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Alonso; This Is *s strange a m&sje ae e f er a*;: od;

And there Is In this business acre than nature

«ver conduct of: eo&e oracle 

*ust rectify our knowledge.

Fir, *-.y llege»

Do not Inl t your rtlnd with beetln£ on 

The strangeness of thle buslnasr; at picit'd leisure 

Which shall ~-e shortly » single I'll resolve you, - 

^hich to you 3 he 11 seem rebable, - of every 

These happen 9 d accidents; till '?,nen, be cheerful* 

Mid think of etch thing well.

^hakesr«cre, 

The Temoest.
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ABSTRACT

An account IB given of aome of the remulta of an 

experiment under twit en by a collaboration of five British and 

one Oeman Hydrogen Bubble Chamber Groups. A beats of 6 O^v c 

K~  eeoae w«@ injected into the British national Hydrogen 

Bubble thaaber at the proton synehrotro® at CKP.K f Geneva* A 

total of 300,000 pictures or 1600 tafia, of K~ track wias scanned 

for interactions. The ac$nnin& meseuring and identification 

of two classes of interaction in the Oxford eampl* of film 

are deaeribed in detail* A ficherae which uaes a computer to 

do the book keeping of the scanned information la mentioned - 

this wae developed by the author as a result of experience 

with this experiment* The treatment of losses, biaa&e® and 

ambiguitlea is dieeuaeed at ^orae length - a new method ia 

used to eorreet for the lose of signas «t email decay angles 

in the laboratory and a diaeuaaion of the meaning of the 

probability associated with a kinematic fit lead® to ide«e 

affecting the interpretation of ambiguous fits.

Special problem affecting the analysir of aaltibody 

final states are tiiacuafted and solutions pot into practice* 

Careful treatment ia given to final states which derive large
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weights froa losses. A discussion of the optiaim way of 

selecting resonances aad choosing hietograa bin sizes* is to 

be found ia an appendix. Froa a brief discussion of the 

theory of Unitary Syaaetry we & re lead to consider the omega 

sinus and its quantum nuaber«. An original investigation by 

the author into the isospla of the omega takes the fora of a 

search for s neutral baryon of strangeness ~3« The fact that 

the state is not found ie of even greater interest for the 

qusrk aodel of Unitary Syawetry. The latter is described 

briefly aad a a ear oh is aade for other states forbidden by 

the aedel*

., survey is aade of final states containing a hyper on 

aad aesoas* Evidence in favour of a na* ¥* r@-o nance at

1660 HeV deeuying to (/*) support* the findings of w. Derrick 

et al. at 3o "«V/c. A strong forward peak of lambdas in the 

leabds four pion and lasibaa five pi on final state® app^firs to 

be associsted with strong production of positively charged 

aeson resonances decaying into three pions. These resonances 

appear at 1100, UOG «nd 16UO MeV and are identified with Al, 

/.2 aad ^(16-.., ;. The A2 appears to decay to (Px) although the
*

data suggests that the Al does not. Slailar features we;-e 

seen ia the lambda four pion state at 3*5 OeV* These findings
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ere important el no a the 41 haa only been e*en before in final 

at&t&a eonftieed by *De)*aV* diffractive effect®*

The decay correlations of the reaction K~p -» P are 
calculated from firat principle® and compared with experiment. 

Thia pares the way for the study of the double peripheral 

production mechanism. Detailed discus el on of two final eta tee

(I~p -* 2I\*** and K~p -» X "Vn) ia need to set forth the

general features of the model. It ia shown that the natrix 

element for the foraer aay toe derived directly from that for 

the well known reaction *~p -* 21 K ° by crossing symmetry* 

Althciigh the data are not definitive* they provide general 

for the model*
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fhie experiment was a collaboration between the Hydrogen 

Babble Chamber Groups of the futherford High Energy Laboratory. 

