.
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 FIGURE 5.2.6
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Further Results

e have already seem (fig. 5.2.3) that the prediction of
our model is in rough agreenent with thé experimental distri-
bution of the‘équaréd four-monentun transfer from the target to
the outgoine proton, As a more stringent test of the model, we -
investigate'ﬁfre the distributions of tép for different reg-
ions of the KTITI effective mass spectrum. By t' we mean the
cuentity t-tmin s where tmin is the;féallest morentur transfer
that can occur with production of a KTITT. system with the effec-

tive mass considered.

. Both our experimental and theoretical t' distributions:are,:‘
fitted to the expression . -
-g—f'-,- = Constant . exp(At') o (5.5)
In Ref, 1.11 it was pointed out that our date show a rapid de-
crease in the "slope" A as n(XTI1T) increases. This date 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
fron the statistical uncertainty which comes from yerforming a
Monte-Carlo integration over phase space (using the progral FOVL)

in a finite time,

Our procedure for deriving the predicted values of A was to v
obtain t'-distributions for ten m(ETTTF) regions three times each,
plot_fhese t'-distributions logarithmically, and hove. all thirty
independently fitted by eye to ean. 5.5, We then took the averages
of each set of three values of the slope A, and derived errors

froﬁ the spreads in value,

As can be seen fron fig. 5.2.8, both the data and the pre-
diction df the model iﬁdiéate that A varies almost lineerly with
the K ITTT effective mass up to the highest masses considered.
Furthermore, the lines heve almost equal slopes. This, in itself,

is a remarkable success.
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It was not to be anticipated a priori that our model would
lead to ?redictions in agreement with experiment over a range of
values of tﬁﬁ « The Veneziano model was proposed only with fixed-
mags external particles in nindj and yet when the "mass" of the
Pomeron varies our result suggests that the B5 functions take this

correctly inte 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 fig. 5.2.8 shows, this slope varies considerably from
the "input"” value of 7.7 GeV™2 as n(XTIT) varies. Note that the
theoretical slopes are consistently and uniformly higher than
those found experinentelly. We would not have found this discre-
pancy if we had used & slightly lower slope in eqn. 5.3 — say
4.5 ingtead of 7.7 GeV-2. Now, 7.7 GeV-2 is the slope approp-
riate to elastic_Kfp scattering, and contains both & ppP and a
EKP "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 Gerz.
Soy it seems possible that we should have used this lower slope
for the parameter A in egn. 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 (Ref.s.l) used only a
ppP form factor (i.e. half the pp elastic slope) in their analysis

o+
of the pp = pn1l reaction,

An importent general property of Pomeron exchange reactions,
which we have not yet mentioned in this chapter, is that as the
bean particle momentun is raised asbove the threshold value for
the reaction the croséﬁsection seens to remain approximately
constant. This has,ﬁéeﬁ found fof & number of jnelastic diffrac—
tive processes and is & well-known feature of high—energy elastic

scattering,

Our model will obviously prediet a flat eross—section for

O-meson production, because of the assumption of factorisability
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and the use of an "S—factor" vhich corresponds to a flat Pomeron
trajectory with unit intercept. Furthernore, it is (as we have
c2lready mention=d) iﬁplicit in our model that the recctions

Ep > 0 p and K'p =» 0'p should behave identically.

To test the validity of these assumptions (which aere not,
of course, unique to our model) we have compiled the Q-meson
productions found in o 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, Ve
would like to point out that very few of these authors actually
quote cross—sections for D-production, and that to derive them
fron the published informetion 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 thet of the authors of the'papers

to which we refer.

Figure 5.2.9 shows that the 0 and Q+ nroduction cross—
sections must rise sharply from the threshold bean momentum,
auickly reaching a level of about 0.5 millibarns which then
seems to rewain constant. Also, we notice no significant diff-
erence hetween the 0 and Q+ cross—-sections, These results,
though not unexpected, are encouraging and in accord with the

buil{~in requirenments of our model,

So far in this Chapter we have concentrated on the
Kfp - (KEET4RT-)p reaction, but our dual diffractive model is
ecuclly well'applicable to the other charge configurations of the
produced KTT system. Events of the type Kp - K-Tfoffop cannot
be fitted in the bubblé chamber;‘so we have no data on this
charge statej but we do have data on the reaction Kp-> Ko p,

and we have applied our model to this.

In writing down & Veneziano amplitude for the K;nPK°1T-ﬁT

vertex, eight different dual diagrams must be taken into account.
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FIGURE 5.2.9.
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These are shown in figure 5.2.10, to be compared with the four
diegrans (fiz. 5.1.2) needed for K PK L1l T, The amplitude is.
‘ given by

V= le" (Vp*+ Vg + Vi + Yy =% = Ve = Voor - Vv
where each Vi i a function of the form of eqn. 5.4. The terms
Vi = Viy have the same sipgn and weight for the same reasons that
the four graphs of fig., 5.1.2 have the same sign and weight,
Similarly, the terms Vy - 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 bions which are in en Isl
state must lead to a change in sign of the amplitude. The factor
of IAJE comes from Clebsch-Gordan coefficients, bearing in mind

that no exotic I-spins are alloved in any chennel.

The amplitude above leads to a predicted K EMT mass spectrum
whlch is. very similar to that found in the K 1T Tr case, and in—
deed the data are very similar(fig. 4.2.3 (a) and (b) ) More
important, we con predlct the branching rntlo

(0.3.Krr—rr)

R =
G'(Q-élifrﬂ' )

where the Q reg1on is defined by m(ﬁW”ﬂ')<:1 5 GeV/c s and
pp < 0.6 GeV This prediction is that R = 1.14 + 0,12, and
is in excellent agreement with the exnerlmental value of 1,06 + 0,06,

(This experimentel result is taken from Chapter 4.)



FIGURE 5.2.10
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5.3  CONCLUSIONS . . . - I .

