
A STUDY OF 2-PION PRODUCTION IM 10 GeV/C
K'

Barry Alper 

Linacre College

Thesis submitted for the degree of Doctor of Philosophy

in the University of Oxford

September,1970



CONTENTS

ABSTRACT

Page 

1

Preface

Acknowledgements

CHAPTEH 1 IHTHQDUCTION 1

1 History of the Experiment .*.....,..,,....«* 1

2 Measurement of th© U-prongs at uxford ...... 2

3 Mass resolution of th© K"*V*V"" System ....... k

It The one-constraint Events .................. 7

5 The Available Data ......................... 10

6 The Van. Hove Plot .......................... 10

References ....»....,.,.».,.....*...«....... 1?

JL. . ^2 THE K?r . ...... _. ... _ 18

1 Introduction .*..,,,,.....,.........,.,.... 18

2 The Baryon Vertex .......................... 20

3 The Dflrr-Pilkuhn modified OPS Model ......... 21

4 Kw Scattering .............................. 30

5 Conclusions ................................ 36

Heferences ,.......................,....*.,. 37

CHAFTEH ? THE Kirar SYSTjSj-o 38 

1 Introduction ............................... 38



Page

2 The Ktw Mass Spectrum at 10 Gev/c ,,...„.,. 41
3 The Ambi/^ou-r ^veafcs .,..........•.....••*• k3

4 Product^™ Characteristics of the <<*
Enhanc- t ..,..,......„.......*....**..»• 44

5 Contribution of th© K*{142G) to the Q Heglon ., 45

6 -.lar Properties of t- < //r System ....*. 46

7 DalitZ riuU ;=*:.:• ui L.;;^ H, »».,.*»»..»«« 51

a) Unique Spin-parity ..,......,.••*•••.•»

b) Inclusion of an t Term ...«,,•.,.,.*.

c) Pits to pairs of Spin-Parity States .*« 62

d) Other hypotheses »•..,«.,..«,«**...«.«« 62

e) Discussion of Results .,•..•..,..•,•••• -<J|

8 Conclusions ..,.,,»«,.*.,.»»..,,».«».«».*.. 65

References ..................*.........«..*. 67

CHAPTER 4 THE pyy SYSTEM 68

1 Introduction .............................. 68

2 The pir*V Hass Spectrum at 10 GeV/c .,...., 70

3 Production Characteristics ..*,.,....,..,.. 70

4 Angular Properties ....,..,»«............., 72

5 -'del Dependent Fits .....»...«.*.*»..,,*.« 73

6 ary of Conclusions *****.,......*....., 31

3

APPENDICES :

Appendix A: oiguities in the KW""p Final state .„ 83 

Appendix B: Calculation of KOT Angular Distributions. 37 

Appendix C: Calculation of Dalitz Plot Populations .. 91



is thesis contains an analysis of tno two reactions,

+ + -
K -V -. K f7 '11

and K p -* K"W p

at an incident K momentum of lu uev/c , ..icr* wt?r« u^c 

in the , °ra Hydrogen Bubble Chamber.

The resonances /^d^), K*°(890) and K*°(1U20) are 

strongly uced in these data. To investigate the possible 

exist f a scalar K^(llGO) resonance, calculations were 

performed un the K*° - £t*(1236), ^,*aei two-body «t«t.^, 

using modified one-ni nn-exnhange formulae. The p;

of a large I » 4, B-wave phase shift in the region of 1.1
? OeV/c is indicated but is not required to be resonant.

The enhancement between 1,2 and 1.45 GeV/c2 in Kww mass, 

present in tnese data, IB determined to have a dominant 

spin-parity of 1"*" throughout. Evidence for two I*4" resonances 

in this mass region is obtained from an analysis of the 

variations, with raass, of the decay properties of iiris system

A low mass pnvr enhancement is present in the data 

from K -n ir~p final state, only. A study of the production 

and decay characteristics of this system would seem to 

s ;st that It is composed of the I « | resonances in the 

spin-parity series i+ , 3/2" » J/2 , known from elastic TT-P 

phase shift analyses.



P R 5 F A C E

The two final states K*W"p and K°v°v p are rich in 

interesting features and provide useful material for studying 

many aspects of hadron physics. Keson resonances, both 

strange and non-strange and non-strange baryon resonances 

are all present in these data, produced in some cases by 

diffraction dissociation. The experimental work for obtaining 

the aat,a on these two channels has, for the most part, been 

carried out at Birmingham and Glasgow Universities; however, 

the analyses contained in this thesis on these two channels 

have been performed in Oxford only,

me thesis is arranged as follows: Chapter 1 is an 

Introductory chapter. The first part contains an outline 

of the measuring and fitting, in Oxford, of the events 

satisfying the K n w~p topology. The general characteristics 

of the two channels are discussed in the second part using 

the method suggested by Van Hove for displaying 4*body final 

states. Chapter 2 contains an analysis of K^ A systems 

using one-pion-exchange models. The production and decay 

into Kmr of the Q, enhancement is the subject of Chapter 3, 

The systematic® and most of the roatheaatics related to this 

chapter are placed in the appendices. Finally Chapter if. 

contains a study of the pir tr" system.
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G H A P T i

1 Hlgtory QfTr.rthemKx:perlinent

The 10 GeV/o K*p Bubble Chamber Experiment Is a 

collaboration between the uni irmingham, Glasgow 

and Oxford* Film exposures have been taken with the C.E.H.N.

2 -met re Bubble Chamber at various tiroes since December 1965* 

The separation of kaons in the beam was obtained by means 

of radio- frequency deflecting cavities, uu© tw cae pressure 

from other experiments on the Oxford measuring facilities, 

we have assisted in the experimental iims and subsequent 

measurement of thoee events obtained before 196? only. 

Consequently the major part of the data presented here has 

been measured at Birmin&aai.. and Glasgow diversities.

In this thesis « the two final states of primary interest 

are :

K+p -* KW*p (1) 

and K"*"p -* KQv+v°p (2)

All details of the beam, measurement of the chamber field 

and the reconstruction, in Oxford of tne events satisfying 

the 'two-prong one-vee 1 topology of reaction (2) have been 

summarised by Hemingway [1] and Burner [2j. They analysed 

the events from the three runs of December 1965, June 1966 

and July 1966 and found that the proton and muon contamination



in the December 1965 and July 1966 beass was considerably 

higher than in the June :• run. ?he av?.-r ...•-? r,.< ber of 

protons per fr ^ ^ u.l in the June run but more than five 

times higher than this in tne otner two*

2 Hfasurement of the li-prongs at Oxford

rue events of reaction (1) aoove satj.$i'y a 'i^prong 

no-vee 1 topology in the chamber. I'ne high contamination of

the beam in th© December and July runs mentioned above, 

that it was unsafe to measure trie 4-prong topology, where 

nc strange particle decay is observed, fron, tnc\: 

uc..:•-- iueii&i^, wi these three runs only the U-prongs from the 

June run were measured. A Binrrle separate scan for U^prongs 

was carried oiit on the 20,;ou frames at Oxford for this run,

Th© subsequent cseasur -ts were processed with the 

Oxforu auooie -,u«sr ui-uuy system of programs [3j» which 

are based on the r!ut^.*^rr>^d laboratory senucr.ce of G; "' Y f 

KJ, and v ".. The optical constants for the 

g* orioal reconstruction of events were determined by 

Hemingway [lj usin& tne program F10WOOOSB [k}»

The followitig five hypotheses were used in the ki ?,ic 

fitting to the it-prongs.

K } > K w -w"p v&^ (U-constraint fit)

i. p -> > (b) ,«^fr.>^t fit)

vS ^ K**r*w"pflr° (c) (1-c int fit)

K rp -* KVW*n (d) (1-constraint fit)

K p -* ir ('ir r ir"p K (e) (1-constraint fit)



Four-constraint or three-constraint fits were accepted over 
any one-constraint fit that existed for the same event. 

This approach was checked by ionization scanning all four- 
constraint events and only those,consistent with the 
ionization determined for the fit by the kinematics program^ 
were accepted* An acceptable four-constraint fit was defined

"V ^
aa one with a X " probability of ^ 0.1 per cent.

As our primary interest was in the four-constraint 

(i*-C) fits only, the events at this stage were divided into 
five classes as follows :

i) Unique k or 3-C fits consistent with ionization

ii) Ambiguous k or 3-C fits all interpretations consistent

with ionization 

iii) Rejected events with obvious non beam tracks or very

early or late tracks 

iv) Events which failed to reconstruct geometry or fit
kinematics 

v) Events which fit kinematics but not to hypotheses
(a) or (b).

The ambiguous events, class (ii), were found to lie 

predominantly in a region of low Ktnr mass with a short recoil 
proton. It was suspected that many of these ambiguities 
would be removed if, in certain cases, the proton had been 
correctly identified as a stopping track, as greater accuracy 
in the determination of the momentum can be obtained from 
measurement of range rather than curvature. Jith this identifi. 
cation corrected where appropriate, these events together



with those from class (iv),were reraeasured. Very little 

change in the ambiguous events from class (ii) resulted from 

this remeasurement. Of 89 that had a two-fold ambiguity 

after the first rieasurement, 7£ still had the same ambiguity 

after the second. These class (ii^ events will be discussed 

later.

In Table 1.1 is given the number of unique and ambiguous 

fits from Oxford to hypotheses (a) and (b), obtained after
«

2the second measurement. The "X probability distribution

for the unique events froin reaction (1) is given in Pig. 1.1.

•*• -+• — Hass. resolution of the K w v System

The experimental errors on the Invariant mass combinations 

for the events of reaction (1) are particularly important 

in the low mass K*W" region where detailed structure is 

suspected (see Chapter 3). As no errors were a;atie available 

to the author for the data from Birmingham and Glasgow 

Universities, the analysis outlined below was carried out 

on the uxford data only. However, as similar measuring systems 

were employed at the three universities, the errors determined 

at Oxford are hopefully typical of the whole,

The Invariant mass of the Kin? system is given by

( £ Ej) - ( L P t ) 2 (3)
i I

where the summation is over the 3 particles. Since the E^ 

are derived from the P if the errors are determined from the
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Table 1,1

duramary of the U-constraint fits to the

Oxford U-

Final otate xto. of unique &o. of fit a with
events 2-fold ambiguity

1) KW~p 882 281

2) KKK"P 29



latter variables onl . .

A 2 ) 2 - /. ^ 
•̂J ,J V J

x,y yi

y

o -if. t..i, 6.-,

after differentiating "••. (3)

2 S. . ? - 2 p tot *

tot anli ^tot arc respectively the

w-iere x»y are nations over the '.'artesian c ,

and A ipx -»Py ) is t artesian error matrix elf t

from kinematics. .:o evaluate cne Dartia. • tives

momentum of t.;o ..,/n systeui. ouosti&u&i q. i /> iato ;•/;. (14)

the error on M may be evaluated for eaon event, v.ie esrror 

on the ciass is then given by

A ri - -™ (8)



The distribution of A ugainsw *s shown in Fig. 1.2 using 

this procedure. The resolution is largely independent of 

mass and is approximately £ 10 BeV/c2 . A similar analysis 

[5j on the events of reaction (2) yielded a value of 

1 20 r.ev/o2 .

4 The one-constraint events

For the * two-prongs, one-vee* topology of reaction (2), 

the K° is uniquely identified ana trie proton can usually be 

distinguished by ioni^ation. The amount of freedom that is 

available for fixing the identification of the remaining 

particles is therefore drastically reduced* This is not the 

cass with the U-prongs,where many possible permutations of

track identification are possible. . 10 GeV/c, in many
•f •*•

cases n and K assignments can be -hanged freely for

any particular track,with the attributed ionizations 

remaining unaltered. This introduces considerable freedom 

In the one-constraint fits and in most cases many possible 

Interpretations were found to occur for each event. lonization 

scanning of these events was attempted by the author. A 

unique interpretation consistent with ionization was found 

in only a relatively small fraction of the events. Table 

1.2 summarised the results of scanning a quarter of the 

Oxford sample of film. The numbers have been cut off above 

3-fold ambiguities. As can be seen the number of 2-fold 

ambiguities is comparable to the uniques,making any use of 

these events extremely limited.
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Table 1.2

Summary of the l-constraint fits to the 

sample of Oxford U-prongs which was

ionization scanned

otate No. of unique Ko. of fits No. of fits
events with 2-fold with 3-fold

ambiguity ambiguity

1) K»"V«r 20U 290 31

2) vrV'7/rV-0 107 120 23

3) K"*WV"n 48 72 33



Ir M V the beam 'stretch ftmn.t.ionf* 1 &***> shown 

for ith, dip and reciprooal of 

for the unique fits to hypotnesis (o) before and after 

lonisation * ing a sample of film. The stretcu i 

which is given by

^fitted * ^measured
(9)

oX > <^ M . meaa* raeas. xlt. fit

for a quantity X , wiiere < > : ifies the error matrix, 

should approximate to a Gausslan distribution with mean u 

and width 1 for the three variables plotted. '^^ ^^'••t« > 

before lonlaation scanning are clearly not nonaally distri­ 

buted, being almost flat* This is not due to poor c ?r 

constants sine® the U-constralnt fits produced significantly 

better distributions. It must be due to incorrect assignments 

The distributions after ioaization scanning are better, 

though they are still too wiae^a^e?'a.ng mlsidentifled 

events remain.

A check on the correctness of the assignments to hypotm.- 

(e) can be made from a comparison with the 4-constraint fits 

to this hypothesis where the K° decay is seen* a 

measure of the cross-section of this channel with the K° 

seen, &n@ r*usoer of unseen fc, 0| s in one sample of film scanned 

Is expected, to be — 95 events. This is consistent with the 

number found in the one-constraint fltr. only if all the 

ambiguous fits are ignored (see Table 1.2). The psr* and
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K°fr* mass projections from these unique one-constraint and 

four-constraint fits are compared in Fig. 1.1*. The clear 

A U236) and K**(890) signals seen in the latter events 

are barely visible in the former.

Tuts use of one-constraint fits from the U-prongs at 

*. OeV/c seeras very limited. They will not be studied further 

here.

1 e dat

Table 1.3 shows the number of events, both unique and 

with a two-fold uity from various channels referred to 

In tmis thesis, that were made available by the three 

universities at the time of writing. The cross - c^tiona

have been determined by Birmingham University using Taus 

and a normalization to K*p total cross-sections. The errors 

quoted include a contribution from ; i a; , ;; ical errors and 

the difference in path length obtained fro:ii these two

methods [6].

6 The Van Kor« Plot

i ligh energies, the study of more than 3-body final 

state _n strong interaction processes, has been hindered 

by the difficulty of finding meaningful variables and fruitful 

ways of plotting the data. This problem is manifestly 

present in trie aata, frooi --jtioris (1) and (2) \isee ..-set ion 

1) as the trtr, KIT, K?rsr, pir and pwir systems can all resonate. 