the Max Pianok Institute (liunich) and the Gniveraitiee of 

Birmingham, oisagow* Oxford and London (Inperlal College)* 

The purple of the experiment was to investigate the 

interaction of K~ menon^ with protona at a laboratory no&enttiii 

of 6 GeV/o * this includes both the theory of production 

dynanicfp and the diaooirery of new particle at^tea and their 

properties* The experiment wac carried out in tfce 1*5 ^etre 

British National Hydrogen Bubble Chamber in the r $*t Hall 

at the CSivK proton aymohrotron daring 1964/65. The total of 

50C.OOC good ictures uraa divided equally anongat the alx 

laboratories* £ach laboratory analysed thift film and 

oontributed a data summary tape containing the details of all 

the eventa eatisfsctorily analyaed* Theec bujiiir.ai le^ were 

Merged &nd copies cade avsliable at various computing 

in&tallationa &o that statistical &epectr, of the data could 

bo aaaiyaed*

In chapter 1 the beaa and chamber are described* 

to the breakdown of Klnrod I waa not connected with the
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experiment at thia early stage. The processing of our part 

of the film w&® under taken by several graduate students -

Cruz and I were responsible for the four prong + V 

and four prong *it*i charged decay event*. This part of the 

work ia described in chapter 2. Chapter 5 deala with the 

theory of Unitary eywaetry* the prediction and discovery of 

the ooier minus and an investigation of ita properties. This 

turns into a search for a similar neutral particle which is 

not found. The poor momentum resolution of the chtatbar and 

the high momentum of the bee* conspire to make the problem* 

of leases* bisases and ambiguities of considerable importance. 

This ia the subject of chapter k and of two of the seven 
sppe&dicoa, Chapter 5 is concerned with a survey of the 

hyperon + eesons final states* Some aspects of these have 

already been discussed by P.H* Locks and are not repeated 

here. The decay correlations of the reaction K~p -» A P° 

are calculated from first principles and eoapared with 

experiment in appendix F. This pav<se the way for the study 

of the double peripheral production aachani&a in chapter 6* 

The details of the algebra are given in Appendix $ 



- 3 -

C R A ? T B ft

THU BMMr CHAMBEB ARD .. FICTOHIS

1.1 tho boa*

In thla experiment a boas of 6 OeV/c K~ aeeons wee 

injected Into tho 1*5 metre British national Hydrogen 

Bubble Chamber at C£RH. Tho bee* was taken from an Internal 

targot In tho proton synchrotron. A plan la shown in Fig, 1*1. 

tho flrat atago consisted of a vertical (0^)  n<5 a horizontal 

(C1) oolllaator to dofl&o tho angular alto of tho beaau Tho 

boaa waa than paaaod through a horizontal bonding Magnet K. 

and rofoouaaod in tho horizontal piano on a a lit C,* tho 

offoot of thla i» to give & ttoaontttB~diaporaod iaago of tho 

targat In tho piano of tho allt  -  By adjusting tho fiold

of tho bonding aagnat »^ an^ ^he separation of tho jaws of 

C, tho Monontuai and aoaentum bita could bo selected. *f ter

tho Aoaenttra selection atago came tho separation etage. 

focua In tho Tortloal plane at 0^ wee r^focuaaed on the IB as a 

alit, C^t loo metres down atrea». In betiroon wore three 

electrostatic separator tanfca eaeh ton aetrea long. Tho 

offoot of tho electrostatic fiold wao compensated for by
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  all bending aagaota at the and of each tank, Thic 