The obvious drawback of the dual diffractive model fhgt f,-
we have described is that the Pomeron is treated (as regardé the
top vertex of fig. 5.0.1) as if it were a scalar particle. But
- the Pomeron is certainly nét a scalar particle ~ for rnost pur-
poses it ié more accurately to be regarded as having spin =1, '
and the factor S in eqn. 5,2 is designed,to "petch up" our model

in this respect,

This gives our model an unavoidable hybrid appearance. The
Pomeron cannot be incorporated as a trajectory in the Veneziand

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 scazlar object vith.theff
quantum nunbers 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

¢eécription of it even in the case of inelastic diffraction.’

To give more insight into the nature of tﬁe O-meson itself,
end its K-Tf+?f- decay Dalitz plot, we have derived in Appendix
B the residue of the function V at the pole corresponding to .
m(E1TTT) = m{(Q). The residue function is eqn._B13, which we can

write as

Res(g) - '-2&1.( * pgt ) . P(I—OCK-”+).r"(1_°¢,ﬂ+"_)

= o r'(z = gyt = gt

-t
pp'!

. r1(1»"c"rc"fr'”)'r\(l"°(t7+r1t"' | | (5.6) |
F‘u - o(.K-“+ - ec“_+w-) '



Ve will discuss in tufﬁ the two terms-df eqn. 5,6,

In the flrst terc, the factor ( pK . aﬁ+ ) has an obvious
in
significance when we realise (by considering the rest frame of the

0) that pK is simply the polar1sat1on vector of the Q-meson,

and 81m119r1y that pﬂ+ is the polar1sat1on vector of the K or /9
if 9 K TTA or 9 ﬁﬁK. If the K'IT and PK counllngs 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

fact this was used by Goldsack and Otter (Ref. 5.20) to show that
*
the 0 decays into K77 or‘/)K by a predominantly S-wave coupling.

of spin-parity l+. In

In short, the fifst tern of egn. 5.6 corresponds to the
S-wave decay into 170 of a 1+ O-meson. It gives a Dalitz plot _
which differs only slightly from that of fig. 5.2. 6, and we. show c
in Appendix B (eqn. B15) that this corresponds to a. strong K (890)
band in s(k ) interfering construct1ve1y with 32/3(765) band
in s(TT Tt") . There is & lot more K than‘/b simply because the

*
K is a narrower resonance than the/D

The second tern of eqn. 5.6 has t p! in its éoefficient, i.e.
1ts contribution is nroport1ona1 to the four-momentum transfer from
the proton. The three gammao—functions in this term form precisely
the expnression which is applicable to the interaction of four
pseudoscelar particles (see for example Lovelace,vRef. 5.6). This

9 with spinpparity‘

term, therefore,'describes a component of the

0, i.e. a deughter of the Q-meson.

| The complete.exptéssion 5.6, then, descibes the decay of a
pseudovector Q with an admixture of its pseudoscalar daughter

proportional to the momentum transfer tpp' .

To sum up: our model describes the diffractive dissociation
of the keon very satisfactorily, uniting the resonance and Deck-
tyne descriptions of the process in a rather convincing way. It

simulteneously ‘explains the intrinsic properties of the 0O-meson.
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CHAPTER 6

INELASTIC DIFFRACTION IN OTHER
CHANNELS

In this Chanter we will investigate a few further reactions

in which inelastic diffraction may take place., These are:

(i) Kp = KK'A
(ii) Ko = Abp

(iii) Ep = K*°(890)n"11 -AH(1236)

6.1 Ep — KEA

This is 2 "rare" chapnel in vhich we have fitted just 40 events,
It is of interest because of the poséible diffractive dissociation
p > AK', In figure 6.1.1 is shown the LPS angular distribution
for these events, end it is clear from this that the /\ is always
produced moving backwards, and the K~ forwards, in the C.M. frome.
Host events have the K moving forwards, along with the K, but
there is a significant number of events (ip the second sextant) 7

with & 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 ﬁ(lOlQ) mass. There is also a hint (6 events)
of the £'(1514). '

Resonant behaviour in the K+K- 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 idenbified with the effects of any particular N or VAN
resonances, and although it seems likely that they arise from the
dissociation of the proton, it is not possible to prove that this

igs diffractive in nature.
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FIGURE 6.1.1
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6.2 Kp->N\pn

Another "rare" chahnei,-there are'only'28‘eveﬁts from our
exneriment 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 forvardl; and /\ in the CH frﬁme. This
is highly suggestive of the dissociation process K 49l;/\.

Ve also notice four events in the fifth sextant, well separ—
ated in phase space from the other events. These have a backward-
going/\ s while the proton and antipréton are mb%iﬁg forward with
almost equal momenta, - Although only four events are involved, we
cannot escape the conclusion that strenge meson exchange is playing

its part here.

The effective mass plots (not shown) contein no discernible
resonance peaks — hardly surprising with such low statistics,
If we accept that we have observed the diffractive dissociation
K- —=> p/\, then we should (if crossing symnetry holds at our diff-
ractive vertices) expect the dissociation p‘—)/\K#'also to0 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 ordera'of
magnitude less than those found for diffractive dissociation pro-

cesses in previous Chapters.
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. - * - - -
6.3 Epn o om m AT

We have already pointed out (in Chapter 4) that the diff-

ractive dlssoc1at10ns

and » P -> pTI'+1'T- | (6.2)

are seen to occur sbundantly in our data on the reaction

Ep->Kn'np. . » | | (6.3)
The purpose of this section is to investigate the simultaneous
occurence of the dissociations 6,1 and 6.2 above; such & double
diffrective dissociation process (DDD) will contribute to the
channel A . '

- S N S,

Kp~>EKm m ™. (6.4)
In fact we will restrict our attention to a subset of the above

channel, namely the auasi~four-body events of the type
Kp = K*°(890)rr"rr"A++(1236) ~ (8.5)
selecting such events from our data by the cuts .
0.82 < m(K™ M *) £ 0.96 GeV/c | (6.6)

end 1.12<n(prr) < 1.34 GeV/c . (6.7)
Ve require that 6.6 is true for one of the T 's, and that 6.7 is
only true for the other TT+; ' '

OQur reessons for making these selections are as £ollows§

(i) The K*O(SQO) and.zﬁs++(1236) resonances are very strongly
produced in procésses G.1 and 6.2; we expect that this will
also be the case in DDD,

(ii) Strong product1on of the K and 2\ are in fact indicated
by the K- TT and pTT effective mass spectra for reaction
6.4, Out of 1427 fits, we have about 900 K*'s and eas many
O\ 's. Vhen we examine the m(K_TT+) vs m(p1T+) triangle
plot (not shown), we find that the numbers of events in and
around the K* — overlap region imply that there is ﬁo
significant interference between these resonances. In other
words, the triangle plot distribution function fectorises -
in this region.