A display of the numerous invariant mass and momentum transfer
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Table 1,3

Total data etriple available and cross-section

estimates

tflnal *>tate Ho. of unique I4o* of fits iotal cross-
events with 2-fold section

ambiguity

K */ 7T~p

O -f Oiv -a- -a- p

o +
K YT p (1

(4-c)

(l-c;

,-c)

6077

4244

1142

2059

JUS

28

1190*130

j.uyu-115

226-32

(4-0) 1528 90 374-45
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distributions would give information on the production

of these systems but would not lead to any appreciation of

the overall characteristics of that particular final state.

In strong interactions it r v.i • e^ known for a long time 

that single particle transverse momentum distributions are 

generally independent of the reaction involved and of the 

momentum of the incident particle. They peak at around 3^0 - 

UOO fteV/c in all cases. At high energies this momentum is 

generally small compared with the longitudinal component. 

Consequently, most of the information on an event is contained 

in the longitudinal components, iiecently Van Hove [7j has 

suggested a technique for studying the correlations between 

the longitudinal momenta of the particles in a U-body final 

state which uses this property. The principles are outlined 

below.

In the centre of mass of a U-body final state, 

conservation of longitudinal momentum is given by

V P* . - 0 (10) 
^_, 1

and conservation of energy by

2 = , (11)

2 2 2 
Here r, = p* ; + m, , i.e. it equals the sum of the

1,1 *
squares of the mass and transverse momentum of each particle.
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At .".igh t lea generally the relation rt <

i (1) may t icoa by

2 2

The constraints (Iv) - i^} require every event in 

longitudinal phase space ty A;*.U ^ifchin a polyhedron with 

faces, a euboctahedron, with each face being either a square 

or an equllatarlai triangle [Bj* /-.s the •• :i«8 f&t higher, 

th© nearer (12) gets to equality and the nearer to the 

surface of the polyhedron tne events lie* A coordinate system 

for plotting the polyhedron may be *»™>.M by

-3

The plot may be reduced to 2-diraensions by radially projecting 

each event outwards onto the surface of the pol; -on, 

re 1.5 shows the surface of the cuboct -on 

unfolded unto a p ^tions \i) aiKi (2} for that 

half ^^es pond ing to p K < >j for the proton. The longitudinal 

fi) ree mesons for any particular point on the 

plot are >rtio :al to the po icular di from 

that ?>olnt to the three axes shown. The proton , is



p L*(Tr*-) 41
>K ,
*TT
•TT*

PL*^*)

(Faces 5,6 and 7 correspond to backward K's )

FIG. 1-5 CUBOCTAHEDRON PLOT



measured !;ively in from the hex* 1 bour- to a 

constant minimum value over Face (1)* un each face has been 

drawn a peripheral diagram characterising the kinematic 

configuration for that face. The triangles corre^ to 

three particles at one vertex and one at the other, whilst 

the squares correspond to two at each. Phase space dependence 

is complex, but it tends to crowd events near the boundaries.

Usinp t.h,e program FBODY [9]i the unique events from 

the two reactions have been plotted in Figs* 1.6 and 1.7 

on the surface of a cuboctahedron. The events not shown 

which correspond to forward protons, curttribute only ~ 3$ £° 

the total sample. The plots illustrate the dominance of 

diffractive processes at high energies. Faces 1 and 2 for 

reaction (1) and Face 1 for reaction (2) are all highly 

populace.. .-•.- c-"ie data. These correspond to diagrams where 

at one vertex the initial and final state particles are the 

same and are therefore natural candidates for diffractive 

processes. It nay be noted that unlike reaction (1) the 

process attriouted to Pace 2 for reaction (2) cannot go by 

diffractive means and there are correspondingly few events 

on that face. Face 1 corresponds to nroduntion of low rrtan** 

Kinr systems. These events -\r<>. ^t '".••. ^ in Chapter 3. Face 2 

corresponds to low mass pw*ir~ systems and is studied in

4. The bulk of the remaining events from both final

states lie on **«« 3. n^^ p.m^n^pond to K -
x

production am tuclied in Chapter 2. The few ovents

* ? association of a face with a particular pr< was 
chec*.ea by plotting separately the data that satisfied the 
selection criteria applied in si * uent r ' ers to isolate 
the process of interest. In eaoa uase, the events lay t •:" t 
entirely on the face of the plot to which they were attributed.
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from reaction (?) falling — ̂ ace '• -'"respond to '< - 

production, Tsosnlr! factors for f>. ;- ^ocess 

one-pion-exc) @l f severely cut down iction of 

these events cc ed with those or: e 3. s**e is neglig­ 

ible contribution to tnis face from reaction (1) where the 

K w system at the meson vertex corresponds to a^ emetic state.

On Face 1 of Pig. 1.6 there is a depletion c ts 

which runs along the bisector of the K and w axes, rue 

events plotted correspond to trie uniu fits to the ~ 

final state. The higher probability ki^**"«tic fit for th 

events from this final state with a two-fold ambiguity 

plotted in Fig. 1.8. These events lie almost entirely in 

this depleted region. The Van Hove plot clearly oc

thf* rtT»igin of these ambiguities. .:his regio^ <-~r
+ •t- . 

events with the K , ir and tr travelling forwards a

proton strongly backwards in the centre c as with the Kr 

and w navlng similar forward r ta. r-c is a further 

tendency for the events to crowd uv,cu ? the end corresponding 

to snail fr" momentum. In the laboratory these events have 

the K ' and ir travelling with a similar ln ?r ^ forward momentum. 

I'here is insufficient resolution for the kinematics pro 

to distinguish a kaon from a pi ^ <~ these cases, and the 

two ambiguities correspond to «r, ^change in the identification 

of the two particles. This is an inherent problem at 1C GeV/c 

and the plot clearly dr t rates why the rerneasurr of 

a sy.«jpie of these ambiguous evencs nad little beneficial 

effect. In the studies of later chapters onl 1* *'-* ^-^-..^ 

events have been used except in v. .er 3 where the low nass
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Kfnr system is analysed. The treatment of the < 3 

events will be discussed fur re.

The oul- hedron plots have been useful for obtaining 

an overall impression of the characteristics of the<^ two 

L-body channels. Their use on a more quantitative Is 

is however, severely limited by the complex phase 3 

dt lence across the surface.
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CHAPTER

THE KIT INTERACTION

Introduction

en •>-•-• -1' DQ devoted primarily to a study of 

Ktr interaction. At the present time K-?r collie Ing beams 

are not technically feasable so indirect methods have to b®

found bo study these processes. The most common approach 

is to select a class of events wnicn ^ believed tu ue 

dominated by One-Pi on-Exchange (OPE) and to assume that the 

iaror>erties of this virtual pion are close to, or e ,-olate 

smoothly to those of a pion on its mass shell. For K p 

collisions, those events represented by the Pe ;• graph 

of Pig. 2.1, where e is believed to be a pion, are the most 

fm-rnnri.ate. They lie on F^ce 3 of the Van Hove cu^o 

discussed in Chapter 1.

A study of Kw systems leads to an underst ' of the 

strai^v?-<*r? '5 » 1 meson states in the natural spin-parity 

series (J F » 0^ s l"»2"f . . , . ) with isospin I « V? and I » 3/2 

both possible. The I » 1/2, K*(89Q) with J r = i~ ai;d

with JJJ « 2"^ are well established. The possible
t- 

ui a. scalar iJ* * ,' c-s^nanc>; 1 .^ in question.

The Veneziano F^odel would expect it to h«*c ;,. uiass of 0.89

Gev'/c2 as a daughter [1] of the K*(89C) f whereas t. lark
* 2

would prefer a mass nearer 1.1 GeV/c « ooth ruodels

point is discussed further in Cer 3> iion 1.
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predict no resonant I - 3/2 KIT ifc ctlon. Lovelace [ 

; a unitarised form of the Veneziano ie

c ;itative predictions of the I * 3/2 interaction. A

comparison of his predictions with experiment would be very

useful,

Trippe et al. f3] have suggested the possible existence
' /

of a wide 0 Ks? resonance centred near 1.1 GeV/c * I'hey

a similar class of events to tnose represented in 

Fig. 2.1 at an incident moment «« vf 7.3 GeV/c. Pheir

^stion was motivated ,. • : observation of a high back-
&- 

ground 01" ,vots in K r7)~ •:.$., occurring between the K (890)

d i^ (1^20) peaks which was not present above this region.
+ „,+ + . . ... . 3 same effect is seen i* t^e reaction K p ^ K tr v p In this

experiment (Fig. 2.2). The events shown correspond to the
A "**"*" 2

lection of the A '(1.12 to l.U GeV/c ) produced with a
2 

ntum transfer of A < ^*5 (GeV/c)\ ,:ue rrippe analysis

had a relatively small number of K°-?ro?r p events making any

termination of the relative I « 3/2 contribution alnost

Attempts have been made to determine the I a 3/2 

Interaction [Uj by studying events where a K"V~ or K"*V* pair 

-f^nr at the meson vertex of Fig. 2.1 but the analyses have

.pered by large backgrounds from more do channels.

The study of KIT cross-sections and scattering .:lar
r*

iiistriuutions as a function of A," needs very high statistics. 

i-iyses axuzi^ uuti^e lines are being carried cut by various

groups [;,„ ~3ing the data on a K*p ;? rro/i n^t- .uiuu^-., rape 

ase high statistics are avail res
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combining events with a range of K* beam r from 3»0 

to 12.7 Gev/c. Backgrounds from other processes, which will 

vary from momentum to nomentua,, WAX! be poorly ^r^*-^-* 

vn.v, '-^v effects •—~^tain. The analyst* carried i 

is on data from 1C Getf/c only.

A r^«sure of the validity of some of the assumptions 

required to a;.-ply the OPS model to the Kv vertex can be trade 

by testing the model on the ir*p vertex where the or- i-s 

propsr- a. ,he scattering angular distrv ^-^

& f proton i 7"* t^fi ^p centra of rcanp Is ••' d©d 

in the form

• ^>. -r

L i'i

where *^» angles ar« with respect to a --Axis t^r^n as the

direction of the incc nroton and a Y-axis as the normal
0 

to the production plane, "he variation of the its W, ,

/lyifl iSi WITH n-°T "'lA^CS r, v<r.-, c- ' •< *t».--'- ' . i • '-{ * r»T*
CiUlUk »» . VfAWl* Jk/*' tt.ifc.4OO !_4J- 'w' ttJ • ! - " ... « - * ! ^ i V/i

*4
. ,, -f -^ •• « T , OO-^- « » .

C^ •* Ot T* fih tfi ' "T? '"^"'~ "^^ *3 ?*^ fi iv "7^" .•**'•" Y\ T^ #"% T^% T°* i' •• " s f t i_i /"i\y ̂ Ti **"\ i" ''^ T • f Tjjuciuess ** • .' --«p«fi •-. '•• p| i \Ji w.i^fciti v-Yt*''- -' ii.

< 0.5. All r. .-. • - ..lised to i 0 * 1. The

•3d lines correr to the on-mass-shell of 

ti".e TT p r. -;ts* The two final states are in extremely good

•*e6ment with each other, de-.v-Dtrating that l"*^"-i -~ ^ 

jj^-t-.«raction is ^^t: dftn*?nf?»rt r;n t^e '-recess oec^rrinr at 

t ier vertex. y both follow the on-mass- 

f 06 quite closely thrc ut most of the r n. The
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0 n le exceptions ^re tnat the data appear too high in '^
o

a v for p?r* n . ^1.6 Ge//c and they do not follow 

the curve for W^0 to large bive values below 1.2 ue//c2 .

s latter effect has been iiuuiced in other ej^wrinsents [6], 

Schlein has suggested [7] that this may be due to the use 

of cos© rather than tp (the ntum transfer from proton 

to proton), For off-shell quasi-elastic scattering tney 

are related by

tp -
COS-® a —————————————————————————— (1)

whereas for on-nass-shell scattering the relation is
2cos©- 1 • tD/2£ where £ is the ^uree momentum in the

~ ^article centre of mass. The physical limits of 000©= - 1

cover different ranges of the variable t for the two

prc- es f the differences becoming the most significant at
n

values -f la;-- A" and small pw" -:-.;;?, This i,-^, explain 

the discrepancy in W, at low mass, although the other moments 

do not anpear to be affected. It should be e,,. . ,1 that 

therein .^ .-:-eatly no unique way to relate the on- and off- 

shell scattering angles, me invariance, for v ^e, of

^iuelstam variable u 0 ^ould lead to a dif^* ^ f result.
£•

• yuate theory is lacking.

,.;•:£ 3,.,-jcpes of the 'ti*p on- and off-shell cr'-:-3£- 

are c .red in Fig. 2.4. -! -'-e (histogre: ) follows

the tre;/cu. of the on-saell scattering in triai iu dips around
2UGV/U a.ia rises to a second peak near 1.9 ^"'^ .
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scattering" f rei-'^-^v^ng angle ( $ Id
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A model in which f' v; r- pion is 

ce these trends [8j.

- »•:«

j related to t u ^ nr^?' fche Q. t

. . -,:r 3' - illustr - 1 

to re; ace the i.«^ r.^ss specti be

simplicity of th«* L' r'H

cm l.U OeV/o" of the on* and off p 

of Section 2 suggests the poscibili out 

a fit to the three variables: mU, «r"*) f t(» * 

with such a model, for a range of K - "* mass*

to he fitted satisfy fcHe following criteria: (a)
P tiie range 1.12 to I 9k OeV/c'"; (b) /\^

to the *r*p system <1 (c) L <;

approximation by the Feynman graph i& . 2.1 with .-
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aore ix • . ra pe&kea t^-n f< si:r:p3e ; : cck rod el for 

wruld r*sdict> todel in which the pion is f " rt 

can i , J.ce these trends [8j.

should

.if led

The simplicity c^T uPS graph and the succ-

c orison below l*h GeV/o of the on- and 

moments of Section 2 ;eet& th® possibility of c 

a fit to th© three variables: ^ik'*•"*), t(

wit , for a re

(a)
2.

out

•s

) int v e fitted satisfy the following

tie range 1.12 to 1#U GeV/c ; (b) ^N^**, the momentum

to the rrp syster < C/.5 (0©v/c)' and (c) mlK T«**} < 1.7

/c"« The«e f w© will assume, may be repres^-i.teu •;. • .;. )d 

approximation by the Feynman graph of Fig. 2.1 with t**e « rp
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ction dominated by the P~,,(Jj
The cross-section for such a

as

where

tion may be writt

(2tr)8

* centre of mass incident K sen turn
centre of ;,jr.v. -..ot*! energy

t).-.body Lorentz invariant phase space.

(2) (2)

K is the transition amplitude, which for this process we

by

/\ (i':(lT*p) t t)j |A(n(KV),t)| (3)

he A*s are transition amplitudes for the quasi elastic

scattering pr-ucssses at the ^uryon and meson vertices uau M, 

is the pion rest mass. This form neglects any possible 

interference or final state interactions that may occur between

.rticles from different vertices. We outline below the 

theory of writing expression i<:> in a more suitable form for 

carrying out an analysis of these data.