eoapeneation was arranged to laage tha kaena between the 

j«va of tha maea alit Cg» Since tha feree on a particle in 

aagnetie and alec trie fielda la given byj

thia coapanaatioa la valocit/ dopoadoat OP (at fixad 

aoaoatua a« iaoro) aaaa dapaadant* Tbararora the uawaatod 

«* and p partiolaa foouaaaa at a diffarant point 9 hit tha 

Java of the eolliaator aad vore roaovod* At thia polat tfaa 

boaa liad travollod aoajrl/ Xj^O aotroa aad tha flax of auona 

aad pioaa froa tlio daoay of pi one and kaona vaa 

Tlatoaa that dooajrod during taa aaparatioa ata^o of tea 

auocaadod in getting through the ieaaa a lit* They were 

diatinguiahed by their lev aoaentu** Therefore the

 tag a was followed by another monentua defining geometry

 iailar to the firat. The beaa now entered the ohaaber*

X.2 The oaaabey

The enaabop ia 150 eaa long by 50 oaa wide by 90 c»a 

deep. Three oaaerao ia a vertical plane view the enaaber 

horizontally, through the window oa the eppoeite aide of



the chamber nine flatsh tube* In sets of three illuminate 

the volume of the chanber. The light froa these la foeuaaed 

on the plane of the oanora lonaoa bjr three large condensing 

lonftoe* The^e fool aro arranged ejmotrloally around each 

caaera ao that no light outers the oaaera except as a result 

of scatter ing e,^* on a bubble. The operation of the chamber 

la eynchronieed with the accelerator ®o that expanaion takes 

place juet before and illumination Juat after the particles 

pmse through the ch*»»ber. Round the chamber irooaol and its 

aaaoolatoO nitrogen and Y&GUUIB ehielda are the windings of 

the «agnot and the vaat iron yoke. The 12 Kgouaa angnotle 

fiold la along tho lino of Bight of the oanoras*

A Gerenkov counter Juat in front of the chamber recorded 

the nuaber of xf « and ^ v « in tho ooaja while a thin scintillation 

counter roglatorod the total nuabor of particles per picture. 

Ther;e oounta were recorded en film for oaeh frame and were 

used later to e^tiaato the purity of the beam. The boaa 

Aoaontum and ita aproad wore checked lator by aoaeurlng t 

docajre and nalng the four constraint fit to determine the 

incident K~ ao&ontum a^ woll m pos«ible. the ro&ults voro 

conelatent with the aoa«ntum paraaotore derived froa the 

current In Ml and the geoaetry of the moaentua definition 

atagoe of the bean.



Histogram of (Missing Mass) 

of V°s fitting K° decay.

3OO-

2OO-

IOO-

.21 22 •23 .24 •25 •26 •27 •28

Fig 1.2.



Th* aagnoUc f i*ld was charted with * Hall *ff *ot prob« 

aad th* g*o«*trloal constant* of th* ahaafeor a«*aured dlrootly. 

th* uaoartainty in th* g*o«*trleal constant* and optical 

distortion off ootB w*r* oorrootod hy *o*«ttrlng all th* 

fiducial aerk* on * largo nuabor *f fraaas. By oxoaining 

th* fiducial roc ona traction orrora and th* diataao* of th* 

reconstruotion froa th* plaa* of th* wiadoir as a function 

of aaall ohangaa in th* o ona taut* th* host Y«lu*a woro ^

Tho atoaolut* valu* of th* aagnotic f i*ld valuee vat oaloitlatod 

oy examining th* aisaing aaaa and it* dlap«ralo& for V°0 

Idontifiod a* K°o. It may ho ahowa that thia i* a eonsitivo

function of th* aagnotio fi*ldv y . Furtharmor* if th* 

variations of th* fiold ar* vrong th* width of th* poafc would 

bo gr*ator than that oxp«ot*d froa th* oba*rv*d *rrore« In 

Fig. 1.2 w* show a hiatograa of thia aiaeing »«»e which ia 

ia *xoollont agr**a*mt with that expootod* Only th* s~0osponent 

of th* aagnetio f i*ld waa aaod - although th* inhoaogonolty 

of th* lot tor Iffiplioe th* *xiat*BOo of tranevere« oompononta 

th*a* woro ahowa to haw* a nogliglblo of foot.

Th

Tho oxpoauro took plao* in thro* aoparat* runs 

(r*f*rr*d to a* 'D1 , f s f and *F f ) and ovary aixth roll of
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fil» vse seat to Oxford* ?h« fil» quality *«* monitored in 

 itu by developing * short strip st the end of esoh roll

Despite this the file quality we* generally poor* The 

magnetic field w«s not high enough to give the required 

resolution* ?urther»ore the I1 ao*entu» bite being 60 HeT/o 

turned out to be emberresaingly Isrge when the problem of 

distinguishing /\\ froa^°e wae tackled (see chapter 

The purity of the b**jn however wat quite goodt

80A Ks

X*

so that event* in which a strange partiole vsa observed 

oould be safely takea ac due to s K~p interaction*
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CHAPTER 2

TH J OR TMK Q1FQH.D i/KrLE Q? FILM

It was ay responsibility to process the events of the 

typo four prongs + V° and four prongs with a charged dec^y* 

(Those are referred to as U01 and 410 events respectively.) 

Figs* 2*1 and 2,2 show typical examples of those event types. 