(iii) Of our 1427 fits to reaction 6.4, 327 are incorrect and arise
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from smbiguities in distinguishing the final-state K from |
the T 's. However, the provortion of misfitted events will
be much less when we select o shafp resonance such as the K*.
(iv) Ve remove from our sample events corrésponding to & host of
nondiffractive renctions, and to the single diffractive
dissociation reactions K p => (K 41)p and K p => K (47p).
(v) Above all, the aﬁalysis and simalation of the data is con-
siderably simplified when we restrict ourselveé to quasi-

four-~body events,

We have 172 events of the type 6.5, The Cill. longitudinal
momentum distributions of the particles are shovn'in figure 6.3.1,
and the preponderance of forward K 's and backward Z\ 15 indi-
cates (as we woﬁld expect) that the reaction is peripherel 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 peals.

Our aim here is to see if the data can be explained by the
process of figure 6.3.2(&), and we have tried e 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 Z\TT 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 K o1~ anda N~
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 diffraective

in nature,

To check this, we have predicted the shaves 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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FIGURE 6.3.2
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thése histograms, . They were calculated using the nultiperipheral
nodel of Chan, Loskiewicz and Allison (Ref. 6;1),’the."CLA Yodel,"
In this model, the overall amplitude is taken to be an incoherent
some of contributions from tﬁe various rultiveripheral granhs, which

in this particuler case are the graphs of figure 6.3.2(b).

The parameters used in calculating these graphs are the same
es 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 lModel, with the Pomeron exchange graphs, gives a
feirly good revresentation of the data, It is interesting to note
that it falls short of fitting the effective mass épectra in pre-
cisely the same way (and for the same reason) as our Double~Regge—
Exchange model calculations in Chaptef.4 failed to fit the corres—
ponding mess spectra there., (This reagon is our failure to take

. R
proper account of resonances in the K T and AN\TT 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. Ve assume that the Pomeron ex-
change amplitudes can be factorised (in the simplest sense) and
find that | |

Gy =S .Oxr . p(oN).p(Kp) ] (6.8)
Skp p(0p).p(KN)

In this expression, 0 and N refer to arbitrary narrow masé
regions of the K*O(SQO)TF- and 2D 1F(1236)T” systems respectively,
and the (3’''s 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 systens.

We calculate the right~hand side of eqn. (6.8) by taking the
: 2
cross—sections given in Chapter 4, and using mQ=1.5 and mN=1.8 GeV/g
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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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 mnber
(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 examnle, fig. 6.3.3(&) shows a strong peak

gsimilar to the Q meson, and also a hint of the L meson.

Obviously, we have very strong circumstantial evidence to
the effect that recction (6.5) is dominated by Double Diffractive
Dissociation. To prove this beyond doubt would require 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 date. This is the squared four-momentum carried by
the Pomeron; what we have actually plotted isy to be. precise, the
smaller value of /t—tmin/, this quantity having been calculated
(fpr eech event) for beth orderings of the pions, tmin is the
minimum value of t that can occur given the effective masses of
the KT~ and Z\TT™ systems. ' In short, figure 6.3.5 is as sharp

a8 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
the gravh) to be ebout 2.35 GeV™2, 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 TTTT 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 stﬁdied here, we find»
strong indicati'ori_s that ilnelé.stic,diffractiqn occurs, The cases’
K -§/\; and p -)'/\K are important in that all our other examples
of inelastic diffraction .hé.ve involved pion production. These cases
are rare because of the high "pags 1ift" which must be given to the,.
incident na.rtlcles, and because of the low Dha,se space volume for

(e.g.) a decay N —5/\1{ in comparison with N SATT .

The occurence of double diffractive dissociation is expeéted‘
on "factorisation" grounds, end it would be very remarkable if we
did not observe 1t. We can say that the bulk of our data on the
 reaction K p - K °(s90)TT TT-AH(1236) are compatible with the
hynothes:.s of DDD, with a cross—section of not much less than BO/u.b.
(with Ko -~ KT *).

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 o discussion of the
elastic scattering of hadrons, a phenemenon which ot mediun and

high energies is predominantly governed by Pomeron 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 abnponch to this is through the idea of diffrac—~
tion as being the ontical "shedow" of iﬁelastic processes. To make
progress, we have to make some sort of assunption about these
inelastic processes, and at its simniest, 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 wove~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" pariiqles

in elastic scattering.

ﬁere, we shall assume the principles of Duality and Unitariﬁy;
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 ampiitudes, but assume that the relevant .
anmplitudes have the properties of duality, crossing symmetry, ete.
which are necessory to give meaning to their representation in terms

of "dual diagrams".

. All that we shall say in this context is only strictly true
for meSOné, which can be regarded (and drawn) es pairs of quarks.

A reaction ab —> X, vhere X is an arbitrary system, can be drawn
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in just two distinct wavs, i.e. where a quark line is exchanged

between a ond b, end wvhere this is not the case (and X = X1+X2).
Q\/@X' :
=X |
b= BTN
X,

Note that the first of:-thes‘e implies thé existence of reson-

These can be illustrated like this:

ences between the mesons a and b, whereas the second does not, Ve
now invoke unitarity to express the forward elastic. scattering

amplitude between & and b as a sum over intermediate states, i.e.

In<ab] T|ab> g%(mh]r}'{xhﬂ@) | (7.1)

This, of coursé, is no more than the familiar Optical Theorem.