Using the recursion relation of Hagedorn [9.., may
*"T

be expanded into products of 2 -body r ar c : ,ce to O ive

dE,,(W f m ,m t h ,i- ; » dm 
4 * "

R2 (K fK

x R2 (W f m f M)



for «.v, f

Tie cross-section for the 2-body scattering process at the 

meson vertex is given by

~L~ _i_ \\ ,(m,tf *» (m f m . m J (5) 
16V2 roq(t) i K* fl­

are q(t) is the w" off -shell incident w

:' -55. An essentially .- • relation to ^>; 

holds for 0*(h), the total cross section at the baryon vertex, 

substituting CT(m) and o~O } into (2) only the f-

,m,H) remains tc be evaluated. , is may be , as

E . H „. ( OOBft ) (6)

where Q t is the momentum of the ?r p system in ; verall

iSs arid, the scattering 5 cosfe is

* A ^ out

Using the above relation (6) may be rewritten as

dt (7)

(7) into (2) we get finally

dCf q(t)
do dM dt

(8)
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The pole appr '-s of i ' off-

•'(&) and -.cr(r.j terr.is by the on-shell for 

: ation ices very poor results for one pior, exchcr 

xwuxarly when compared with the experimental t distri­ 

butions,, e inclusion of form fn.ntcrr for < -idea

.. . ural modification. Cons id*. ,e s< 

3d with the Durr rilkuhn a? i [10j -par tic ly in 

• f p processes [11 j* The -ip^ roach is to modify each oh~:*:.ull 

angular momentum ^.^litude ^» >>y imple penetra,, „. factors 

derived froo potential theory. .ase factors are 

on tr.e ircident pion monentusi ana hence on t. "' o •--.-.: cf 

rele re are listed in Table 2.1. The ur titles 

Br are essentially a measure of the effective range of the 

potential. Following Tri-ope the term oltlcrlm) in (B) is 

re 3d by

t
(9)

where A, * ——————— — with 
! (Br-m).iP/2

(10)

anu tns ^i"(P) are *nc Mrr-Pllkuhn factors defined in 

Treble 2.1.

we take, for [ - 1, Kr - 0.: ••< and f 0.05 

and for 1-2, Sr - 1.U2 and Tr - 0.09.

For I » 2 an aciaitic " inelasticity factor of (0.>; is used.



T--

Dttrr Pilkuhn off-shell factors

Term Kxpresaion

U+Rj 2'!2

2 P P 
W

where q.(t) - \( (m-mk ) 2-t)((m+mk ) 2-t)]

and
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4- ^* •
The factor ^ is t .bsch n for K TT" > n~

in an I * 1/2 state. The <T . the i- rrt" cr - ations
is a ad to be s-wave and has no extrapolation in

•r-i llkuhn model. The term [*us;ov<> joff shell 

by Q(u2 ) DP2 {£

from the s ry by Focacci and Giacomelli [1 ,.
-* c-u*- ) 

T\ -ing Solf [13] an additional form factor fit) * L (c-t)

is included in the overall intensity. i .e over«ij.l formula 

reduces to the pole equation as t >

£; this model a maximum likelihood fit was carried

out on the variables (m,H,t) with c > H., f H,> ,H* and six values
2of C"s at 2v/O Iiev/c Interval? from v ,7 to i.^ ^e^/u ua 

free parameters. For values of o"_ between these regions,c>

linear interpolation was used. 207B events were used in the 

fits. The values of the PM eters c, H^ t H ? and 1^ resulting 

from the fits are given in Table 2.2 and of o~g in r'ig. 2.6. 

,\lso shown in this figure are the values * <7S obtained 

from similar fits by Trippe et al* [14]. Both shov? a signi­

ficant contribution of (T below 1.3 GeV/c2 with a ci
s

fall off above this region. The values from tne 7*3 CreV/c

are ! ' ' ;r than those from 10 GfeV/c though apart from
2the 1.1 GeV/c point they are not inconsistent. curve

is the unitarity limit for an I * l/2 s~ /r
9
n .;e. The fits at 10 GeV/c do not ir resence

of it s-wave interaction in any • &n below l.U 

ue»/c 9 unough possible interference with an s-wave I » 3/2 

>. f . state Vir>c v*»«ar neglected. ecently Lovelace [2] has 

cnst doubt on the v, / of the 'Mlrr-M! ion
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fable 2.2

Values of parameters obtained from the 

maximum likelihood fits

Parameter Value

3.U1 * 1.3

R2 3.61 t 1.

2.18 ± 0.25 

2*3 * 1*2
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of m. 11 i. for the s- 6. The 

: :- he Is Ir tive agreement v?it'"< t'-e nflrr- 

Ikuhn for p-r~" \. not for s-waves. >? "lv, 

'or-.ir«nr,t- I/? s-»wrv& dependence in this ^-^™ v, e

ite to the r< e of the o ter of the I • ).

the
A* 

4- 5 -^ •»to i, , , * oh In turn ie . on m (K tr } t» ^ ii uui/
The situation is further complicated by the presr- ~~ of any

p-wave I SB 3/2 scattering which would have a diffei rff-

It is therefore unclear wl 

aid be used in the s-wave case. Its 

2.6 can be tc^wi as an indication that J

nreciable excess of events betv^r t-.he K (690) and i'*( 11^20) 

over the tails of these re, /ices, but it : be 

as a qualitative result only.

With refe to the quality of th« ' likelihood 

fits, Figs* 2.7 and 2.8 show respectively the K tr"" "d p*r 

~ss distributions, ard the t distributions for three regions

nsj-. The crorren are the predictions of the fits, 

ese ave been rultlplied by an additional c " isa- 

^actor of 1 ' r It should be noted that the fitting 

lrne uses a lS.kffl11"ood f'jr'ctlon riorma1 ised to ?.^ity 

and is consequent1 mt of the overall nc ion 

of the data. at the best fits to the r ' prr a 

cross-section that i^ r^arly k®% too low must be regarded 

as * ^eakneas r r +•>•» r.-^^-j 5 cimi^r factor (of value 1.6) 

was needed in rller work of Trlppe at 7.3 ' . ;jt 

it is not an error in the near
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i-section but ^ , mr.tnristir. :-f the model. , 

all thn fits in Pi.^p. L 2.8 are extre mating 

the . 1 has t ,ry c ity to fit the c

A similar a " Us could not oe carried out on the 

1 i in^l state. These events are one-constraint- fits

1 Abor.it ory v° : ,, iss i 

fcs is poor. The width of the * -0) in the K°ir° 

rejection (see Pig. 2.9) is ; ificantly ; • than 

^ ,,erf/c making any convenient parametrisation impracticable.

KTT vS

In this section the scattering process at tne meson 

vor?;ex of Fig. 2.1 will be studied in detail. TYI a similar 

manner to Section 2, the angular distribution w(G,0) of the 

outgoing kaon in the KIT centre of mass is expanded in the 

form

w

(11) 
\ \

^m 

•3 z-axis as the incoming h. and the y~axis as the

normal to the production plane. The moments w-^ , w- i

w^ • ••» "v>1* T^^ Vi ^lastic (IT -*-K -» 7r""K ) and c 
3 " U

(?r~-fK* -^ ... ' J ) processes are shown in Pigs. 2.10 and 2.11, 

normalised to w v = 1. The same selections as applied in the 

fitting of Section 3, are appliea nere. These momer*^ -?r« 

i •" it of the KIT -^^ss-secti^^^ and are not, t 1 ore 

particularly sensitive to the nass resolutions of the tv;o



loo ••

B
(D
nj o

•o 
\
If)

-be ••

n

Ln

^n I"JU U
Til

0.6 0.8 1.0 i-X

KO PIO MASS

(NORMALISED TD I^+PI- CHANNEL?

1-6 i-6

g. 2,9



o

1.0

O'B

0.6

0.4

0.2

rt.A <U'U

-0.3 

-0.4

-0-6

-0.8

*x

^ t *°*

,*'

/'

/ T.'*"\
\

i X \x
" \ 

' * \

• x n •••-•/

/'
/

xx w
X *X

' X

»

t\ • .,:''" ~"\[ /*
JSV- I \ x '' ::</
,i I *'' .'' *,* 1 V] • / l x

' » « I* • . .* * • •

I 0-85 V-- I»o6 l»25 
V-'' - xx x

f 1 . 1 f" %„
1 x xP*i ' „ j.-| | r

xx 1 x
X * T

x" 1x K x* »XX*

— ( — 
L>45

i

1

•

x
*'i

X

;
4

1-65

elae

-«-. P! S.F
^**"™ • ^ ̂ ..C^Ll.

ch. ex. (exp.} 

ch. ex, (theory)
1-4

W

1.0

O.B

0.6

0.4 •

0.2

0-0 '

-0.2 •

-0.4 •

**)

j

t

h
(

/]

pi^ ^T

i|

< 
/

•
/

/ x
X

.^"N

/ x '\ 
/ x x \

x it « '
*

1
I

o-es

?̂. ^
lx ( xi•Kjd

1'QS

•

x.x^» ,
**v.

J

X.
X

X
X " X *

••^,I
" *%

1 ' .

k'S

Xfl
T
1

'•...

L
-1

/
itjj\

'" T' s .
i•il

'"'f X 1
1 X

• . >
1 

1 
I

1
1
•

1-45

«

[

••

'**•'*•- 1..

"«.
'x

X 
X

1-65
GEV/C»»2

K PI MOMENTS

Pig. 2. TO'



:* ~D in

9
 

o
ru

 
*.

ER

«
• —

—
 -X

 —
—

 -O
i

p
 

o
 

tn
 

tn
H

—
—

—
—

—
t-

ru
° O

0 ru

X
 

X X X

p 
s

—
I—

—
—

*

"
 '

X
 

X
 

X
 

X



31

e *2 and w l ^
f^L fc-e p-wave ;•: (890) and d-vr 

res ively.

The isospia a:.jpliti<'ies for elastic and c v ,3 

are ^iven by

2Aelas. * 3 A * * 3 A

A " o \ - A*c.e. 3

(12)

If the I m 3/2 interaction were negligible, I e it of the

elastic to c e exchange cross-sections woul : I.
Comparing the data in Pigs. 2.7(a) a %9 w

has been normalised to the equivalent erentc, ^j.- udcrobarn
value of the former, the exper 1 ratio, for t u ?* entire

range of Kv mass plotted, is f to be only ^ l.bk '• 1»
suggesting tf*e ^ , ,MC€ of terms other than pure I -

The w^c moments show strong indications of a ~ 4

1 « 3/2 interaction. If this were nerll^ible the w^ moment

would be identical for the e'u.oiic and c e

esses. However, the c ';s (Fig. 2.10) 
are consistently lower than the elastic over t -re r- ng 

of mss.

The variation of the elastic w-^ it wi ;>,

i zero a 1 0.95 GeV/c2 and rl '-n to
/™*

a near 1*2 OeV/c^ 1> ver,/ ririlar to tno ••

at 7.3 GeV/c, which led Trippe et al.[3] to postulate
2 erlr: -» rf .«i broad , ~ _. , /c wide) ?-wave
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a . . //c . , an;v .
ii t/ie I » V2 s-wave ne shift were lar.re c !
the separation in w-^ between the elastic and _a
v:rofi«Bses could be explained by a negative I -~ 3

ift.
A modified form of the Darr->llVnVm ^nri^i -- ction 

j is aeveloped here to test sucii hypotheses 
experimental Kit moments and mass projections. ...i- 
tial crosn-section for the reaction iitceo. in ."ioction 3 for 
Kv scattering into an element of nnii^ r,^ A .- UU

1 to the r d side of forraula (8), r,ion 3» with 
(T(m) now replaceu D/ aa(ffl)/d£.Kv f?or elastic s 
this is written as

Y^

I 2 A2 DF ( 2) - ^*^J + J A''*(* S ) Y (e f ^)l

(13)

and for charge exc . a scatterir.f1; as

.»./
t A0O ' J U .7

3/2 
DP (2) Y A

-- A .i ar@ the Breit-Wigner functions of formula (1-, 
tie A, 9 the "jurr-i-'llkuhn terms given i,. -.-.ble 2.1.
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1 nr v •• r- 

s- -30 n'-ift $«• re,
G> /^

were t'lose c " <d front t • :).

iVie no ,ion fact «>5 was
r-, V '-.n«-i.^, w ried, v ^ differentia ui-w^^-^^Uiu^ ,

F and t, ,,,..,.e off- r-

will lly provide ;ful

f the _» I -"«r f it should be e e

;muus in ..*eciion i. on tne i^taint in. D ;

definition of the off-mass-shell scattering angl^ ^., ***

,ion 3 on the s-wave off-shell , jtii:

-'^-: 1 ." ?a with an I = i» J = C , r-v e

were ^i-i:. 1., .- ,;..-• fitc ccrr'^-::-. ;.;;-!Jc^ to a. isr^it- •_• of

and v/idfch O.ii OeV/c . Lovelace^ - ">/2 

a . ise shift [2] was used in this fit. The for ? S g is

a phase shift which moves away from aero at thre ^o
P 

* 10° arcana u,'o oe^/c'" f - -^° arcunu u.9 GeV/c and

flattens off to a value of ~- 33° above 1.2 GeV/c . ..e 

TT tc predicted from this model are n t norraalised to 

wr " « 1, as curves , >sed on the data of F .10 and 

2,H. .1; -• tion of the elastic ana charge exui.^age 

; are w fitted in the w^ plot and, within quite 

rrors, fche c-«r>eral ti • - (-» 

The low erueriment . values of both the w, fc

and the Wji 0 under the Kidyt) for une c 

are the major u: --U. The w3° momer^- 

y. " a posslbl* -^ rto^-ht-r cf the }*

expected frr r t- v-^ l/^nfl7.lano model.



'cted K w and •*? prolectiorp f^-r

ir 3. 2,1

project 

of an s-wave Brelw

thesis

e./c

ra

la (Fig. 2.9)

f the

(U • ' hinte 

,:nppe Hy to

reproduce the flat nat^**ft ^f* the *' ****

n the (890) and K 

t with the

ks 2.7(« .ter

*:io is

i 3,

obtained witi; t,» 'd«i suggesteu .•---•, out tue 

events predicted between the peaks -^ about ^^ <

•, have 'been e , ,-.ted from the results 

» 2.6. It : j s that with a Ddrr-Pilkuha K;

are ari insufficient ''-^r of ev oecwe - >e two
•4* 

in tiie K ar*" ma0® projection to allow * '"•sonant s^

action, interfering with a negative 1 « ^/2 s*wave
x 

t.

Some doubt lias been cast as to the validity of 

sodels such as these to interpret the s-wave phase

* f!5] have suggested t:h«st these asy may be

inter.

due to overlap with a low mass p nt.

ly « asymmetries are present in Dotn tne &~r woix 

a; lar distributlons» but a low ra^ai p^w enhancement

is ..i-si-bv. ., --nly in the latter final stnte (??ee C/ fc).