Only events in which the primary interaction vertex ley ,
£

within an inner box and the decay vortex lay within an outer 

box were accepted for analysis* These boxes are shown in 

?ig*2*3 in relation to the fiducial aarks on view 2*

In the first instance the fila wa& scanned twice by 

scanners* A physicist then examined the discrepancies 

between the two scans* Fron this information a first 'Master 

List* was drawn up* During those sc&na other topologies wore 

alao recorded and in particular ̂  decays of beaa particles 

were counted* Two previous scans covering *>art of the fila 

for rare events snd ^s had also been made* !*eh event on 

the first aaster list was Measured on a film plane digitiser
>

using forranti gratings and the Moire fringe technique.
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It irss not until tills point (duo to tho breakdown of 

Hi*rod) that I became concerned with the U01 and U10 events* 

Tho scanning had not boon vary thorough and the asasuring 

was proceeding slowly* Investigation showed several wsys In 

whicli the aossuring proceas oouid bo accelerated. A senior 

scanner was sppolnted with special responsibility for this 

data and personal Instruction improved both the quality and 

the %uantity of the data processed. Under thle regiae a 

thir4 scsn of the fil» vas »ade and diecrepenciee with the 

first master list exaaincd either by Andree Crur with whoa I 

worked or by ayself. ftany now events emerged and the ©econd 

 aster list wa^ aade. All event® on the Isttor which woro 

not on the first list wore now aeaeured. I^^pite this it 

wss clear from ay investigations that errors in msnmal 

trsnseription from one list to another, variable standards 

of scanning and the difficulties of retrieval of scanning 

information wore seriously hsaperlng the preparation and 

processing of the datm* To sot up « conputor-basod scan 

system to overeoae tho&« difficulties has taken an appreciable 

part of ay tine. Although It came too late to bo of use in 

this oxporlBsnt* it Is in full production on other oxporlsants 

and has boon greeted enthusiastically by all concerned* It



ia described briafljr in Appendix D and more thoroughly 

elsewhere* '*

The output of the digitizing aaohinaa on five channel 

paper tape was checked and written to magnetic tape on the 

Englieh Elaotric KB?9 at Oxford* Paper tapes with format 

error* were patched and raeiroulatad* After transcription 

of this data onto I8K aagnatio tape at the K£?9 at Culhwt 

it waa taken to the IBH 70kk at dlsagajv for geoaatrical 

reconstruction end kineafttic fitting*

The proceaB of three <ll«eneion«l reconat ruction froa

three etereoaoopie riews in the RHSL georaetry programme ia
(2} fully described elsewhere v . EYanta for which only two

ware Measurable oaueed soae trouble * the lar^re nua\«r 

of traofce in our topologies ttaant that there was a high 

probability of a track p&a&ixig eloae to the lino joining the 

two earner aa. Wham thifc happcnu it ia iitpoaaibla to calculate 

ita depth in the chamber. Holla in which one view was 

completely unaesaurable wore raaoTad from the aanpla* Of 

the remainder lees than $% auffered froa a aef active viaw. 

Just before geowatry prooaaalng wa« started ao«e important
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aedifieatione were aade to the programme by HHEL to correct 

certain Bhortcoaiags which had come to light «« a result of 

detailed coapariBona with the CEHK fnaiSM programme. The&e 

concern the reconstruction of vertices which wee formerly 

done by leant aquaree point reconstruction of the vertex 

ne&sureaenta i,e* vertioee and tracks were reconstructed 

independently* la the new version after tract reconstruction 

the vertex position was found by a least squsr*s fit of the 

diatanee te the intersecting tracks a® well an to the measured 

vertex points Hot all the data fro* the other laboratories 

wac prooenaed by the new prograaae - they elaiaed that the 

difference waa email* The Munich data VXK proeeaaed through 

the Threeh Orind eyatea*

All those eventa which failed geometrical reconstruction 

were reeieaamped \ thoae that paaaedi wera processed by the 

REEL kinematic fitting

Ident^f^cption of the UG1 eventB by kineaetic fitting 

and

Eaeh U01 event waa tried on the hypothec*® liated in 

Table 2*1* After eaeh hypotheaia ie given the fit
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FIT SEQUENCE A

FIT I.