Expressed graphically, it is as follows:

a o s 5
<&blTlX> = >~AA-X o+ |
b~ | % b

<ab\T‘}i><XlTTlab> = X
: : b/ b
_ a a a : a
< Im <e.b\T\ab> = + *x *
(7.2)

where we have introduced twisted provagators (denoted by e cross)

and & non-planar loop diagram, (Ref, 7.1) The first term of eqn., 8

(7.2) is no more than a simple four-point function, with reggeonsg
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in both the s~ end t—chennels., It has nothing to do with the
Pomeron, and will become insignificant at high energies.  The
second term, thon, must account for the bulk of high-~energy elastic
scattering, i.e. diffractive scuottering. Showing the quark lines,

we can draw it like this:

A -

b - b

and it will be seen that there is no net
exchange of quarks between & end b, So, this diagram revresents
the exchange of four-momentum, but no quantum numbers, and this
exchange is not dual to any resonances_in the s—-channel, We will

associate it with the Pomeron.

The arguments given above are 6versimplified, and open to
objections concerning, in particular, the nature of the summatidn
over tﬁe intermediate states X. Some authors (Ref. 7.2) suggest
that this diagram is simply the lowest—order term in a series of
multi-loop grephs which together build up the Pomeranchuk singuler-
ity.

The non-planar graph above has been caléulated (Ref. 7.3)
by "sewihg" reggeons, i.e. by joining together two legs of a six-
point pravh without loops, and elso (Ref, 7.4) by Nielson's
inpenious electrostatic analogue (Ref, 7.5). The results are in
agreement with one another, but the amplitude found is exceedingly
comnlicated, and there: is a sefious difficulty with its normalis-
ation, The most sigﬁificant finding is that the Pomeron behaves
like a trajectory ﬁith&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 diagrans 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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FIGURE 7,1,1

(a) {} = Pomeron Exchange

(b) -

(e) -
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identify them with reduced graphs containing thevprimitive
"tadpoles" of Ref. 7.6. This sort of reduction is a du&lity
trensfornation, and for more general cases has been investigated
through algebraic tonology (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 theiline to which it is attached; in a renormal—~
ised theory, they would be redundant, self-energy effects being

taken into account in the pronagators of the bare lines,

Unfortunately, the dual resonance model hos 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 Chanter 5} in phenomenclogical applications of it,
On the other hend, such applications (usually using the B4 and B5
functions) have been surprisingly successful, and we are encouraged
to hope that the problems of renormalisation and unitaerity will

not be insurmounfable.

Lovelace (Ref. 7.7) has investigated the proverties of the
Pomeron as described by fig. 7.1.1(&), and the resulting express—
ions for Pomeron propagators and vertex functions have been incorp-
orated into o phase shift analysis (Ref. 7.8) which enables K+p
elastic scattering data to be exnlained consistently over a wide
energy range without any necessity for introducing exotic reson-—

ancese.

e have alreedy mentioned that the calculation of the graph
of fig., 7.1.1(a) suggests thet the Pomeron should behave as a
trajectory with half the usual slope. This is i agreement with
data on pp elastic scattering from Sernukhov (Ref. 7. 9) which was
fitted to a slope of 0 40 + 0. 09 GeV for the Pomeron,

We also notiéé.tﬁat the Poneron éxchange graph for, say,
the process ab -§.ab can be turned (by a duslity transformation)
in to the graph for ab ->.Eﬁ. In other words, we have "puilt in"
the requirement that particles and antiparticles should behave
/ similarly in elastic scattering at high energies. This was one of
the original theorems of Pomeronchuk, and is in fact fairly well

obeyed.
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Baryon~-entibaryon scettering is an exception to this., It
cannot be revresented by the grnnh'we have drewn, vhereas baryon—
beryon scatteriug can be, Exverimentelly, there is in fact a
significaent difference between, for examnle, p» and';p elostic
cross—sections at high energies. This serves to remind us that

much of what we have said in this section can only be sirictly

justified in the absence of baryons.

Nevertheless, we have built up e picture of the Pomeron

which enebles us to understand, in a simnle way, many of the known

properties of elastic diffraction, We shall find it enually useful

for understanding inelastic diffraction.

Bt et T P e s
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7.2 THE OUANTUM NUI'BERS OF THZ POMERON

The idea of the Pozeron given in the previous section can
be anplied to inelastic as well as to elastic nrocesses, and it
is then obvious that the Pomeron does not carry any additive
quantun nunbers; i.,e. diffractive scattering cannot involve the
exchange of strangeness, hypercharge, charge or isospin, Many.
peonle would regard this as one of the definitive »nronerties of
the Pomeron. In our picture, this follows from our use of the
"naive Quark 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 experimentally.

- The spin and parity of a diffrectively-pnroduced system wiil
in generdl be different from that of the incident narticles; but
it will belong to the same spin-parity series. In other words,
the "naturalness” of snin-parity is conserved, This is the
"Gribov~liorrison” 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 wvhether it is merely a good approximation,

Since the Pomeron seems to carry no quantum numbers, it is
difficult to see how it can he ﬁ quantised object. It is, in fact,
‘misleading to speakﬁﬁf;ﬁPomerons“ as if they could be enumerated.
The absurdity of,_séy,f"double Pomeron exchenge™ is in full accord

with what we pointed out in the previous section (fig.b7.1.1(c)).
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7.3 FiCI‘O*lISABILITY mm Pmmmaﬁmlw

In Chanter 4 we were able to explain the 0 enhancement in
three distinet wa&s. In the framework of the Dual Resonance Yodel
these are understandgble'as different views of the interaction

defined by this graph: _ TI'

P P

It is trajectories, rather than individual regonance‘é, ’irhich

2

are input to this model; so it is natural for us to describe the 0.
(and L) neson as a Recge recurrence of the kaon. U51nn a. s1mn11—'
fled'partlally dual nodel, this idea wa.s nut to theAtest 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 usged in Chanters 4 and 6 aséumed,
essentially, that the amplitude for a diffractive process can be

"factorised", i.e. that this sort of reaction:

> .
}4 o
S LN

(2) 2.