* T _. -er-iv;t e ccrtribution from K-/» 1 ; 
can be est...^._ from tne K0^^-/^*^ fina^. ot^i-e. z. 4e in­ 
elasticity appears negligible below 1.2 Gev/c" and saiall up to 
the ^(1420) region. However, any Kw«r system ot be in a 
O4" state.
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ss of ev- the K * , in 

the elastic c! -i 

for those ev *y i

-selected (not she 'ere). • '" lastic K h-/,~ . ts 

here have been observed in reactions •• ~~rv ~o 

.t is present, e.g., K*n -» K 7r~p (see ce

The possibility tnat the se ' in the ' 

be due to this effect must be considered. The overlap of 

studied here with the low rcass PW^TT" BY- is

.1 as can be seen in the Dalitz plot , 2.13) of
O *^

m' ; A»"^^~) against ro (K*!/""} for Le of ev
""crowding at low """-1 '"* "ass for »(K"") < "• , '

repres ,j a relatively small nunber of events, thr t:hf?ir

effect on the K tr"~ r ar distribution is uncer , A

ualitative est* '- of tills can be made by 's
	t

situation with that of the overlap of Uic ^ and the PTT* system.

In the K T TT"P channel there are about vmif as many ^vonts

in the pir r '/r"" < nt as in t' . A c the

relative rnagnitu its w, , w ^ t ^w^ (i
A fc j •• •

snown in F s • .. 2.1k wi Twa the e£rre«- ~ "Ing r'-"nts - " 

for ptr'f scattering gives an estimate of the relativ^ 

of these enhancements with the data led here.

of the K T T/" 'its are as 1

y arc not as consistently BO. In particular, the

moments are significantly smaller than the W^ moments. Thus, 

as the effect of t - " -M startler the W-, m^ is ?.r,all t 

it seems extremely unlikely that the c natively weaker
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prr IT" enhancement could be responsible for so large a 

se

5 ^^ .elusions

Tne validity of the models used in this chanter and the 

interpretation of the results are in most cases to ouestion, 

i.owever, tne analyses followed here indicate that there is 

a large positive I * 1/2 s~wave phase shift in the region of
n

KTT mass between 0.8 and 1.3 Gel'/e^, but there is m -vid-noe 

frorc this data that it is resonant. T.L? i in the 

w/ tg between the two final states finds a n. ti 

interpretation with an I = </2 s~wuve i^ pxiase suiiw ui a 

nl^llnr form to that proposed by Lovelace,

I*any of the inherent doubts of this chapter could be 

ved with a sample of data large enough t ,t the LW 

differential cross-sections co DQ measurea ov. -ul ranges 

of t and subsequently extrapolated to the pion pole. tatis- 

tics this large are not likely to be available in the near 

future at one bean momentum, particularly for the 1 'p 

final state. In fact, from the results of the recc.-.w WCFK 

of the C«-" r >T . group [5j» using the combined da~~ -., t/he World

ry Tape, it . are that statistics t even - , t 

rely ade e to carry cut a quadratic ext; ion 

of the K°7/° nts. The errors on tneir extrapol, nts 

are tuffioiently large to allow several possible KIT phase 

shift solutions to exist.
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CHAPTER

SYSTEMS

1 Intr tion

This c «r will be devoted to a study of those events 

from both final states, lying on Face 1 of the cuboctahedron 

of Chapter 1. These events are dominated by production of

the ' ,' t at, a broad peak in Km mass between 1.2 and
2 1.5 GevVc . ? le unselected Kinsr mass projections from the

two reactions

K+p •* R"W"p (1) 

and

K*p -» KWp (2)

at 10 GeV/c clearly display this enhancement (see Pigs. 3 

and 3. Kb}}. A brief outline of the >*uark Model for mesons 

which predicts interesting properties for this region is 

given below [lj.

Mesons are regarded as bound states of quark-ant iquark

pairs where a ouark is a fermion with spin . '..\ie lowest
ii -j 3 

bound states of this system would be SL; and S.. "or a

fermion-antiferraion pair the charge conjugation number C is

equal to (-l) L't"S and the parity F is equal to (-l) L'fl . Thus
PC •*•** •••• 

the lowest nonets have quantum nu^bsrs J » 0 and 1 ,

- .

* The notation ^ Lj is used where 5 is the spin, L is 
the orbital angular momentum and J the total lar 
momentum of the system.
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and may be identified with the well established pseudos. r 

nonet of stable particles ̂ nd the vector nonet of K* f p f cu 

and 0 mesons, respectively.

The next states up in mass correspond to the first radial 

excitation of the quark-, ant in uark nair, i.e., the states 

0* 1* 2 an<i ~*i * ese have quantum numbers Q' r , 1 t

2 and 1 ~ respectively. The 2 nonet is well established
4f

(K (lij.20), A2 , f and f 1 ), Mesons associated with the scalar

nonet are lees clear, though the KN(llOO), £(Q6c) , £ (720) 

and fljj(10l6) are tentatively identified with this nonet [2], 

The possible existence- of the KM! 1100; has been considered 

in detail in Chapter 2. Of the other two nonets the A. (1070)

and D(1280) are associated with the 1 and the B(1220) with

the 1 "* nonet. There is therefore a strong s stion of
it P + 

the existence of two K resonances both with J equal to 1
2. within the mass range 1.1 to 1.5 OeV/c .

Goldhaber [3] has pointed sut that } as the strangeness 

non-zero mesons are not eigenst •es of C (or 0), possible 

mixing between these two K* resonances could occur. If we

denote tnem by K ana i* where the suffix refers to the value•f- •»
of C characterising the nonet as a whole, then the physically 

observed riser,OHB may 'be

K « K cose + K sinaI •*•

K » K^ sina - &_ cosa

where a is some mixing angle, Experimentally the i appears 

to be produced by diffraction dissociation i4j. If tais can



be represented by exc ^e of the vacuum qu 3rs 

0"*"*" (i.e., Pomeron e; ige) then only the 1** nonet ers 

would be produced. For the f i- states this i • $ tne 

A^ and not the u xs produced diffractively . However, although 

only the K+ would be produced by such a mechanism, both Kj- 

and KJJ could be observed in the mass projection;. > s 

possible mixing for the observed states would c e 

any ->t(3) preaictions tnat iuay be aaae as tu bruimxii^ ratios 

etc. ,

Experimentally, over the past year or two, good 

statistics in the KVr ^"p final state (i.e., V oOOO events)

have been obtained by several groups [5] - [l^j at incident
+ K momenta mainly in the range 5 GeV/o to 13 GeV/c. These

groups all see a broad enhancement in the Kinr mass distribution
'"?.

which rises sharply around 1.2 G«V/c~ and falls sharply near
2 1.45 GeV/o • !i*he presence of structure in the intervening

region is in doubt t but in all experiments the shape of the 

Q is Inconsistent with a single Breit-Wigner hypothesis. A 

common feature to many of the distributions is a peak in the 

region 1.26 to 1.3 Gev'/c" wnicn nas oeen associatea %ith

the o ujesuii uu^erved in pp annihilations [i^-j v*^ „* .uss of

u©V/c2 .

Ho Kw decay mode of the u has ever been observed, making 

any natural spin-parity assignment unlikely. The dominant 

decay mode is via a*vo90)ir with a Kp signal seen in practi­ 

cally every case, lying *"-^nly in the overlap region with the 

K"* band in the Dalitz plot. There is some suggestion of a 

K e decay mode [6j. ^or the spin-parity of the ,,, I is



strongly favoured, ntt _ . to ii fc 

the enhanct c as a kinematic effect of the eised-Deck 

form [4j f [12 j, [JL^j, 'i\ •-':'-•'•• models predict a dominant spin 

parity for the • , ^f 1"*", and in some cases can reproduce the 

overall shape though to a first approximation only.

The questions eo,, •.••.... tt still need to be 

s we red are:

a) Is there present a resonance of another spin- parity 

(possibly 2*) sitting on ton of a predominantly 1* 

Deck background?

^^
b) How large is the contribution from the A {li^; to 

this region?

c) Is there any evidence for a Ke decay mode?

d) Are tnere properties waicn octn cnan&e rapiuiy across 

the <* and are indicative of the presence of two 

resonances?

These problems will be considered below. The data 

available at lu uev/c, uaxike most other experiments, are 

comparable for the two channels K tr^flr'p and Kofr°ir*o. This 

should be a distinct help when applying isospin ar, u; ents 

to question c) *

2 The Ksnr Mass Spectrum at 10 GeV/c.

Tne two Ktnr mass tra of , 3,1 are ;d in 

Fig, 3.2, This is F -r with the result of removing



those events in which e p c ion lies in the 

&U236) region, 1.12 » l.Jk Gev7c\ These figures show 

tne < witn trie c; ic features discussed in Section 1. 

In addition there is evidence of splitting. In Fig. 3.1(a)

and Fij?. ?„? two neaka are observed, ft«rtrad at 1.27 and 

1.39 Gev/ , irated by a dip at 1.31 GeV/c 2 . c Utting 

is seen most str -.' in events from reaction (1) where the 

mass resolution is trie better (see Unapter 1). ^ie ui^ is 

~3 standard devlatic*^ below a line joining the peaks, 

but the data would adequately fit any hypothesis yielding a 

flat top to tne ^. As mentioned, the lower peak is seen by 

several grou= : Hit the two peaxed structure } seen here^is in 

remarkably g< -n*»nt with the results of Alexander et nal. 

[6] from an experiment at 9 GeV/c. They report two peaks 

at 1.26 and 1.36 GeV/c^ with a dip between them centred at 

1.3 GeV/c^. However, in contrast to their results the 

significance of the splitting at 10 OeV/c is rsot enhanced 

by I\(12J6) removal, vector meson selections or 

transfer cuts. rv:e effect of ^ removal is shown in ric% 3.2, 

vxl all analyses of tiie pruuuction and decay of Kmr systems 

described below have beer> na^e on or?ly those events remaining 

after this selection has been applied.

A fit to the widths of these peaks in the ,; is sensitive 

to the level of ground allowed. Alexander et al.. fitting

their lower peak wit:: a backgrour^ t^^ ^-^t below the
2 

position of the dip, obtained a val eV/c for the

width, whereas Pirestone who fitted a range of d*ta, allowed 

no background and obtained a value nearer 200 HeV/c
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In this experiment a significant feature ?n thp data 

is the shape of the leading edge of the ^. It is co vex 

between 1.1 and 1.2 GeV/c to concave above this 

mass. If the shoulder around 1.15 Jev/c is used to locate 

the contribution of a Deck bae^ruund, then over half the «, 

must be assigned to other causes, ^mb R<? repo^^^n production 

(assuming such a separation to be meaningful). Fits 

been carried out at Oxford by A.W. Lc the mass 

distribution of Fig. 3.2 usir^ t;ie mou^x or a ^eggeised Deck 

background incoherent with two °-r-it-vn : ^r»rn. with a variable 

degree cf coherence between them superposed [1UJ. results 

of the fits are reproduced in . 3.3. .: e ( ..;;t^> line is 

the oackground used in tue fits , \B cai^ ue see c leading 

edge of the enhancement is reproduced extre-f^y veil. With 

this level of background the width of the lower peak is 

fitted to — 100 KcV/c*-. The upper peak was fitted to a 

width ^ 14U i-jev/c 2 . The interesting feature^with coherence

included in the fits, is that the mass of the first peak 

becomes 1. 2k GeV/c 2 , just the mass of the C meson.
./

A second enhancement occurs between 1.7 and 1.8 •/eV/c",
2

now called the L region, peaking at 1.79 GeV/c in the

combined data and the data from reaction (1), but at 1.71 

GeV/c2 in the data from reaction (2). It will not be considered 

in detail In ere as it is being studied by other m< s of 

the collaboration.

Events,

Attention has been dramatically drawn to the oroblem of
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the kinematic .arjbl polities In the

Hove s f Figs. 1.6 and 1.8 of

/ system by the Van

.* 1. ... ..3 with

region A

si: in the
iuc (IK Fur i or©, the wfioi^ of tiie p 

projection of the xVV* DallU * iut 

.. . .ted by these & .is events: their 

omission 1 seriously bias the data, subse 

analyse t,-,;, .*r probability fit has been sel©cte . ...,e 

effect of thi® procedure is discussed In Appendix ^.* The 

conclusion drawn is that th© misidentlfied @v©nts selected 

by thie procedure have not significantly biased the data.

of

2 at' * On fitting an exponential e to cue t aistri-

Oo)"" »

The production of the 0 1« highly oerl-oheral, mofit ©vents 

having a iinmonentun trains fer squared, t f of 

0*3

bution for those events with Kinr mass between 1.2 and 

GeV/c2 , the value of a was found tc be 7.1 t 0.2 s 

In the range appropriate to cliff raotive scattering.

is no s ' f leant variation of the o^r--tn-.#?t^r a vith increasing
« 2

Kinr mas® below l.U GeV/q f but between 1*U and 1.5 'Ge^/c

the value of a is 5.3 ± 0.3 CoeV/e^-2 . Distr .ons of t

in the mass range 1.2 - 1.5 OeV/o*' c^ - own in j?ig. 3*U.

/••urii:.^r uvl'l ;;-noe for diffractlve production is fou-:,: in 

the angular properties of tne f ••••.- ••-...•• :•:•,-.:. The angular 

distribution in ?• *• the normal to the Kmr decay plane, 

In the Kw centre or -ass, ^.*t*in« only • nte of the
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M 
spherical harmonics Yj wit 1- *" « O f with respect to the

(see m

inr K , again as expected for diffractive p 

otion 6) .

ion

_of the K (lU20)to the ;j " —' -

:e decay of K* ; ,>c) into Kwa could affect str , y the 

interpretation of the Q e: oement, aud t;r,e sh.^uv . istics 

of K*cuj20) production in the reaction

K+p > K° v+ p (3)

have been used to estimate the contribution to tne H« If the
^^

r.Tnr decay mode of the K (lij2C) is dominated by K*(890)?r and 

the branching ratio Kw/Ktnr is ^ 1 as quoted by the Particle

Data Group, then the estimated maximum contribution is kQ
2 events per 20 l-.eV/c bin in Ki&. ^.2 at tne peaK of tae

* p 
s, 11420). This occurs at a mass of 1.U3 GeV/c in the data

on reaction (3). Removal of this K*(l!j20) contribution would
2 

reduce the upper peak at 1.39 GeV/c* to a shoulder, but

would not remove it. However, a comparison of the t distri­ 

bution to the proton in the rJ*\ii*20) regio^of reactions (1), 

(2) and (3) sets a more stringent limit on the possible 

contribution of K*(lfc2C) to the ,. The t distribution to 

the K*(1U2C) for reaction (3) is compared in Fig. 3.U with

the t distribution for the Q ana is very flat, having a para-
.jf 

meter a of 1.7 - v.3. Approximately half the ) events

in reaction (3) are r.™*UOed wit \ \ > O.U and in KU;, 3-5

the taass spectra of from reaction (3) and K ?r* from
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reactions (1) i 2) arc red for I 1 > ',k, No

? K (11420) si, served in the Kwir

for ;; ther t <: to

.-.ion of une i, ^11*20^ to t<*e aaca of Fig,
2 per 20 M«V/c bin at peak, corresponding

to a b _ ratio Kmr/K^r of less than 1/2 for the * ').

ip© of the Q. e t thus r essentially

removal of the ; *ble K^(1U20) contribution.