OR FIT 2.

Fig. 2-4 (a).

FIT 3

FIT SEQUENCE B.

FIT I.

FIT 2

FIT 3.

Fig. 2-4 (b).
Overall 3-vertex fit. FIT 4



the nuaber of constraint* in each fit of the fit sequence 
end the ainiaua probability that was accepted as a fit '• 
The fit aequenee A involved a «ingle vertex fit of the 7° 
back to the production vertex, a aingie vertex fit at 
product!an uaing the aonentua of the V° particle determined 
froa fit 1 and finally an overall 2 vertex fit* Fit sequence 
B fer^* hypotheses wae t»a follows} a fit of the V* beck to 
production a@ a A°: a fit at production without the V but 
with ft free visaing neutral track with £° mass; a fit at a 
neutral vertex i*e« conserving energy and aonentuii for the 
vertex 23 0 -* A* + y where the A and H variable* are thoae of 
fit 1 and 2. The laat fit waa an overall 3 vertex fit* The 
two fit Bsquencee are ehown in ?lg.2.i4. in the last coluan 
of Table 2,1 la the fit of the fit sequence on which the 
probability rejection oriterion was applied* For fit 
aequence A the firet fit in alaoet every case Indicated an 
unambiguous A or X • Thus a low probability cut off wae 
sufficient on the V9 fit and all fits better than 1 were 
accepted. The out off for fit 2 waa taken as 5,- for 10 fita 
and l: for I|C fita* Por £*• the crucial fit is fit 3 - a 
cut off waa applied*
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each event had bean toe tad against all the 

hypotheses it wea re-examined on tha scan table fcjr Andree 

or »e* Tha density of ionisation along a track being electro- 

aagaetic in origin depends only on tha charge of tha particle 

and tha velocity of tha charge through tha hydrogen. The 

velocity of a relatlvistlc particle ia P/B whereaa ite 

curT»ture ia related to P only. Therefore different hypotheeee 

by «« signing different Baaee* to trecka predict differ out 

velocities and therefore different iooieationa« A high 

aoaentu* truck haa a velocity within a fair peroe&t of C 

independently of ita ttasa and different «aaa aaai&aatonte 

oannot DO diatlagviahad* Below $00 * 1300 HeV/'c depending 

OB the Kaaaoa conoerned» tha lonieation predictions «re 

attff ioiently different to distinguish oaa hypothesis from 

another. Any fit requiring an lonie*tio& incompatible with 

that observed was rejeotad*

Tha regaining aftfeiguitie* wore further reduced by 

always accepting a fit to a coason hypothoaie (only one 

atrange particla) rather than a fit to a r«re one when the* e 

ware aabigitoua) alao bar accepting fits to !A+ charged pional 

over fita to A+ charged piona + * torolwhen these ware 

aabiguoue. This procedure ia Juatifiod by the din cue el on in
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Appendix S and to* experimental reeult* or chapter 4t* Th* 

remaining aabitfuitiee were mot resolTed at this stage*

On* of the shortcomings of bubble chamber film analysis 

is its theory of errors. The setting accuracy of the 

meaeuring machine* the theory of Coulomb multiple scattering 

and the goodness of the least squares fit in geometry »ay bo 

used to derive the random element of the errors ss the 

experiment proceed*. However, systematic of foots remain 

nak&o«ii until s large body of data has boon analysed* The 

ultimate t^at of whether the errors are correct lies in the 

probability distributions for fits to well ooiiatrained 

hypothese*. These should bo fist* If the errors have boon 

ever-e&tiaated they will peak at high probability or if under­ 

estimated st lo* probability* Neither of those oases natters 

too such provided that in the one osss the aunber of spurious 

fits duo to the large errors is low and in the other the 

number of lost fits due to the femall errors is Ion* fig»2*li(c) 

shovs the probability of the overall fit for events fitting 

the M* final ststo from all laboratories* It la not entirely 

satisfactory; this is attributed to the fsot that some

laboratories did not compute their events with the best sst
/ R\ 

of ohsmber constants^ 7 nor with the Istsst version of the



- 15 -

geometry programme. They claimed that although the new 

constants improved the probability of s fit they did not 

increase the number of fits significantly.