9

hes an amplitude of the form ' _
/&) = F(a;,t) . —-—SL( F (qz,t) | . (7.3)

where F1 end F_ are functions qnly of t and of the variables 9y

2

and q, 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

functionsF1 and F, can be written as a simple exponential in tj en
: [= B . .
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important varameter in this renresentation is the coefficient
of t in the coefficient of + in such an exnonential, i.e. the
"slope". Since these "form factors" are multiplicative, the

sloves are additive,

It follows from the above that the differential cross—section
for o diffractive process will have an exponential dependence
.on t, end the reactions we have studied were found to occur with

.the following slopes:

(i) Xp->Kp 6.9 GeV2
(1) Kp K (mw)* 6.4 M
(iii) Ko = K (T~A™) 4.6 "
(iv) Kp => (K % )p 7.8

(v) Kp = (K °q ) m A < 2.35

We see thaﬁ; while all these diffractive nrocesses are peri-
pheral, some are more peripheral than others. Ve can understand
this by visualisinp inelastic diffraction as virtual elastic
diffraction. For example,'ﬂ'-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 T p scattering. Reactions (iii) and (v) dep~
end on K T~ and W 7 scattering respectively, and we would inter-
pret their low slopes as evidence that (in the optical model) the
nesons have a lower interaction radius, i.e.are smaller than ﬁrotons.
In the case of reaction (v), the.slope is depressed still further

by the low value of s which must be apnlied in this case in eqn,(7.3).

Tb sum up, we[ﬁﬁ{e found tﬁfoughout this work that, in spite
of the undoubtedly ﬁomﬁlex physical-stfncture'bfﬁthe.Pbmernn,'the
amplitudes for difffactive processes can be approxinately factor-
ised in the form (7.3), though the details have varied accofding
to the models we have used, In other words, Pomeron exchange can
be parametrised -in the same way as Reggeon exchange, and this sim-
ilarity is what hes led to the definition of a "irajectory" for

© the Pomeron.
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Empirically, it is found that the Pomeron trajectory must
have a high intercept (close to unity) end a much lower slove than
do "normal" trajectories., This implies that the cross—sections
for diffractive nrocesses must fall slowly, if at all, as the
incident beam mohentum is increased, In fact there is some theor~
etical justification (Ref. 7.7) for sunposingz that they behave
like (log s)_l with respect to elastic scattering cross—sections,
wvhere s is the s7suared total C.M. energy. At the same time, average
narticle multinlicities 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 associnted 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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. APPEXDIX A

Elastic X » Scatterine at 10 GeV/e.

In this appehdix we shall examine the elastic scatter—
ing data so far obtained in our experiment. This elastic
scattering is overwhelmingly diffractive, i.e. it can be
regarded as due to almost pure "Pomeron" exchange 5etween
the two particles. (This fact is confirmed by the extreme
rarity of the reaction K p —> K°n at 10 GeV/ec ; if the elastic.
scattering involved an appreciable amount of isovector exchahge;
then the K p => E°n cross-section would be of the same order -
of magnifude.) ' '

. In our data sample, there are 16,261 events fitted to
the "elastic" hypothesis. These are highl§ reliable fbur-consQ
traint fits, of which only 30 are ambiguous with other hypo-—.
theses. Figure Al shows the logarithnic t-dlstr1butlon for thls |
data, The line superimposed on this is a straight line fit to
the data in the range 0,1<~-t<0.4 .

The region ~t <0.1 has heen disregarded in the fit
.because the events here involve a very short proton track in
the bubble chamber and are difficult to observe on film; i.e.
there is a bias against these events at the scanning stage.
This is the reason for the dip at low t which is apparent in
the first two bins in figure Al. )

In fitting to a straight line, we are assﬁming that

L)) = Kexplit) B )

when ¢ is sméll: the parameters A and Ik are found to be

A =1.328 x10° + 3% (GeV-z)
k = 6.88 + 2% (GeV )

The "slope™ k is used elsewhere in this work. We will aiso

need to know the "microbarn equivelent” of our data sample, and
we can novw calculate this (and also the total elastic cross—
section) by using the known K p total cross—section at 10 GeV/ec -
and applying the obntical theoren. -
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FIGURE Al

Logarithmic t-Distribution

for Elastic Scattering,

(g5 a) )
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The 0nt1ca1 theorem (assumlnv that the forward scattering -

amplitude is 1wog1nary) tells us that

o2 . 1f‘ma2 d“l_o

tot at
i.e., that
e
ac Otot, *¥ o
N = 5 o o (42)

where w is the bin width and 1n(\) the Sﬂraight—line intercept
from fig. Al, To find the total elastic cross—section, dis—
regarding the bicsed date with -t <0.1, we can use
'0" . i N . (~£<0.1) . exp(0.1k) . (A8)
) o1 aN_ Vel » expit. S
Then, with Cpop = 22.5 % 0.2 ub, (Ref A1), eans. (A2) and (A3)
give us o ' S

d¢ = 0.194 /Lb./event, + 3%
aN _ .

end . G'el = 3.82 mh.’ _'_l'_ 3%‘/"' .

This latter result .indicates that some 17% of all our
events rmst 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 W. Galbraith et al., Physical Review 138B (1965),913
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APPENDIX B

The Q-pole Residue Function for
Kp —> (KTI)™p

In Chapter 5 we introduce a dual diffractive model for the

reaction K'p —> {KTWT ) p, writing our amplitude in the form

A= exp(’}ktpp,) . Sppe - V(K™ ® - (R1T)7) (B1)

The Veneziano-type factor V contains poles corresponding to
the observed resonances in the KWW system, and in this appendix
we will derive the residue of the pole at mygpy = my . This .ex-
pression will describe the (KT() Dalitz plot from the decay of
the Q -~ meson,

Consider first the charge configuration KPP KT For ’
numbering these particles as in figure Bl. Note that in this flgure
all particles are labelled as though they were outgoing, With this

convention, we have
py +Pg + pg + P, + P~ 0 . ’ (B2)

for their four-momenta.,

FIGURE Bl

The factor V will contain four terns, two of which contain
the 0 - meson pole at 8jp3 = 845 = mgz. Taking only these terms,

we have

V= olyy o By (=0lyqs1m0y 5=y gy =0 oy

+d12 L] (- ,1 “

14’;'°<

120 1= °‘23"°‘53) (83)

-
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where the o('s ere the approprlate trmgectorv functlons. The

first term of eqn. (B3) ccan be written

0 0( +<>( 1+°(

Z k
0423 . . (-1) «1- | k o :
=0 - S (B4)
B,(1-, ,k~X,.) . B4(k+1-°(12,— *y5)

using the Hopkinson-Plahte series representation of the B5 function.