Angular Propert i es _ ojf the j K^r_S.ys tern

The discussion, Sect ion U, suggests the production of the

system aay be well represented by the Feynman diagram of 

Fig. 3»6(a; * ?he interaction at the Kirr vertex is then 

essentially the 2- to 3-body scattering process

K ' -fa -

To study the angular properties of this process two sets 

of axes pay be set up in the &ir,r centre of mass. They are 

illustrated in Fig. 3-£(b). ^«® set OX, vi, ^ are i ix^u 

witn respect tu uue final state particles with

OZ as the il to the Kutr decay plane 

OX as a vector within the plane (e.g. the IT 

vector is used r.ere)

:• ! * as ^ /\ ?r^.

The set Cx, Oy, tz are fixed with respect to the production 

process with



TT
0•TT

a) Diagram For Q Production

b) Axes Used For K TTIT Calculations

FIG. 3-6



Oz as the

Oy as the ; ;1 to the { e

(i.e. £in A jBout ) 

Ox as Oy A 02

The s i is then specified by a set of 3 Euler z „__

© Y ter" of axes 
other. The ai-^AOs © ana $ may represent the p 

azircuthal angles of the decay plane normal referred to the

fz axes, Y is then essentially a measure of the rotation 

of the decay plane about the normal.

Following JQ--. : and Jacob [15 j the lar ^ibution 

, © / ; of the normal to the Y.m decay plane with respect 

to the axes Oxyz was expanded as

1 1 = 2 •'" ^ * © 7

uh the real and i iry parts of WT were eval, ' for
^.^ 

rj

every 50 KeV/c"" mass bin between 1.1 and 2,0 Ge/Xc 4'. Of the 

many sioffients Gnat are allowed with M ^ o f none showed any 

systematic trends and they were all consistent with zero. 

This strongly B ... sts that the production of the is due 

to I--. ;;e of a spin zero co.:eet. It does not require it, 

but implies only that the ^ is produced with a diagonal 

density ^atrix.

The moments w~>' and W. ° are displayed in Fig. 3*7 for 

the two final states. ey are consistent with each c 

The absence of any significant W, ~ moiaent below 1.5 ueV
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suggests that spin 2 c not . . e 

below this mass, but become si ?ve it. e- 

dictzcns of Berman R " © J T var J^ 

states when produced b> *pin zero exchange may be : rised 

as i

IfiOt 

Si-2 ®

09-3

where K is a real positive number de_ _ oay 

mechanism. The 1 distribution oorres ; to a value of

Uf *w

2observed vs»iu^« i« ^** reg^^° T.. ^^ t^ 1.5 GeV/c *

r. u-

could be due to a large 0* contribution, a small 2* contri

bution (if K is treated ae a free parameter) or ion
> 

of a 1 state by the exc- - - *' - - article v^icja spu- •• r".

The laet possibility is acceptable t^^ ^f^active ^ 

if a Re^gre model, with exchange of the Fomeron trajectory, 

used. This trajectory is usually regarded as having a

lope with an intercept, £(o) t of one, and hence 

possesses spin. ' i *» '-^ssible production saechanisir^ r»r fhn o 

will be considered further below.

The argular distri but lone studied so far have an implied 

integration ever V infonnatior -"-*-- --<>- this 

angle which is particu? 8**'"1 ^ ««<"»! tive *••" irt,prf*>-r^nf>« ^«»tween

/Mf*f»y0nt «nin.r>arities i® lost. To 3..?.i.'t J er Information,
f 

the angular distribution © y ) of the i? referred

to the CXX2 set of axes was ^ ?d in a similar raarmer to



(5)» i.e., as

V1 m r *
\p ) » X, w '"'" & V (7)

iin

ents WT W are of course equal to w., v . The variationsij
of some of me utuer oiore significant moments are shown in 

Fig. 3.8. Appendix B contains an outline of the theory [16] 

and the variations expected for th«*s?» mnir«nt?f for

hypo? , It is shown that the &• and w * are 

characteristic of interference between 1' a ,ates. 

These moments are small in the Q. region (see v̂ i&. 3*8} but 

become significant at higher masses. : ''-'~ r-or
2 *- 

and w^ are cnaracteristic of 1 and 2' interference. They
4*.

are consistent with zero thrc at the K (11; on 

suggesting no conerenc proauccion of this resonance.

Constrained fits to the moments w? can be r.^r»ri»d out 

for certain hypotheses if the exchange particle e ;. 3«6(a)) 

is assumed to have spin zero. Details of the theory are 

given in npp^'-ix u. I^lts were carried out to the two channels 

K"W" and K°irO?/ independently in *V h«V/c wide bins. The

hypotheses tried were: l f and 2 , 1 - id 0~ t and for
•*•' "V ° 

comparison I" and 2 . Table 3.1 gives the /C ' for the fits

tried. All moments up to w^ were included in the evaluation 

of the ~% . i-'he natural spin-parity states give very poor

fits. '?ne I* a«d 2" »»<i 1 and 0~ fits are of cc. able
2quality below 1.5 OeV/c ^>ut above this region where L *

: ;ts become appreciable the 1 ana 2 are relatively 

better. *r*e riypotnesis of j. w .-^ ^ gives acceptable X
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'Tablc^.j.

o
values for fitting to the moments w m

^.a

&eY/c2 ~
/

1.1-1.15
1.15-1.2
1.2-1.25
1.25-1.3
1.3-1.35
1.35-1.-1
1.4-1.45
1.45-1.5
1.5-1.55
1.55-1.6
1.6-1.65
1.65-1.7
1.7-1.75
1.75-1.8
1.6-1.85
1.65-1.9

"-umber of

A. • •' .*

Final atate

:"dV.
12
17
31
21

16
2b
13
20
16
24
12
15
9

12
13

constraints 15
in fit

) T2 (iV,
19
26
61
24
30
18
22
15
20
30
32
25
19
40
34
25

19

) I2 (iV)
200
233

J
<,uo
219
236
197
139
96

147
217
161
194
313
176
121

20

O 0 •+•
K -***T"" If 

II If

\ i'inal otate

X2(iV
11
10
12

t.4.

18
29
21
20
23
16
14
19
13
14
12

15

) x2dV)
17
13
14
14
13
18
30
22
21
21
31
23
24
17
24
20

19
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values in most bins. ''he fraction of 2~ for these fits is 

displayed in Fig. 3.9. In the ^ region it i . ~x ) 

but larger although poorly determined above thi >n,

The large *»eak in the 2" cuntriou&ion in trie m U./5
<j

te 1.3 GeV/c ) for the IcW" system oamwi, u« A-«0ai-ucu as 

J. nt as it is not reproduced in the fits to K°7r°ir .

It is rent from these fits that although the nu :JB 

W2 are not consistent with the production of a pure 1* state 

by spin zero exchange, the distributions are concisteiit 

with this hypothesis if a small r-.nn^rtior of * is included 

and K ie allowed to be free.

7 Dal i 12, Plot ^;: aJL^: sis u 1' yae ^

The discussions cf the previous sections vsre concerned 

with the production mechanisms of the 4. Models for its 

subsequent decay were not considered. The population distri­ 

bution of the Dalitz plot on the other hand depends on the 

spin-parity J of the system and the neeharism by which it 

decays. It is independent of the magnetic substate in which 

the system is produced and does not contain interference 

between states of different J . The analyses carried out 

here on the Dalitz plot population are t>ms essentially in­ 

dependent of the previous considerations.

Figures 3.1C and 3.11 show the Dalitz plot distributions 

of the two final states for three 10C MeV/c wide regions in 

KTW mass between 1.2 and 1.5 GeV/o2 . A dominant K*(890) 

band is seen. A p signal is also indicated, particularly 

in the K°rron^ channel. The model used here assumes the
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t decay nroc i s are:

U

1?

K
and

K p

(8)

(9)

i-relativistic angular m; ;UIH theory is used ut. 

All aetails of tae calculati ". fitting procedures are 

^.ivfe*.: i.i* ^ppendix C. Jhe model will be described L ^u

only here.
•*• 

The Q has never been observed in the reaction K p •*

-^i/^n so it is assumed to have isospin JL The inten

sities in tae two channels 

written as

\ <.;V

and K may then be

K

) BW(irV)
If

V)

(10)

>
A(p f2L

rr
(11)

16 The factors a e are the relative amplitude and phase to
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c; ^d In the fitti „ f the 1 > to

1 1 V*v ̂  mode, ?he tern-A(£,§,) cr

<" " -re o ' i ;?.ec t -.y cKiin and the c

f^"- the decay of the *-t into vector and pseudoscalui. .he

vector r> is that of the p*^^oeealar recoiling agai the?

vector In the ov< tre of d & is the i .rn

in the vector centre of mass of one of the
F - + i-a, ,ii*»parlty (' -- 1 t 2 ) J

, • lues of L are \, .:.o 

: '-: ^ i ' aral series 1^,2 . In the latter case

value was 
""'"* function uW(a f b) Is a p-wavf «?*-••• ? *. "- —~- ? —.v*:ude

for vector mencr^ ••i^.vlnr to n-artifiles a and b $ and if on 

to be

r. r —
* ' ft Ml q 3 '•

BW
54' * 2

(12)

v,1 v»>, is the mass of the vector meson and \ « \ r> q * q
1C.. ~ fc . fitting was carried out by a raaximu;u likeli-

2 procedure for six 50 hetf/c wide mass bins from 1.2 to

The ideal approach to follow would be to allow all spin- 

paritv t^nss and all noseible decay modes to be present with

The values used for the K* were K r * 0.89 r \ 
, for the p, M « 0.765 and T 3 0.12.



various degrees of coherence would

uire • • erous par-- ' -. Eno 3 statist!'-- Id be 

^essary in order « ci«^ confidence that the r * : ^ •-« 

n ' rjr something? me^ritTirful. a.pprf>afth foT In-red hrsrft 

is be .eat first and only add 

t j n the previous fits Drove te.••

a) Un igue s^p 1 nrPa.r l tv_
Toe first fits were carried r>«t w!th the assumption that

the eve/v:. in each bin correspo. .:.c-;l to ; •• of uni^ .-•.• J 

of eit'rer 1\ 2 , 1 or 2 . The assumption that the Q, region 

is ot pure isospin relates the two final states uniquely and 

so fits were carried out simultaneously in both of the 

channels K v"V and K°rr°T/-f . The resulting values of JL , 

the logarithm of the likelihood function, are given in Table
•4- «•

3.2. The relative probability in favour of 1 over 2 is 

nominally ^ '0^ : 1 in all six bins. As expected from the

nroduation characteristics 2 f and 1" are excluded, the 

coi >onding values of •£, >-I , : aller than the 3s 

for either 1* or 2* by > 100. It should be emphasised s: 

no ojfiiparison between the quality of the fits in 

different bins can be deduced from the ~t> value 3, < nly fits 

made with the same sample of data can be cor i u

The quality of these fits is illustrated in ;• 3

is •- ; *e exp^i'iiiiw^iuax prujs;^ viuii^ -*f the Daxiu^ plot
2for bins I-**, -.•- - -. ^V/c , together wit>. tvif* ^:nr of 

tne four fits for the assumption oi" « 1 * It is clear 

tnat the ,, > ition of some relatively isotropic t* ound 

would improve t^e agret >etween tneory anc. <->x ..^riaient in



C
D ro

s: —
—

 T
° 

C
D

3 
*-

4 i 
cn

*•*»
> 

r—
c
n

 
CD

 
CD

 
ro

-c
—

 
c
n

c
x
>

c
D

r
o

.c
-
c
n

C
D

 
C

D
 

C
D

 
C

D
 

C
D

 
C

D
C

D
C

D
C

D
C

3
C

D
C

D
C

D
^

_
_

 
'
1

 
I
I
I
 

t 
1 

1 
1 

1 
| 

' 
I 

1
•«

••
• 

..-
^.

•^
^.

•?
T~

*^
aa

ja
ei

£,
":

'V
i —

 U
TT

™
.—

 .-
., 1?

~ 
v~

")
C

^
g

C
E

^
L

^
r~^

s
-r,*-

~>-
j=-

 
=

ro C
D

• —
—

 
*

C
D ro CD

 
>£

~.

C
D

C
D

 
C

O

C
D

~T
~

cn C
D

cr-
3

C
3

CD C
D

C
D

H
- 

c
f

H
-

Cf
t) 

c
f

• 
o

no
 

>. o rn

C
D cn
 

_ 
cp

Ji
S

 
C

O
ro

~
'\
 
^

•f
 

—
j

"—
' 

ro C
D

C
D

C
D

ro r •
-

C
D x-
~

C
D

 
C

O

: 
°?

rv
sC

O ro cp
 

en

:<
 ^ fv
J

O

r-



T
ab

le
 3

.2
 

Lo
g.

 
li

ke
li

ho
od

 v
al

ue
s 

fo
r 

va
ri

ou
e 

i>
al

it
z 

pl
ot

 f
it

s

gi
on

 2

1. 2. 3. 4
. 5. 6.

T JL
. I n 1 1 1

. 
-1

.2
5

,5
-1

.3
0-

1.
35

.3
5-

1.
4

.4
-1

.4
5

.4
5-

1.
5

1 
no

37
9

31
;-

24
o

12
1 30 -5
8

l*
w

it
h

e
38

3

39
9

25
5

14
u 4u -5
4

1*
 

rt
 

oo
 

r*
.

38
5

40
5

a 5
7

13
3 37 -5
5

.1 
1 

*2
~

3i
i6

41
1

26
1

14
4 43 -4
5

4-
 

—
1 

0

38
5

40
4

26
0

14
7 +2 -4
7

2~
ao

35
9

38
9

23
5

.1
1 9

-7
5

*
*

*

35
9

39
0

2J
6

11
1 9

-7
2



the K TT* ma8S distribut

In the mass di

p si

on Is overestimated. Trie

effect was e; ;ed when subse- 3

.tains v«>

a for 1* fits t 

to the two final states se 

jlitude is s. 

in the fits to K^trw

simultaneously and

he

r in the fits to

rw is 

the phase p to suppress the p signal In t
""

3
°

This discrepancy cn-

It is possible t liat a

3 events in the K^

have a n 

~ i of 
c'

r>f so 

ified

- tue

such an effect the studies

ible

If

.3 discrepancy is real, however, there are a r, 

•" ctors ' be re :;lble. If the &:•; 

adniixi/ure of I * 3/2 tne ratio oc •=. ^ si

two final states would be freed. Vhile t

for a significant I » 3/2 ;lon in

t is channel c : contain Kp. r ie discr«

vidence

reflect

t"- ; aquacy of the iion &na& each c 

spiii-parity, and finally it is possible that

_v > & «onlrt increase the - r^ent o s

by / is colls 

effect [6j.

erved

_an Term

To try and explain this discrt vjy, amplitudes for decay 

of the 4 into K £ ij included, vr ere the £ was 1 i to be



ga
bl

e 
3
.3

.1
. 

J 
« 

1*
 

p 
am

pl
itu

de
s 

fr
o®

 v
ai

^i
ou

s 
fi

ts

Re
gi
on

1. 2. 3.

1.
2-

1.
25

1.
25

-1
.3

1.
3-
1.
35

G 
0
 
+

j£ 
if 

vr
I* 0.