2,U Identification of the klQ events by kinea^^ic fitting 

and

The J*10s were fitted to the hypotheses of Table 2*2* 

These events were difficult to fit* As shown in chapter 5 

27 e and jEls turn through an exceedingly small angle before 

decaying so that any attempt to determine their momentum from 

curvature is more trouble than it is worth* This aeans that 

unless the production vertex is fitted first there is a zero 

constraint fit st decay* Consequently as shown in ?ig*2«5 

the fit sequence C follows the order: production, decay and 

overall* For the events with missing neutral at production 

(sequence P) the order was; decay 9 production and overall. 

In retrospect this was probably unwise} the production fit 

is of no significance and should have been omitted making 

the sequence: decay, overall. It wait possible to recognise 

events with production vertices without missing neutrals by 

studying the missing momentum transverse to the straight 

track* :vents with transverse momenta lest than 1 ">
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FIT SEQUENCE C

FIT I

Fig. 2.5 (a).

FIT 2

FIT 3.

FIT SEQUENCE D.

FIT I

FIT 2

FIT 3

F,g. 2.5 (b).
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which failed to fit a hypotheaia were reaea^ured. ftsny of 

these then gave excellent fita to hypotheses without a 

neutral at production. The transverse BOBenturn at the decay 

vertex was alao a useful geometry quantity - low valuer 

suggesting a *-*** decay or scatter* In feet hypotheses with 

x. decays were run on a large sample of Oxford data and the 

aabiguity with Z" *n& Zfita ehown to INI snail* Ufting th<s* e 

feature^ aa well as tract ionieatlon, aatiafaotory fita were 

selected on the scanning table and dubious seaaureaenta 

repeated* A 5 cut off was used for all hypotheses, ivente 

fitting £ hypotheaee were taken an such, other fita being 

rejected* The lifetime histogram for ^ events selected in 

this way shoved no long life enhance*ent due to */K decay 

contamination.

2*5 Eatiaation of oroaa sectiona

To calculate cross sections we need to know the nuaifeer 

of protona/ec in the hydrogen, the total length of K~ track 

in the aaapla or film and the number of events in each channel 

corrected for loaaes.

The ntt»ocr of protons/ec of hydrogen m Kp where M is
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AvogadrVe B«*»er and p la the deneity of liquid fey dragon*

Up » .061U x 6.02 x 1C23 « 3.70 x»22 proton* /cc.

The total X* treok length was calculated in two ways* 

?irat a count of beam tracfca OB erory tenth f rame of the 

film coupled with the Cerenxoir data fop that frame gave aa 

activate of the tsean auaber of kaone per picture* '. A 

correction «a« made for the depletion of tracfce between the 

CerenkoY counter »nd the centre of the fiducial voluae* 

Multiplying by the nuaber of frames and the length of the 

fiducial volume we got a total length of K~ trac*:

Ir^ - 8.86 (^ *38) x 80 e«a x $0720 fraaee 

- (3*39 JL 0*16) x 107 ema.

Secondly a couat of /T deoaya of the K* iraa aade* In 

thia de«ay a Tory characterifttie 3 prong topology la observed 

in the chambers
K~  * »*%%"" 

There ie a a«all contuwination from the dec«y»;

v*K «*

* Ve 
- o o

in whioh one of the *° deoaya with a Dalitx pain
o + - K  * e o
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dlaeuaaad at the beginning of thia caapter t'a were noted 
on evory BOOH* Ho««v«r th« % value of tho dooay is wary low 
•ad at a »oa*ntu» of 6 GaV/c tho opening angle of the decay 
ia ao avail that it ia very o**y to alas. The firat and 
third runa wara ecanned throo time* for tana and the aeeond 
run fire tiaaa* Uaiog tho analyaie doaeribod in Appendix C 
tho nuatoer of tama which wara not ao«n was aatiaatad.

Total taua aoon 372 >-M
Total tama aatiMtadf Jl^kad & kO
Branching ratio to t f fT

lioaallfa R~, t»

Beaa «oaentua 6,02 & .07 0aV/o
K^jiath loagth tg * ^ot S^ ^ JL

« (3.69 j; .i^)107 ova
This ia in very ^atiafactory agroonont with tho previous 
ostiaate. <fa tuke tha traeH count figure l^ since it ia is ore 
accurate.