When o =1, i.e. at the 0-pole, eqn.(B4) hes residue

°‘23'°‘34 y '34(1;“12’"“23)

(85)
. - - . el -0t ) T
Kgge (K5 N t1=Kp5) o B (2=9¢;55S 23
which can be rearranged to give
B, (19 5y1-%55). 2 (1 Xjg)e (1-04p,)- 15° - (1-%¢y )
MACER ) +°‘34; (B6)

Similarly, the residue function from the second term of

eqn. (B3) will bg
B, (1= 551=p5). 2‘(1'*12) -(1-¢y5)- “35' (1-%¢55)

..oz14.(1-u<12) +o<14; Ny (137)'.

so that the whole of eqn. (B3) gives us

Res ' | |

(:(4222) B ‘B4(lfC£1?al-e(23)- i 2(1-0112).(1-0(23)'+‘, o
(°{35+c¥34).(1_°(23) + ‘ .
(= 14+o<15).(i-oL12) S (g 4%,)

= W, say. ’ - ‘ (B8)



128

-

To simplify (B8), note that in the ideal case of linear,

parallel trajectories

' _ 0 o '
Sgg + Ny = S+ Ky F ol (sggtag,)

2, 2
+m
> )

o o . 2
=.O(k + o(P + e .(512-11:Q +2mk

=, - 17 + o 'T (B9)

vhere T is the squared "mass" of the Pomeron. In similar fashion,

we obtain

oy, F °<15 = o<23 -1 + T , - (B10)

and inserting (B9) and (B10) into (B8) we find

V= '34(1"“12’1“"23)'2“'T'(g'“za""‘lé) = (g + oty,) ;

(B11)
NO',
ol + o, = K%+ ot%% + o (s, +s, )
34 14 P~k 18347514
. ot + olx + o, ((pgtn,) 24(p+p,)7)
: ¢ k AREE: Hhe 174" 7
= 0+ o*'_'_ . (3a 2-!1:! 2+2p *(p.+p,))
[ VL R s P M R R
=1 +20L'.( 2+p o(p +p ))
e 4 31
sing o (» 2) = ( 2) =% ,1i takine the (or K*)
u 3 A = dl(*mk = y le.€e. 14 P
trajectory to be half a unit above the T (or K) trajectory.
Now using (B2), we find
-+ - — t . Bl2
Loy + Ky, =1 = 20t .p, (pytn,) (12)

= o'+ (T =~ 2p,°p,)

and using this, (Bl1l) leads to

)

= - - - ) ' - - .
¥ 134(1 o) 90l olga)f(oc T(1 o P,

1
«23) + 2o Py

[N

'(Bié)
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Baving obtained esn. (1313); we cen irmediately write down
the corresponding: expressions deseribing the other Q — decay
‘charge configurations K m® and % 1® . In both these cases
we number the particles 3,2, end 1 in that order. For these
"~ charge stotes, two more terms must be included in egn. (B3), and
these lead to an extra term in (D13). This term differs fron
(B13) only .by t.he interchange 1 ¢=> 2 of the particle labels, and
is added for the K 11°11° case and subf.r%mcted from (B13) for
the B2~ 1r° case. "

The result we have derived, eqn (D13), has a nuaher of

interesting features. In particular, when T = 0, it reduces to

W= —2&pytp, W3, (1-o¢ 4, 1-X,,) - (B14)

&;ld this will describe the 0 — K"Tr+11'— Dalitz plof when the
0 is veripherzlly produced, C

At the pole where & 12 or 0(23 =1, i.e. for_Q_.-—) POK“ or
for 0 > K*oTr—, the residue of (Bl4) is simply =2 o('pa'p4 ,*ﬂ-nd
this describes the correlation hetween the spin of the P or K
and that of the Q. This coefficient is slowly-varying over the
" Dalitz plot. ' _ _
"Close to the K*—f?‘ overlap region on the Dalitz plet, the

B, function can be expanded like this:

4
' (. . _ 1 )/L 1 )
B (1=, ,1=-o_ )= V-
AR T-L 23 ( ;_d12 1..-../23 )/ ( ',_’,_u12_g¢23 )
1 1
= +
1—-0112 1—0(23
1/c%? _ 1/e¢?

= 5 + NN ol

(312-51[, ) + ir; m{, A (823 *) + 1E*mk*
_ (815)

Here, the widths of the P and K*(SQO) resonances enter through the

imeginary parts of the trajectory functions as explained in Appendix

C. The terms of eqn. (B15) are Breit~Wigner function for the p

and for the K*, interfering constructively where the f) and K*.bandg

intersect on the Dalitz plot.:
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APTENDIX C

Regge Tru.je'ctg‘)_ry' Functions for Use in

. Veneziano Amplitudes.

A tyyiical anplitude of the Veneziano type is

M (1-ot(s)). T -(t)) ~
V= , (c1)
M (1-t(s)-x(t))

and this will describe, for example K 1T+ —> K™ 7T  scattering, '

It has poles et positive integral values of o« (s) and < (t}, and
close to the pole at, say, oK(s) = n we can expand it in the form
v~ M (1-(¢)) Ly

T (1-n-(t)) (n=1)! o((s)=n

1 1

If &< (s) is real, this pole is in the physical region, violating
unitarity. So, we add & small imaginary part to (s), putting

in the form
X (s) = o’ +ox's + itX”(s‘-so)x. 6 (s-so) (c3)
Then, if Re O((sres) =n, (C2) becomes
1

Vel — ' | (c4)
£ (s—sres) + ImX(8peg)

close to the pole. This is simply a Breit-Tigner in s with the
half-width

r

i.e., we must choose the tra.jectory parameters so that .