81
*0

1.
15
*0

o.
ao

±o

.2 .2 .1

K 
«•• 

;r 
,

1 
no

 
t

1.
53
-0
.2

1.
62

*0
.2

1.
01
-U
.2

J.

ot
h 

ch
an

ne
le

l^
no
 
^

i
^ '

t '*-
 

' 
O
 

. ̂
O"
"-
.^

1 .
 <(

C

1.
32
^0
.1

j.
so
iu
.i

l^
wi

tn

0.
94
-0

1.
U4
-0

u.
97

-0

e .2 .2 .1

1 0 1 0

•*- 
«-
 

2 .7
7-

0.

.U
4-
-O
.

.7
1-

0.

1 1 1

4-
 

*•
1
0

0.
80

^0
,1

1.
09

-0
.1

.a
il

o.
i

I 
4

. 
1

.3
5
-1

.4
 

0
.4

2
-0

.0
8

 
1.

.0
4-

0.
1 

J.
74

--
*0

7 
O

.u
6-

0.
1 

0.
4U

-0
.1

 
O

.I|

5.
 1

.4
-1

.4
5 

0.
47

-Q
.0

8 
0.

71
-0

.1
 

0.
5B

-0
^0

6 
0.

59
-0

.1
 

0.
33

-0
.1

 
0.

50
^u

.l

6.
 

1.
45

-1
.5

 
0.

74
-0

.1
 

0.
71

-0
.1

 
0.

67
-0

.0
7 

0.
63

±0
.1

 
u.

64
-0

.1
 

u.
62

-o
.l

VJ
\



1.
3 

. i
i

lie
gi

on

1. 2. 3. 4. 5. 6.

JP

K
°i

rV
 

i
•f* 1 0,
01

*0
.4

0.
24

*0
.2

0.
26

*0
.2

0.
11

*0
.3

0.
91

*0
.3

1.
10

*0
,3

- 
'" 

p

K 
ir*

V
"

1 
no

 
e

1.
4*

0.
4

0.
42

*0
.

ph
as

es
 

" 
r 

va
ri

ou
s 

fi
ts

0 
'.r

ad
itu

is
j

H 
t]

i 
cl

ia
nn

el
e

no
 

e 
1 

w
itl

i 
e 

1
2

.7
*0

.3
 

0.
06

±Q
. 

-0
.6

4-
0.

4

1 
J.

 2
9*

0.
1 

0.
11

*0
..:

 
-0

.4
9*

0.
3

0.
25

*0
.1

 
J.

 2
3*

0.
1 

0.
05

-0
.1

 
-0

.3
4*

0.
3

1.
7*

0.
2

1.
6*

0.
.-

;.7
7*

0.
2 

0.
03

*0
.2

 
-0

.1
6*

0.
3

x.
 2

1*
0.

3 
0.

69
*0

.3
 

0.
21

*0
.4

~;
.2

-~
0.

2 
1.

82
*0

.2
 

1.
32

*0
,3

 
1.

20
*0

.6

iV
"

o.
(^

-o
.3

-u
. 0

5-
0.

 3
0.

15
*0

.2
0.

45
*0

.3

0.
75

*0
.3

1.
20

*0
.3

.



Table 3.

1 £ terras for various fits

He-ion Aaplitude y

12 10

I.1.1720.25 1.01*0.21.0*0.52. l.^±0.3 0.61*0.2 O.'^*'1 .*
3 w J 2 u ^'"?wO 2 0
i^I ll36*0^2 ll .. .;I2 o! . -O
5. G s '.2 0.71*0.2 0.61*0.2
6 • 0«^Ji-^-^. - -''-0.1 0.53-0.3

	r'nci.39 o (radians;

1. 0.27Z0.5 -0.6*0.70.0*0.6
2. -1.67*0.5 2,0*0.7 0.7*1.33. -1.39*0.6 -0.25*0.6 u.U*0.5
4. -1.62*0.3 -1.7-0.3 -0.8io.95. -0.23*o.U -0.^*0.5 -0.2*0.6
6. -0.29*O.U - -2.0 0.2*0.9
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Percentage contributions from fitting 

to pairs of r momenta

^
1.
2.

3.

5*
6.

I >i> Of 2~
from 1^2""

23

27

^

20

43

; of u- 
xrorn l f<* ""*

11

10

12

8

25

;••» ol' pi^re a-wave 
from l r a*d-wave

^3
54

99
64



3«6

Values of dv(iv "*
33

theory and

ilsgion . icrimental

(^rrorij are
statistical)

1. -v^to.09
2. ±0.08

3. G.80±0.08

4. u.y^Jto.uo
5. 0.91^0.08

6. 1.08±0.09

•- / / 0 0 -t-Kr v )/&*(& ~& Jff )t 
dm

experiment

1* fite 1^ fits

no 6 wi G

0.85 v.,,w

0.77 0.88

U.d2 U.91

U.c>4 1.11

0,89 v,y-

0.88 0./6
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an s-wave THT interaction with I = 

?r of rass 720 2 c

of t -rs were tried but the f 5 '

sensitive to the values used). 

T>r * fitting

1

siraultan- 

eously for the h>, 1 T and 2~ with t luded

in the K tr . . The amplitudes and of both
•± 

£ relative to tue iv amplituae were vari l-

ficantly larger values -:-'' JL. were T taine-1 <*— iue

but not for 2* (see Table ?,?)« ver, c

3.3 the p amplitudes for the Joint fits to l' both

witaou G , i ,Gre 's to be et ially no c 

amplitudes. ~**-~ discrepn*"* • remains.

One cf '. -ts Ale-.:: .-;Ier et al . .^ave for the need

esis,

e

hese

to ir-clud was that in their to

of the cross-sections for 4 prv ion in the two c 

war ->~ ~- . ^ «- i s i r reement with the isospi

for e K 77 df»e?iv rod© but for ?:.p decay the rstio

ns

be i. An extra , contributing to the c 

it the ratio to remain unity with

i

ble Kp decay. To test* 
' ~ -004"

- :-tJ t

relative

fron the remits of the fits to 1 both

• with 3 3.6)

s with Y 

thai 1

.ve predicted ratios only slightly

ccnsi rs

fitf?
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The cross-section e. as do not to be s-

tc;. t;; .f the prep. •• of t" •••• ^> - , as its major i- :;e 

in the fits ai..j-t;iirs to be from the K-£ -,nd p-e ' " ce 

terms.

c) Fits to pairs of spla-parity states

!i'h© discrepancy in the p ainplitudes^as s jtnay be 

a manifestation of the inadequacy of a wodel of a pure spin- 

parity state. Cons^H-mntly fitting was carried out on pairs 

of lar rita to both final states simult _>uslv. As 

t .e unnatural spin-parity series appears the roost liKoly, the 

pairs tried were 1* and 2~ t ana i' and ~ all sta r 

containing an C tenr. in the K*tr"*V channel. nvi ® variables 

were the p and £ amplitudes and phases which wer© independent 

for each spin parity and the amounts of 2~ or 0 relative 

to 1*. The resulting values of J^ are given in Table 3.2 

and the fraction of each state in Table 3«5* A mixture of 1* 

and 2" is slightly favoured over 1 and 0", but in both cases 

1+ is dominant. The contribution of 2" is less than 3Of in 

the first five bins and of 0" is ~ 15/« in these bins. The 

sums of the fitted projections for bins 1-4, under the assumption 

of 1* and 2~ is shown In Fig. 3.13. All projection?? are 

well fitted and no discrepancy remains ; the p e .Is; 

a combination of 1^ and 2~ v>7tr states with 1 « V2 provides 

an extremely good representation of the Dalitz plot in the 

^ region.

d)
tion ~ lete c ^e between the \ K TT >
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>?- ?c.it If, however,

true in the
*

the Kp : Y\ «r • id be c n

or i. cion - normal to the decay plane and

cver • . /c ; . ,. In the nub

fitting the a t of i ice

allowed to . ":-<:< i\^, c' als K'W" ar

*-~ **he 1 cuapj-iuudes with a, p 

j -ere ^ '.^:r? ??. inherence factor nnrrttr-in?*^ tn he

1 v multiplied the ^ference terrss. No 

" es were induced. 'J\~>e result i: i ues (see 

3«2) are comparable to those fits with an G mode. 

variation of a is essentially unchanged, though \ 1« 

- 0.3 in bins (see Pi^. 3.1U).

e of a possible d-wave c of a 1 state into 

a pseuuoscalar anci vector meson, fitting ^rried out for 

>>^M- ^^annels simultaneously to a coherent superposition of 

£- . ?d d-wave I 4" . es. I T̂o €. amplitudes were • -resent. 

The r ilts v?ere generally worse than pure s-wave fits with 

an 6 ituae ana tne contribution of pure B-v.juve to the 

total intensity was > ^ ?! *.n all bins (see Table 3.55. 

There Is no indication in the data of any significant d-wave

a
The possible pre 8 of * -•- ) ^n ti tested 

^,r f "its *" *"'^ /?-*•- '. * -»egion with the pair of 

wavec ^ and 2"^. ^ -«rnrrtare of 2* in the last Li bins

s in 5 (l.U to
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factor nay only reflect on the inadequacy of fittin^ «. 

Birdie „ ,lar te to the Dalitz plot, but the 

results of this fit in no v

bvi-ucttv j.n iiue 1 amplitude, in t -3 vari ' f p 

is enhanced by relaxing the constraints *•• the

The background terms (i.e« t all other terms 

or Kp in a 1' state) have not been so well

e- dative amplitude and priase '"*" is .^ 

of r.thnr terms present as the (see Table 3»U) "^ 1n view

of the uncertainty in trie effect of a small r of
-f 4- «.

i it If led K tr ir events the f ive estl 3 of

the 6 ;aa-

In connection with the 2" contribution, the qi 

K j in expression (6) may be calculated from 2~ 

p i . 6 . plitudes resulting from trie joint 1 and 2" fits.

.a clone. The value of K was ~ 3 in all bins 

corresponding to values around -0.5 f^r w ° and +o t ? for W f
C t-f

for the 2"" contribution. Thus prcduction of 1 £ * ... 

«n zero exch ^y structure determined by the 

litz plot fits will not reproduce the exper*
• " ' aiid .> ° 4 - the region V. ** * * "--"'-

k

8 C __ long

The analyses of tiiia c/iap; .Uiaioate that iu wu« region
*"5 *';

to 1.U5 OeV/c", the contribution of states with J J

is ^ ->- '^f t^ia total intensity and the hypothesis that the 

; _ o consists of two 1 res- - is si
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amplitudes,

1 in those e:r, ;-ved t 

t;ie general r" • or • ' •>: - Ive of two u 

r«au;.aiica8 superimposed u^ c* slowly var" 4v " "^aokgr f ^he 
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forces such a : U



•

67

[5]

[9]

[11J

[12J

See
1965 (« 
details.

Greenberg I'Tocer-"5 *

es,
for further

- f;ional

Q laber

, •* P.
on t :-..se as*

•d. Hev. Lett. 

Talk pres i

G. jass­ 
et al.

>rre . Lett. 30 (1

(1. Alexander et al. Nuc. rnys., blj,

F. Bomse @t_al..

C.Y. Chien 
et aJL.

A. I-arbaro- 
Galtieri et_al.

h.S. Farber et al.

et .al .

G.Y. Caien

, 15H (1968)Phys. Rev. iiett. 

Phv«. Lett. 288,

Phys. nev. Lett. <•_.., ;

Phys. Hev., Da, 78 (197U. 

Nuc.Phys.» : ;:1^, 65 (1 

Phys. Lett. 2£B I|33 O

et

to Hucleai
ct al.

M.

son.
T' V



68

CHAPTER

'i'liii. PT/7f

1 Introduction

In recent years several methods have been used to gain 

information on ptnr systems. Elastic scattering ir-p phase 

shift analyses have been carried out by several groups. Using
±s

this technique numerous N resonances have been found in both 

the I » V2 and I » 3/2 isospin states [1], Itany of these are 

predicted to be highly inelastic and so should probably be 

seen in ?n?H final states as well. i>uDole Cnaj;:ber experiments 

have been performed to study the inelastic processes 

vp -» raN directly. Detailed studies of the pure I * 3/2 

channel [2j (v^p scattering experiments) and mixtures of the

I « 3/2 ana 1 » 1/2 channels [3j (e.g. ^"*P scattering
y_ experiments) have been carried out particularly for low N

masses ( -^ 1.6 GeV/c2 ). More general fitting [Uj has also 

been done for a larger range of fnrN masses. These analyses 

have in many cases confirmed the qualitative features preaictod 

by the elastic scattering experiments.

The study of N** systems has also been followed in 

production experiments. Counter and spectrometer methods 

have been used for pp [5j and up [6j scattering processes, 

where the ;M*~IS measured only as missing mass (K). These 

techniques provide data with good statistics in the distri­ 

butions of tf and t (the Eiomentum transfer to the N* system) 

but do not allow a study of the internal properties of the N*.



Bubble Chamber experiments, on the other hand have provided 

relatively meagro statistics with p-p [7], rr-T> [8] and K-p [9]

interactions but they allow the possible* ceasurenent of •
v 

internal quantum numbers of the N system.
jf. 

In this experiment prodv-^on of low mass N systems

corresponds to those events lyin/r on Face 2 of the cub- 

octahedron of Chapter 1, mainly in the K'VVp final state. 

From production experiments very litti© nas been firmly 

established as to the properties of this pir^tr* system. It 

is predominantly I « 1/2 (see Section *$) and appears to have 

two mass peaks. The first is gener , j'ound in the range 

JL,Jj5 - 1»5 '^ in bubble chambers and the second between
o

1,66 and 1,72 GeV/o * The lower p^a^ :ias been tentatively 

identified with the Fiop^r p..(li|70) and the upper peak [7] 

with the F-e(l688) of phase-shift analyses. However, the 

spin-parity analyses of the pir tr* system are generally in­ 

conclusive, i.Gaels of nun-interfering resonances ana oacK- 

ground subtraction procedures have been used. Both methods 

appear dangerous according to the data available here.

There exists some disagreement between the results of 

spectrometer and bubble chamber experiments which has yet to 

be reconciled. The lower peak in spectrometer experiments 

appears at a mass near l.U GeV/o2 produced with a very sharp
T fc

momentum transfer distribution of -^ e^ , though the peak 

In some cases l^j is seen to move to a mass near 1.52 GeV/c2 

at ni&ner values of t. This effect is not generally apparent 

In chamber experiments, including this one described below.



The VW*IT~ Mass Spectrum at 10 GeV/c

The p*r"*V~ invariant mass distribution for all unique
•*• •*• -f events from the reaction K p > K IT ir~p is shown in rig. 4j..l.