Thoroforo « channel with & event 8 represents a eroae 

8octioa of

- n x 0.75 C± «OU) $ bfirne for tho Oxford data, 
IB each eh anna 1 tha &u*oar of event* waa corrected fey 

tho following factors:
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ft) a*|| for tha £» probability out on V° fit*
b) x^SS for tha 5$ cut on 1C production fita of V

event* and Tor all U10 events (and *i| for tha

cut on I|C V* event*), 

o) x aoaBaiag efficiency correction 

£) **18 for aach A saan to correct for thaww

A-* n *° decay node

x Man wt aa calculated in chapter k for ahort,
long and a*all anglo decays

x proportion of event* net analyaebla (20^) due
to a«attara t croe*ing track* etc.

* oroae sections *re calculated from tha ** decay aode 
and Bultipliad bar 2 to correct for tha proton decay mode 
which ia so difficult to analyse (aaa chapter U)«

Maaa wt

f)

23
*3*

1.30 

1.23 

In Tabla 2*3 w* show the total nuaber of event* fittad to tha
...-__,, hypothasae 

will bo diaouaaad by Andraa Cruc.



Total t **QB Oxford

Correction !• «*d* for un*««n *«ak d*o«jr nod**

yiBti Still

Total U01 

T«t«l UiO

Cerr«etior Paotor Croaa S act ion 
60 2.35

19

52

1379

1092

2-33

2<55

3* 7a

(vi«lbl«) 

(without correction) 819nb
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«e al&o Appendix K.

(3) A. ilia on: BHB2, Klneaatics Progreaaie.

Th« 'JOKIua' syaloft* Soo also 

(U) Th« ttoaalag of a *flt* and Ita probability la dlacuaeed

la App«ndlx K.

(5) S. Allleons D.Phll tttosla (Oxford 1966).
(6) *.L. Sekullju D.Fhll ihosla (Oxford 1965).
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"T '9Y

3*1 Thg ffftthgjtitlcfll t-faegrj of SfaitPiy
In ^efcruary 1964 a group at Brookh®ven tlccoveretf the 

* ' respite the fact that thin wr-.r, th« fir

"long lived** ctrongly inter«ctln^ elfment^rjr particle to be 

found for nearly ten yeer©. Its «««» hud been correctly 

predicted to aj^ accuracy of two or three p«rt£ per thov- no 

1 hare £eeerib«4 the theory which lead to this predict! on
(2}in greater dettil el ewhere v '. The theory tokee tro

the aathe '.stioel theory e&d the querk model* The gu >rk 
socSel la described in section 3»3»

T&e »»the«fitic^i theory cst«e ri^^t and hee itr 
in t'tw hypotfceels ef eh»r^e Independent nuclear fercet». The 
•Igebr^ whleh dtmerifcee the eharge etracture of nuclear 
levels end their transitions is the ea»e «» the mere 
angular »o«entur al; ebr * arising fro-n the hy^othenia of

aubptete independent interaetions - i.e. angular 
u- eonaervstion. Thie algebra i« Icnown to «a theme ticiane

«**• ill(2) the grotip of uniaodul r (determinant « +1) unitary
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transformations of & two dimensional complex ep&ce, A 
aultiplet of charge states related in this way is identified 
with a set of eigenetate* for a representation of SU(2)» uch 
a ftultlplet is characterised by a total "isotoplc spin4* and 

each state within the nultiplet by ite "third component of 
ieotopie spin" - the terns arising front the analogy with 
angul&r aomsntw* multipleta* The observation of such charge 
auAtipiete with elaoet identical masses in the spectrum of 

elementary particles loot considerable support to the 

hypothesis.