. y _
res "res Im“(sres)/“ , . »(05) _
" ' ¥ e '
R (sres = 8,) =o r‘resmres ' A (06-)
as well as |

L] Y] '
™ + o8, =1 = spin of resonance . (c1)

| (c2)

s e et e et
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The parameter so represents the value of s at which we
begin to add an imaginary part to o (s), and we (_:hodse this to
be the threshold mass smuared for the channel concerned. For
example, in nt —> K"1r"  the s-channel trajectory function
must be réal below iso = (my + m )2. — )

Fron (C6) it is clear that at high values of Sreg ¢ Where
Sres® So s -

" )2 Y-1

Presx 7 (mres

o (c8)

and if the widths of our resonances are not to decrease when the
masses become large we must have )’), 3.
Returning now to eqn.(Cl), we see that at large s and small

t wé can write o ,
v (i'-o((t)).(l-o((g))"‘(t) - (c9)

which is the correct Regge limit when ol (s) is real. When X (s)
is of the form (C3), (C9) becomes.

3 . \ “ b
v Da-a@). o) (oora®itin(s-so)f )™ ()
or, since we are considerinz large s,

v= [ (1-«(t)).eiv°‘(t).(«'s +iagh)™ (t) (c10)

From this, we can see thet in order to retain correct Regge
asynptotic behaviour we must have ¥ < 1. So we must choose the
exponent y in the range 3 < Y < 1. Bearing this in mind, and
ausing (C6) and (C7), we have chosen parameters for the .K*, [) s K
and JU trajectories used in chapter 5. These are tabulated in
fig,Cl, and the corresponding Chew-Frautschi plots are showvn in
figs. C2 and C3 for comparison with the known masses of the
resononces 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, 197(5 Review of Particle Properties.
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FIGURE C1

Table of Trajectory Function Parameters,

0 7 "
Trajectory o X X Seo X
* ,
K 0.35 0.82 0,095 0.4 1
(3 0.48 0.95 0.11 0.078 3
K ~0.166 0.68 0.0535 0.244 1
I -0,017 0.88 ( Not required )

In deciding on these parameters, we first obtained o’ and
o in each case from the Chew-Frautschi plots (Figs. C2 and c3).

Then, using 8, = squared threshold mass, it remains to fix " and

X For the P trajectory, where the P s ¥ and g mesons appear
with almost equal widths, we use X =% ., PFor the K and K traj~-
ectories, we use Y =1 . o

In calculating o" in the case of the K trajectory we have
not, for reasons exp;l?é'ined in Chapter 5, taken the Q0 width into

account.




133

FIGURE C2

*
K and K trajectories

T and pitrajectories

£(1260)

Y
W

3.0
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o N N
FIGURE C4 K  traijectory

o |
o.1.r(GeV/c ) .I K" (1420)

0.05
0.0 —t + > s (GeV/c?)?
000 » ° 1.0 . . 2.0
FIGURE C5 K trajectory
0.2 (GeV/e?) " o ‘
. H*0(1330)

0.17%
0.0 «Kl494) — for —>
0.0 1.0 2.0 3.0
FIGURE C6 - #traiectorx
2
0.2 7 (GeV/c™) |
_}f(1260) . -
L[ £(1660)
Y
S
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APPENDIX D

Isospin Analysis of the Reactions

Kp —» KN and K p —» ETN

The purpose of this appendix is to derive relationships
between cross—sections for the wvarious K-p ->'EfTN reactions,
paying particular attention to the isospin of the TN system.
The results are made use of in Chapter 3.

By way of introduction, we will first exemine the K p

ﬁ>‘EN amplitudes.,

E n —> KN

This reaction occurs in two charge states, namely

Kp-»>Kp - . (p1)
and K p=>K'n A (p2)

and we will denote the amplitudes for these two processes by
Al and A2 .

We introduce total isospin emplitudes Fo and Fl s vwhere
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
Al = 1;(5'1 + Fo) . ‘ (p3)
and Ay = H(F, ~ F) . (p4)

Alternatively, we may use t—~channel isospin amplitudes

Go and G, , corresponding respectively to isoscalar and iso—

1
vector exchange particles., In this case, we find that
A= %(Gl +3:_ Go) o _ ' (p3)

It is important to realise that the A's, F's and G's are
no more than alternative choices for the two isotopically in-
dependent anplitudes which must contribute to the K p -)'fk

reactions, Al_and A2 are useful because they relate directly
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to the cross—sections for feactiéns (1) and'(D2). The F's and
G's, on the other hand, ere introcduced because ther cqrfespond
to definite I-snin states in the s and t chanrels and -so are
nore »hysicnlly relevant than the A's,

Now, 2t 10 GeV/c incident K~ nonentun, we are well ahove
the s-channel resonance region where the total K p isospin ‘
would be importent. The C.H.S. energy is 4.40 GeV, and for such
a system the isospih is not well defined, It would therefore be
very surnrising if the K—p.-a‘fﬁ emnlitude were dependent on the

total I-spin, and we can scy that

- It follows, using erns. (D3)-(D6), that
A\ =F =F = ‘}Go _ (p8)
and Kyg=G =0 . ; (p9)

We conclude that the elastic reaction (D1) will occur,
wherees the cherge—exchange recction (D2) will be suppressed,
If we exomine the t-channel, this elastic scottering will appear
es the result of the exclizange 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 regoard
our premises as being any more fundamental than our conclusions,

Suffice it to say thats’

for K p - KN scattering at high energies,
the dominance of Pomeron exchange implies,
and is implied by, the fact that the scat— : (n10)
tering is independent of the s—channel K p

isospin, ¥

Knp — KTTN

We will write the anplitudes for these reactions as

4, = A(Kp = K°Tp) - (p11)
Ay = METp > K %) | : (p12) -
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| Ay = A(Kp > Krta) (p13)
and A4 = A p > K°1T°n),,. (p14)

These can be decomnosed in terrs of three independent iso-
spin amplitudes, but these can he chosen in various weys. Ve will
meke two such decompositions, If IS, IT end IB are the isospins
in the channels shown in figure DI, we firstly consider amplitudes

FTB labelled by IT and IB s and secondly amplitudes GSB lebelled

by I, end IB .