(The ambiguous events contribute a negligible proportion of 

the total to the region of interest here and have been 

neglected in all subsequent analyses.) A clear peak is visible
pin the data centred at a mass of 1.7 Gev/c with a width

P ^120 KeV/c . No other peak is resolved, though a shoulder
2 is apparent in the distribution below 1.5 GeV/c . The un­

shaded histogram of Fig. 4.2(a) shows the same distribution 

for those events produced with a momentum transfer squared to 

the K* of 11 \ < 0.5 (GeV/c) 2 after antiselection of the
^ O
K °(890) defined by 0.83 < K(KV") < 0.95 GeV/o . Two peaks 

are now clearly visible, one centred at 1.14.8 GeV/c2 and the 

other at 1.69 GeV/o2 . The shaded histogram of Fig. i*.2(a) 

has the additional selection of pwT mass in a narrow band in 

the ££*(1236) region (1.15 to 1.30 GeV/c2 ). There appears 

to be a rapid fall off in the proportion of events decaying
**5

via the A*"*" above a mass of 1.75 GeV/c . At low masses it 

is not clear that A is necessarily dominant in tne decay, 

as phase space restricts pir* mass to this region anyway.

Though from Fi^s. At.3 (a),(b) and (c) of the Dalltz plot
2 distributions for 100 KeV/o wide mass regions centred at

U.i;: , 1.56 and 1.68 GeV/c , the A vial clearly shows up 

in the first and third regions.

3 Production, Gharac t e r i s t i c s

The data show feature characteristic of diffractive
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production of the p?r n~ syst This system is produced 

peripherally, most events having | t 1 < O.U (GeV/c)^. Figure 

k*k shows the \t\ distributions for 100 He^/c2 mass regions 

centred at 1.U8, 1*58 and 1.68 GeV/c2 . The lines are a fit 

to the data of an exponential eat out to |t 1 » Q.k (GeV/c) 2 . 

The values obtained for a are 7.3 - G.7 § 6.8 - 0.8 and 

4.8 i 0.8 respectively. The last two values are consistent 

with other experiments both spectrometer and bubble chamber 

but the first slope Ai^ye*^ ^\VVv ^^@ characteristic sharp 

forward peak observed in spectrometer experiments. The data
»

are consistent with a larger value of a ( -v 10) below 0.2 

(GeV/o) 2 in the first region but the statistics are too poor 

to draw any further conclusion®,

Production ao-oears to be dominated by I » G exchange 

which leaves the N system in an I » V2 state. An estimate 

of the 1 » 3/2 contribution to these data can be obtained 

from the reaction K*p •» K0^0^4^. Here the p**wo system is 

in a pure I » 3/2 state. Figure U.2(b) shows the Dfr"<Vo mass 

distribution from this reaction for those events - ?M8fyirig 

the same selection criteria as applied to trie unshaded 

histogram of /ig. 4.. 2 (a). Ho low mass ptrV enhancement is

observed. If it is assumed that the I « 3/2 

to /\ tr only, then by conservation of isospin the ratio of 

production of A**V° to A ir~ for these two reactions is 

predicted to be > : 2. This would put an upper limit to the 

I * 3/2 intensity of 8 ± Jfr of the pir^"* final state at a

mass of 1.75 GeV/o2 and leas than this value at lower masses. 

The distribution of the Treiman-Yang : e of the normal
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to the p*r r<~ decay pla^e la isotropic, consistent with

production by spin zero ange. This will toe 

further in the next section.

Fropertles,

*• js of interest in the reaction p + e «•> p «• tr^ *• T 

where e Is the virtual e age particle, are exactly akin to 

those studied in Chapter 3, Section 6, for the Kmr system. 

The only change is that the kaon i«? now replaced by the proton 

and the X axis Is convenit to be in the stlon 

of the if* within the pmr decay plane.

The an; .-• distribution W( ® ... / ) of the normal to 

the ptw decay plane referred to the Oxys* «<*t: of n.res was
% :t

expanded into me -, , .'o sign of any J" ; • ce was
*.«

detected, i.e.. all w"! with M ^ 0 were consistent with zero.*

This is indicative of spin zero

Following Chapter 3t the alternative approar?> of expanding 

the distribution w{ (^> ) of the incoming proton referred
s*°?

to the ( axes into Bor^ntc -;•; was followed. :e results

of this procedure for the more significant w^'s between 

1.35 and 2.0 GeV/c are fihown in Pig. U.5. Unfortunately,

unlike the Kwr system, in this case no quantitative fitting
m 

can be carried out on the momenta w for any spin-parity

hypotheses. -a essential difference between this case and 

that of Chapter 3 is that the proton spin Introduces an extra 

degree of freedom « This problem has been considered in 

detail by Cashmere [1 'is main conclusion was that ; alt ;h 

spin-flip and mm •pin-flip terns for each value of J and A
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lead to identical angular distributions, tney correspond 

to states of opposite parity, and without measurement of the 

final proton spin, constrained fits are impossible. However, 

qualitative conclusions can be drawn from the nts in 

Fig. If.5. The imaginary part of w, ̂  is seen to be large and 

positive throughout the entire mass region considered, 

requiring interference between at least two waves of different 

spin-parity throughout the region. The w2° moment is non — 

zero aocve l.lj. G©v/c% indicating the pro:,-.;•;..,:._• of som© spin
**3

J > -Y2 even in the l.i|B region. Like the w2°, the w2
O

moment becomes more dominant above 1.5 GeV/c * The w^
2moment is non zero above 1.7 QevVc implying the presence of 

spin J > 5/2 at these higher masses.

No moments with L + m odd are significant, suggesting 

there is no interference between exchange particles of natural 

and unnatural parities.

5 Model Dependent Fits

In order to determine the spin-parity states present in
2the p?r*?r~ system below 1.75 GeV/o , certain assumption: ave

to be made, /he discussions of the previous sections make 

certain tilings apparent. The pirV" system is predominantly 

and couples strongly to A (1236)77-, Its production

is <• icteristic of diffraction dissociation so exchange of
p •+• 

a particle with the quantum numbers IJ » 00 is indicated.

» 0" ©xcricuige is forbidden by parity conservation at

the meson vertex.) There is strong interference between waves
P of different J throughout this region. All these properties
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have luded in t... -el outlined belovr. - GS 

us«d were those with the selection of | \ < 0.5 (GeV/c) 2 

and antiselection of the K*°(890).

A & r decay mode was assumed to be the dominant process 

for all J^ waves, except J? « 4* where in addition a p e 

decay mode was included. The £ an s-wave sr-fr inter­ 

action, taken from the Lovelace-Veneziano model phase shifts [llj. 

The motivation for this was that its inclusion was found 

necessary in ^ hi rrv Rtatistios low energy if~p •* wv/<> 

experiment f!2] where the Lovelace form gave adequate fits. 

The statistics available here are insufficient to be sensitive 

to the form of £ taken.

The decay of the N* "*" into A nd p & for «. ^iven J 

may be written as

N* -a < A \ * b . < e I (1)

where a and b are complex amplitudes to be determined 
J* '

by the fits, with b yp non zero for J^ » ^ r only. On labelling 

the chr states and including isospin factors for decay 

of the intermediate states to ptrV", the transition amplitude 

,. becomes

" a

g

where

fM.F+ ^5

A ind m_ are trie Initial and final

(2)



projections. The function 

for the A to be

A ) is a p-wave

BW
/r, :
f qr

(M - H ) +r

'3
*******

ir
. r

2

with p pI - n 3 H_) — (3)

with K » 1.236 and « O.12 G«V/c. r » The q

the 3-mosientura of the proton in the A oentre of mass.

The term A(|>,GL) contains the angular at^-adence of tne decay
^ 

chain and the centrifugal barrier for the decay of the N

into /A and a. The angular dependence of tne p £ ->.,.u 

is just unity. The Bt represents the Lovelaoe-Veneziano 

amplitudes.

To calculate the terae A(j> t £) production was assumed to 

be in sue magnetic substate K * A only, wit a resi/t-ct to the 

Incoming proton as z-axis. Written explicitly it takes 

the form

3/ 2
J

m

J

\l A

K

(£)

1 3/2

m m '
8 3

(a) P

(4)

where trie , .erits £ and £ of the spherical harmonics are 

the polar and azimutnal a . Ie, ;i *,;*•&; A no .enturn vector 

in tne M* 4" centre of i.x.s •. uu the final proton momentum 

vector in the A centre of mass respectively. The angles 

are referred to a set of axes taken in the N cei: mass
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with the incoming proton -J.R z-axis and the pi. >f the 

incoming and outgoing protons as x-axis. The term p is
y

the angular momentum barrier factor for N •> A . Specific 

forms of the M^c^'s for various spin-par! tif* are given 

in Table U.I.

The total intensity is then given by

2

M

'itting to the data was carried uut by maximising the sum

ui It with respect to the variables a , and b r, 9
<F J 1 '

the intensities 1^ being normalised by Monte-Carlo integration 

over phase-space. The data is therefore fitted to the 

entire decay characteristics of the pmr system (except, of 

course, for the proton polarisation) i.e., the intensity is 

a function of both the Dalitz plot population and its 

orientation in space. This in fact reduces the work involved, 

compared with that of the ^ analysis, since the terms in 

Table i|.l can be calculated directly for each event without 

having to do a partial Integration over some of the variables.

^itting was carried out to seven 50 MeV/c" wide bins from
o , M 

l.il to 1.75 GeV/c in pir TT mass,

Korrison [13] has Indicated that,in diffractio^ -v'ssoc- 

iation the spin-parity series 1/2 , 3/2 , */2* should dominate, 

The justification for this is meagre; however, it was taken 

as a suitable starting assumption in the fitting. The 

results of Lxiese fits are summarised in Table U.2, The 1/2 H"
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lion .-.pin

ut^-. -yic - y 10

L/-- -•~-t3(p»a)p^-Q,J

arrier factors have x-^-~ -^^^ 
* r> 1*? n unit trect^r .:, .. .... .. . . the ion •

* ^e of mass aM £ is a i. . 
section of the nroton in the A. of 
., hello ity ' were calc ,ion

A A< A and A « « A



Fits with V9 . 3/2~ and 5/2* amplitudes

*ir Ities r ~~ ':iL to the r " s r of e -i-

mental events. The pui A cuiu. ^ e fractic— -^

,1 UT> to unit*/ bftfsnrjftr* nf 1 rttprfnr^nce v:rtwr

1

1

-

1

1

1

1

r lon
1; ten.

1
.4-l-J '5 14

**>

.45-1.50 41
'3

I ir r x ' 
. 55 '

.55-1.60 ?

.60-1.65 51

.65-1.70 52

7
.70-1.75 57

i

Fraction of 
Aw p £

.61 .46

.51 .35

.08 .84

.67 .19

.45 .41

.61 .47

.21 .58

i f
' «» £* / *-. •

Inten. Inten. pe 
excluded

5U 5

55 10

16 12

59 11

1 41

4 50

8 I|C

-1.3

-J.2

-25.5

-0.7

-7.8

-1.7

-13.1
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Table . r .

Contributions of l"" and 5~ ter:as from
•MMB 4G*

2 2

to all

p 1

1.
2.

3.

4.

5*
6.

7.

r IT Haas

.""% y*| *i*i \l f f^ **
l<i* * ̂  'O* %* W j \jf

1.U-1.U5

l..'45-1.5

1.5-1.55

1.55->1.6

1.6^,.^

1.65-1.7

1.7-1.75

Percentage of 

2

0

24

2

13

1

2

1

Percentage of 

2

10

5

20

6

9

5
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c is seen to be 1 hroughout of the region 

<ii| ly in the bin 1.55 - 1.6 GeV/c2 , wncroas the 

>/^"" coiitnoution is large up to 1.6 CjeV/c2 and snail above. 

Thn proportion attributed to 5/2+ rises steadily with 

increasing ptr*V rmss reach!nr & peak in tb#» region 1.65 - 

1.7 GeV/c • These trerds pre consistent with the p stion 

and clocoy to psrV of the P. ,111470), 0^(15^0) and F1t-(l666)jL JL •*• -7 -L }

pion-nucleon resonances predicted by priase shift analyses. 

1 low proportion of 3/2* in the region 1.5 - 1.55 OeV/c2 

is the only significant discrepancy.

In i*"igs. H*6(a) f U.7\a; and ij..8(a) the inv ass 

projections of o:ic via I a are aaown as histogram " ,itu tae 

distributions calculated from the fits superimposed as crosses

fiation in shape of the data from bin to bin is quite 

pronounced and is followed closely by the fits, sting 

the rapid variations indicates in line fits are pre t in : e 

data* The similarity of the two distributions adds «o ones 

confidence in the validity of the rr as the projections 

were fitted ohly in a very indirect way.

Questions which arise from this ar " -is a

a) How necessary is the j € terra?

b) Are both the P11 (lh70) and ?11 (1780) resor, s 

produced?

o) Is there .-• ino^ication of the presence ui -v- or 

5/0- r-.-.r*^- states?

These ouestions are discussed below. 

a) The fit*- was rf e term
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oresent. The projections resulting from these fits are 

shown in Figs* U*6(b), U.7(b) and U»3(b) superimposed on 

tne data. The ir*V* and ptr predicted mass spectra are 

generally in worse agreement witu t/ie aata than the i its with 

PG present and in four of the regions fitted {bi^ ?,3,5 

and 7) the log-likelihood function was lower by 6 cr n^ore 

tnan in the fits with pe (see Table 1^2). rhere is therefore 

some evidence for a mr interaction in the data.

b) The intensity of 1/2"*" is low in region k (1.55 to 1.6
«**%

GeV/e*') and the coupling of 1/2* to A v is low in both 

of the 3 3 and k in fits both with and wit £ 

coupling. There i& therefore some indication of production 

of two V2"*" states which may be tentatively identified with 

the P^t 1*470) and P11 (1780) of nhaR^ sbift analyses. ^» 

data is n e» though, and the errors in the fits are large. 

The low 5/2 contribution in region 3 may reflect on the 

reliability of this dip in the 1/2 amplitude, ulso tne 

I/?, was the only wave with a terr ntj^r t-.v-.n^ /\ luded. 

The contribution, by the fits to the 1/2' pe rood® at hiu 

ptrV masses may not be real but only a reflection of the 

presence of a non- A^r 'background' in fcae aata oi >er

c) i? its were carried out with both 1/2"" and 5/2" states 

decaying via /\sr, included in the hypotheses. The validity 

of fitting a relatively snail sample of data with so many 

parameters is quest innnble. The Tnfr.iifceiJUioQag did not

, indicate a significant impro\ >t with the inclusion
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of these ©rfcra waves* In eac^ re rim th«v 1 r: r:r ,..._,.. ^ ^ 5 

for four extra parameters ;. -0. -? proportions attri 4 to 

escn wave were erratic but generally small (sec .3). 

In --"ticular there was no Increase in t^e regions 01 &;.e 

1/2~(1535) or 5/2*0670) i^hnrn for tihn fcwn waves. Although 

it is not conclusive, there . rs no evic ? in the 

for the production of V2~ or 5/2" states in any part of the 

re&iuii studied.