S

B .. . + o1 3/2. .
The F”~ vhich contribute are F; y F.“ and F . Referring

1 1
to figure D2, and using Clebsch~Gorden coefficients, we errive at

the relations

34, = - 2 Fl’} + Fla/ 2 (p15)
. ,
My ==~ [5/2FF +[3 Fl'z’ + [2 13/2 (p16)
3 o : 3/2
34, = 3 ‘Fo - Fl; + F (p17)
3, = ~ZF>* o+ J'éFla/z (p18)
1 _ | ,
The GSB are Go% y G;° end 613/2 ; in terns of these (see fig, D3)
the A's decompose like this:
afa = 2 Go’} -2 Gl'} - (;-13/ 2 (p19)

off Ay = - ¢t - g? +,f§'<;13/2 (p20)

f

o 1
28 Ay = Jz Go”} + ]2 Gl'z’ + G13/ 2 (p21)
off &, = - Go'} + GI% - 2 613/ 2 (p22)

1°? A2 and Ag are experimentally measurcbles

this is not possible for A4 because it corresnonds to an unfittable

reaction., Disregarding their absolute phase (as we must) the three

The magnitudes of A

indenendent isospin:qpﬁlitudes (hpveverxwe choose them) involve
five real nwabers, #ﬁdiﬁe cannot extract these from our data withe
out making sone &ssﬁmptions.

In view of whet we found for the K -e>ié¥ reactions,.let

% G%'-

us exanine the conserucnces of assuming that G° = Gy
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FIGURE D1
FIGURE D2
X . . 0
\ I, I, /
K"/ \N
p
FIGURE D3
. X
=
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In this case, it follows ensily th=t F.* = 0, i,e, that iso-

1
vector exchanae occurc only when en I = 3/2 TTY systex is pro-

duced. So we have (omittinc théVIT suffix)
3y, = /2 (p23)

1. ‘ -
o S CYZR [§‘F3/2i9 , (p24)
G . PP - A - (p25)

ot
-
]

]

8A3

Writine /"‘1/2 = o‘i , it fo11§w; that

/F%'/2 = ‘2/9‘(0"‘2 + 0, '361) : | | (DBG)
/F3/2/27- -0, | | | o (per)
| 6 3‘Re(F%.F3/2 *) = 5‘3 o+ 3'0'1 - 20"2 (pag)

and since both sides of (p26) must be positive, we expect to find
that :
&, + 05 P 30,

end this will préovide a test of the essumption that Fy

- (p29)
’}=o.»

Another simnlifying assummtion which will prove useful is

’

that interference can be neglected between the various isospin

]
amplitudes. Applying this to eqns, D15-D17, and writing /F/~= 2%,

we getl ' , , .
00, = _4_5..'1% + 213_/2 (p30)
00, = 3/220ir + 1}21'} + 2213/2 - (D31)
. 2 | 2 B
o6, = 320‘ + Zl% + 218/ (D32)

vhich are easily solved to give the Ei's in terns of the known

cross—sections 6'1, 6’2 and 6"3 .

Finally, consider the isospin of the (rt )" systems which
are produced. in reactions (ii) and (iii). It follows from (p16)
and (D17) or froa (D20) and (D21) that the ratio ‘

R = 0'3_/0’3 - (p33)

will be enual to # wherever I(TTN)+=%, and 2 wherever‘I(TTN)+=3/2.

For this reason the ratio R is a useful clue in investigating the

production mechnnismsg,
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APPENDIX B

Longitudinnl Yomentun Phwge Snace

for Presentation of Date,

Data on the hlnh—energy collisions of hedrons can be
rresented! in voarious ways, according to vhatever aspects of the
dete are of interest to the exrerinmenter, e Lescrlbe here a
technique (Ref. El) which is particulerly useful for disnlaying
the features of three-body (or suesi-three-body) final states.

We exploit the fact that p&rticlés produced in hadronic
interactions have transverse morenta which are generally restric~
ted to a few hundred YeV/c. At mediun and high energies ( heam |
nonentunm greater than, say, 5 GeV/c in the lab) the tronsverse
nomenta of secondary particles are therefore considerably lower
then their typical longitudinal nomenta (which we will take in
the CM frame) . So, we can ignore the traﬁsverse morenta and
consider the longitudinal momentum phase space,

Denoting the longitudinal monmenta of three final-state
particles by q, (i=1,3) and their masses by m; 5 we have by mon—

entur conservation

;z: q; =0 _ (1)
1 .

and by energy conservation ' i
2 2,% '
)= 2
Eéz(qi +m )& B (E2)
where the equality holds in the latter eguation when the transverse
momenta are neglected, Since we can also ignore the my compared

with the g, at high energy, (E2) leads to.

/ol By, 0 (£3)

Now, (E1) implies éhét the q; 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 flgure

El. If (E3) were exact, events plotted on this graph would lie

~
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along the boundarj~of'£he'hexa"0n, but insofar as the ml'and the
tr:nsver se monenta are not exactly zero the events will actuelly
-lie slightly within the boundary. : :

A "Hexagon Plot" of the type descibed shows the longitudinal
morenta of the three particles, and the correletions between thenm,
in a clear and éasily digestible way. Each face of the hexagon
can be associated with a particular rultineripheral greph, as is
shown in Fig, El. |

A.useful econorry in presentation can be made by plotting,
rather than the hexagonal scatter plot, a histogram of the angle
W (see fig. El). This angle will be given by - ' '

NELE

tan (0 = ———o— - (R)
1, + 2q4 R

Various extensions and ref1nements of the longltudlnal
momentum phase space technique can be medej for exanple, some’ of‘
the information lost by assuming that the transverse momenta are
negligiblé can be retained by making scatter plots of the angle
(V) 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 E1 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
Refvo 1 .190
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FIGRE E1

The Hexagon Plot for Longitudinal

liomenta of Three-Particle Final States.

B —

T 1143 Y T 11
q
3
B e—y—2
T 1

B=Beam, T=Target.
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