^ S ; ry __of _ G one lu s i ons

""•••' "••• : 77* systeo shows features characteristic of 

diffractive production wi tnf " - y ' % -;ucieon isc- '.n the 

Fr,in-.o*rttv v^^ries V^i 3/2 and ^/^^* Although ...atistics 

.aat® to draw quantitative conclusions * two observa­

tions are clear* Firstly, there is strong inter i>.r£o
P -- f different J thr^ >ut thr- :ion studied which

. ,<v«*r ««ir analysis wit1' r unique spin par'""- '--rpotbftsis aighly
-f- •><jsti "... ;". Second.ljr , the mr TT s^stes har nrorf^rtl.ftw

which vc-.ry considerably from ore region to the next. This 

sts doubt on those analyses which use a bacrir: round p 

procedure to extract the properties of e • •• * -
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The /an hove plot of , ~er 1, Fi#« 1.8, c.' 1. 
demonstrates where the kiuir.Hatie a^uiguit-ies of t • t* V~p

1 lie. The KlflE^TTOS program cannot distinguish a 
K from a w In those >, :..-;•; in vrhich the K?nr sv«t#s; 'ias a

3 forward laboratory momentum with the K"1" and •/, ..v/v.

lar • ata. -'; events lie in a very restricted 

region of phase space, largely around the ^ region. Their 

presence does not seriously bias the r— *" sass spectrum as 
the value of the Kfnr mass does not differ greatly f^^-^ on 
iclentii'icatlon to the other* A c .>rlson of t s 

spectra for 4,1;^ unique and an«biguous fits confirms ti;ia. 
However f the Dalitz plot di8tributiw<4« will be 

As pointed out in ; . -..er 3 ^ -t trie entire p 

< /ved in Fig* 3.10 i .- from the a ev , f*:ere 
is, not/ever 9 a clear ^ si ., ia &ae K°«r°r'*' system, so the 
p° observed in K rt?%*"p must be partially real.

In £*'lg. A.I the probability of the kinematic fit 1 is 

pic .. a<i"ciAh=st that of fit 2 for those events in * either 
fit has KW" .' :; in the re ' '. 1*^ to l*k GeV/c'r . The 

-vt,-::if r; y-iav« been divided into three regions as shown in the

figUl't, , i.»0»»

a) the regions runnir. ...ocg the axes of the plot
b) the diagonal band
c) the regions aua t. . . ..•-.*•
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The selection of the ' . jr probability fit for re. s 

(a) and (c) is? t it to be largely correct. ief

Iy ,.;•£•;-:e<i on the ability scatter plot for r« i (a) and 

on tae contrast in the K -* mass spectra for i^uw :*igh and

low probability fits for region (c) (see Pig. *-?). >-.lear
*

.... - is seen for the h ,_ -,- or^ llity r.

in region (c) which is absent from the lower pro' Xity.

The events in regionB (a) aria ie> ao not corscriUifce a 

significant p signal in the tr*V~ "egion when th* Vi? ter 

probability fit is taken, however, if the lower probability 

fit is selected, the K* oi aars and a sub; uial pc . 

develops in the p region (see Fig. A,2}« i*his is in ient 

with the conclusions of Perbel otjal. (eee reference^ «iiO 

pointed out that rninid^^tifled K 'g generate a srjurioua p 

signal* These events are not seriously T, t i.

T'ia : : : ?j.in problem coraes from those events falling in 

region (b), the band of essentially equal probability for 

either fit. T^ Dalitz plot for the hisrher -robrLbllitv fit 

of ise events is shown in Fig. A»3« ^ vents lie pre-
yf-

ferentially in the K -P cr r re . It be isised 

that there IP no a priori, knowledge of hox^ thess tr/,,, t3 

should be distributed, that can t^e ^^ed to sep^^- * v '^
*

correctly and incorrectly identified e , e <*\ ion 

is partially G-V.-.-I by the strong positive corr Ion 1 

reen the points on the Dalitz plot for the two fits. In 

Fig. A.J4 eacn event is represented line connecting the 

two ooints corresponding to each fit. It can be sef»*i that 

, slides alone a line of cc .3



Events from region (c)
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High probability events 
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1 . "i of the line varying . 

short line correp s to a high tlve c 

t ^ itions, ana there is a c

short lines in the region where the K and P bands cross. 

Out of the Ikl events falling in rwlnr fh) and pic *• 

A.l4 t 47 are found in the region defined by ? ") » 

and Kdr^tr") » 765 - 12u GeV/c2 , for

i?jL-e tat ions.

Thus there appears to be ^ 100 events out of a total 

of 12If6 events in the Q, whose ible misldentifi 

could matter. Of these, half will be correct by 

random chance, leaving ^ i^ of tne events in t, " - 

which there is a misidentificatic- ••'• '*<•>'•• I- 'ignificant.

.,.. this fraction is snail, the effect su^, by Parbel 

et al. may be at work giving a disproportic the 

p amplitude fitted to the o. „

To test this possibility, r ' each ui these 100 events,
vthe fit giving a *V mass near«*?t. the K (f v ,. _ie

correct one, and th* tr tr* fliacs projection was pic for 

these events t or v:ith the rest used in the t ot 

fits. When cor; ared with the projection for the overall 

higher probability fit selections, tv^ two were found to be 

ide"t.-»cal within statistical errors. The projections of the

Utz plot t in ter 3 e eese lly t. 

In conclusion, although there ? DC no clear way of 

estimating what effect this small ™^ ^* ^Isldentified 

><• r-r i-.hP. navinuni likelihood fitting of Chi-ter 3.
U*i - -•• - —' ** 9

evidence avail shows no indicatir
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particular direction.

Leference

£t JkL* University of fiochester Heport ,'5-301* 

(1970).



3

CALCULA.TIO?! OF L

A brief outline is given here of the theory i 1 

in the analysis of the t r 3) 

For the quasi two-to-three-i taring process of ^i&. 

3.6 (i.e., e + ?•* * I y ?f) f t,.c transition amplitude from 

to final states may be written as

J
AX

* ifTT

^x

v/here J is the total angular momentum

/\ is the projection of J on the 1 ;-u decay a normal 

X '*iie hoxicity of tn© incoming virtual x,,ruiGle

*^ ^he invariant mass squared of the Kmr ^v-«to^ 

s* are the invariant masses of pair of outgoing 

particles*

m)"3 angles ( y , © , 0 ) are a set of Euler aii0xtoe trans 

forming ^>«« of the sets of axes defined in Section , -, , .ato

the other. The B T ^ are reduced natrix e .nts which are

ii ient of the ; '^tic si' ' ich the is

/ iy e?.?- =re r;siyn v^/ tially une same as

^.. vUiuved by Brans on, Landshoff and Taylor (t : , ,

reference [16]) h-it uses the fact all state

spin



Parity conservation applied to the re-. 

el OP gives the relation

ix

B

^1 ^ ^ are ree Ively the tots of the 

intrinsic oaritiea of the -.articles in the initial and fi

states,, jcui- J •- r+> exchange X* c f and (2) becomes

B (-!} A restricting -Ti /\ to values
P *

,.

For pi on ex ;e (J* « 0 }, only odd values of J+ A 

be allowed* With X set equal to zero in (1) the $
*\ d^ "Jsnce drope out i: - the i/A -••••••. e..; ; be written in

of spherical haraucnies using the relation [1]

the intensity, ^ivan by the modulus squared-of (1} § 

thea '-^ expanded into sums of p, leal , .ios to ,

jjwrti
/ 1v-1

« ^
/(

J J

nil values oi' ^ A
2" ^-..auction only» the non-zero

possible, L-

nro BI;I rv

,.%nd

*>* JU
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Table B 1

Expansion of theoretical angular distribution into

moments wrm for 1\ 2~ state®
JU

Moment Kxpreseion

wo B 1—1
+ Bn 1 *»•%

1 2-2
2 4- B 2 -*-

P9
o
sC

w

w, 0
2-2 !2

+6|B
2U

w, . ^ 20 20 2-

moments discussed in the text of Unapter 3t section 

6 9 uiilike the ones given here,are normalised to w « 1.



of are for

expression (U)« Jhese calculations ;

-Ar! >v<* ! ic. i ng a program CLiiBGN to evaluate tN- ~uru of

-Gordan coefficients. 

The f< lae in Table B.I are con3l& o

ccions of IV ;ob given in Ch:jo:;er 3, formula

the i- of
X\ f\

/W0
to - ,= (i.e.

to

;er in the 
2

,Jt?:7> nr»d for pure 2 there 

: :,s § th© ratio of IB._,I *

in analo^e to the p: ^ter K. ie

1 and 2" occurs in the its w, • w^ ana w *, 9 _

If the exchange particle f e' has well-defined " 

rarity (and spin zero) then from (2), only B r ^ t>, 

J + \ is even for ?-vnn P or odd for odd ? can

results in only the ; its w^133 for which (L + 

- -aring. Odd values of L i which v^ould be 

violating for a real r;n^tt^r»^nr -»r»ocess f cs^ only 

interference bet exc of even and odd

is

on exc" In the data these n

o

>?ith

,-<Q

consistent vjith zero.

^a parar.^^-ers in t.he fits of Ch-r.t^r 3, J

were the real and inary parts of each Bj /\
"i

oointed out there, evaluation of the 'X" given in 

3.1 included all moments up to w ** and thus contain u 

- - j '-tative test of the state-^t- n^r.vr, that the <*- ^ V; 

particle hnd unique intrinsic parity.

brink cnler . ^
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x 1

1. I sospin considerations

The decay of a X?r?r system for a particu:

state into K ?r and Kp wita one s ; :u etry oi

taken into account may be written as

91

rity 

L-//O ?r's

Vi

or ^ is in the K .

charge states, equation (1)

r •*•r/

2

I «

°

tbelling

(2)

inclusion of the isospin factors for the 

the vector mesons, tne aiapli tud.es for the two ciiar0& 

of ±u merest take the form:

of

[ .
J

+ \ - >/£.

(3)



t
-i *

factors Ai.f ) and BV are defined In i 7

^ 1 1 ar.jiiintu.itt Pro>@rtl.

To evaluate the factors A 

1 to be prc -id In a stat^ with

i. >K t witi. .respiiui* tu

•t affect the ualitz plot populations*}

for natural spin parity ar :,s given

J 1 *J L"

C£———I —— T /*i*-- -L.-, o



1-3

J ^ "; J.I
Y r (£) X1 < . ; :^ " (6)o u -1

:-o for the latter states J+l i/c-ves nave been . 1. 

The ors pL are centrif rier terns for the i -1 

state ^i trie decay chain, rne corresponding factors for 

the vector meson decay have been i^u^uded in the Breit-Wigner 

formulae. The arguments £ and & of the sr^erien! -.^ins 

are trie polar and azii ss of the relevant particle

vectors, defined in 7 .1, " wit ~ct

to the external set of axes Oxys •..* ., ,^ uui j 9 section 6«
x

T'he K rueson has been chosen n.R the Indicntor of K rio

and ?r, as indicator of p dec Thi -s a 

definition oi" tne phase £ between expressions (3) and
•4* -f" 1*

The final states < v TT 'tT \ and <^ ^T* 1 c;i ^" rthogonal

and so do ^^- interfere ^^ s^^^rlr.?!* the anirii 1 tnr*r»jT;., Choosing
•f 

the rr as indicator of p decay for the experimental ,s

reverses the sign of the p amplitude in the latter case, 

since in "(&) is odd una@r £ > ,. 2^e square of equation (3) 

yields equation (10) and (k) equate- »« (n> of r?v— >,^ ^ d

1 ?? aralvnin using SU(2) only, I iy of 

180 decrees in the 3 p since if ir2 had been tead 

of TT-J^, the difference would have been p -» -p. "".' ity

c, ily be removed by going to SU(3) and writing an
x 

symmetric in all three particles. The values of

* j SU(3) t Bowler has determined that for the ^ 
convention applied here, ^ * 0 corresponds to the K'* with 
C * +1, and £ - ?r corre- Is to the K* with C « -1.



Table 0,1

Angular terms for decay of the Q via K*?r and Kp f 

before integration over the orientation of the

Balita plot in space.

ripin Parity 

State
0"

1 (s-wave) /"
*

1 (d-wave)

Bai'rier factors have been neglected in this table, 

£ is a unit v^ot^i specifying the direction of the 

recoiling pseudo-scalar in the Kmr centre of mass 

and j£ is a unit vector specifying the direction of 

one of the vector decay products in the vector centre 

of mass.



>_ ,8 of the c unit vectors o 

find & are given for various eses in a C.I.

The final stage in the calculation is a rotation of 

axes so that these vectors are defined with respect uu •*:.? 

ii :. axes : (Chapter ?, section 6), 7be vr 

are now the spherical polar as ( © vp } of the incident 

K' ; c^.u trie ; " :5S lying in the Kinr r , J of 

equations (11) and (12) of Chapter j i>vei- © onu 

the ^^Mcal Dalitz plot 

e

,. + •*• - 
(i; iv *r IF

IK tsr

k•73
J/3

G<K

1TiJwl

-*•«

•f-
(7)

(2)

2.
9

IT

He

3/3 |~ \

BW(
»

irO f ir"h ) \ C 
J

celP (8)

-«e the factors d G are 4r*1ven in Table v.2
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inte were checked the Dalitz plot 

projections calculated from the formulae (8) and (9)

by Monte Carlo ration of 3 

,/ith the intensities of formulae (1C) and (11) of 

.ter 3 using the relevant temn from Table C.I.

3 Inclusion of K^.

I • t-hese analyses the G was represented by an s-wave 

Breit-Wigner of the form

P K
I r

(M-H ) -*• i
. r ,

v/ith the notation of Chapter 3> section ?• The 

(1) was uoi-respondlngly modified to read

sion

for states of unnatural spin-rarity. Jhe addition,,^ ^sospin 

factors give

do)

re

oe a- to (3)

(ii)

0
(12)
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ion over o (7

9 v e.
*s

•»- - * is ) ye fc:

I 77" (13)

• •: ;s Gc 9 Cv and C for the spin parities 0,1,fc »*t Pe,
2 ore fexveu in '.Table C,3»

Procedure

fitt:' ; f the Dalitz plot distributions to both

.u. states sirauitaaeously v^a-*? E>erion-ea by 

logarithm of the likelihood ,:t-io»7 .-,^> !
_T,T

1 -t.
I'd Ha
d-1

—— •

—

b

• •«*

r (, . W .S , ' .

oe :

w
/
V

'

! «

and L

N and K are the m * of ev studied in 

la) and K°i/"f«r° (channel b) i -ctively and 

corresponding intensities for trie two CK 

wDistant P (of value '.^^} is a factor representing the 

a priori probability ratio of observing the two enamels 

all > ^°r both tiie difference in the film e in the 

analysis of the two channels and for trie loss of i n K°

The integral in the denominator is over ce

c was evaluated for eac ^v numerical interation
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itz

'?hl s riu ruuau. i s a £ i on
fir: in where *'-* «•-<•' started -

jr end of the rerior% ^nr f>i« bin, norGi^"5 ^ =>.-?*-.* n*- 

cut by t ier f

c the ru ion for each sub-r

•••—- the five tex^t;. .Gi 

appr^i^-Pt:^ ^-^ly wit ...oae, this vu.ui-e

-Ifled V»y r thl ass

in bin 2 for some fitr j 

obtained tu ^ucse wriere the st normalisation p. ;«e
*•*»« used.