In the late fifties and early sixties the number of 

known tsultlplate inorea&ed rapidly. Two further principles 
Here found:

a) the phenomenon of associated prodiiction leading to 
the conservation of a new iuar.tua nuaber called hyp^rcharge (Y),

Yb) The charge formula? 3 » I. + /%*
In an attempt to extend the I-spin group, particle states 
were plotted on an 1* against Y plot* Since I-spin and its 
extensions are required to b$ Lorents invarlant» the 
generators of the group nu&t coiaaute with space tiae 
operators. In practice this s>e&na that all the states of a 

given I-spin aultiplet or of a auperttultlplet mu^t have the



- 22 -

aa«e space-time quantum nuabere (J ). Whew the I. versus Y
P plots are examined for e**ea value of J f the following

featurea are aeon amongst I-apin uultiplate of well identified 

atatoat

1) In the case of f* a eyametrlcal pattern of 6 states 

ie obtained^

2) In the ea&e of 0*", l"" f 2* a eiisilar pattern is*

obtained except thet oao extra state with I * Y » 0 

la found >

3) Xft the caee of 4^ a aynaetrioal triangle of 9 atatoa

with one corner miaaing i& seen.

Bo sre now in a position to aafc a definite question) Are 

axyr groupa Itnown to pure atatheoatica which:

a) have U(2) aa a subgroup (iaoapin) >

b) contain two oosmiti&g independent linear operators 

whose eigenvalues we can identify wita l, and Y (or 

aomo linear combination of thea), /_7he linearity 

©neures that the eigenvftluea will bo additive in 

ooiBpoaite ajratomaj }

o) have an irreducible ropreae&tatlon connecting ei^nt 

eigenvectors which we can identify with the &'ota of 

eight atatea observed?
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There are three group** watislvisg conditions e) ana b) f but 
only ;ne f kU(3)§ *w*» the property c).

LU(3) ie the gr^up ei* unitary traaaforauitiefie oi' a 
three dinensiun&l coaple* apace . (The - «et&£ th&t, *« do
net bother with the trivial trimfcformatiomj uioh

if* the whole fepaee by e * .} The ft^iloetion of t»hie j&roup to
depende on A hypothesis which we etete na folio : 

the fCasiiltonian 01' particle pi.yaic: t. mafarmt ai-> ^ linear
of ge^er&tare of the group &U(3). Very little 

wee a^iie wii,i the ronger hypothesis of complete 
invar lance under B0(3}« The weaker hypothfeels has le&d to 
the theory of LT-»pin inverienee of el^otr^magnetio inter 
and the Cabbibo theory of wealc inter4*ctlor)» *.;- well ae the 
Oell-&:ann Gkubo ma us formula for etroxig Interactions. ach 
particle state IB represented by a teneor in this epaee* 
tinea the apace ie 3*di^etieiwnel t the indicee run froa one 
to three, the /* atates were identified with the tor.
eym^etrio teatort* T * , the e:a«a epeetras fitted extreaei/ 
veil as o.iown in flf 3*1« The eu^^ let ion of the esultipiet 
required » &ev p&rtlcle whose aiaae waa given* This was the 

and ita discovery wan th® aain yurpoee of this experime
were indeed found and ure describee in



The decuplet of baryon states. 

Mass operator >-^Mo (H-To^)

Mass (Mev) The particles 

1677 --

I53O •--* ••=•**

1383 »w*- «Y*° *Y

•o1

1236 -N»- 'N*°

The third rank symmetric tensors. 
MjH-31) 'T333

M0(H-2E) -T331 'T332

MJH-E) -T3" 'I123 'T322

M 0 'T 111 'T 112 -I 122 'T222 

M0=I236 Mev IM0=I47 Mev

Fig 3-1.



detail

i» the aatlMMatiCttl tfiaory stand* It appear* at? little 
better UuiJt * glorified j*ule or thu»b - certainly the . ..^G 
jua.bc language of pur* ttatheinatica it ver* difficult to 
tranalste into & genuine physical „ icture. hat la worse, 

"L/mis^tJ^y fcrwaklug' 4 t«r»* liii*ier la tfe^ &***?«*» ^onerutoi'e 
so ..--rfc^ th^t atrang %uftdr»tle f cubic wiu ath^r tor 

er« 9X|»«ctad. Koct is ofefe*?i'ved. Thit is not the fii^t iliac 
tii^t good r«toulte have b««m ^ivea bjr tn* firut t*rm or • 
divergent or fcaakiy ct;nv<3rfe t perturbation enpau. .J,t»» (t.^»

In « 6ene« ti>.e ^2."* prediction wae obvious - could the 

of the nine /$* «t«te« be aiede «ym&ietrieal in any 
other *ay? One la*rc!ly needs ttse ab« tract concepts or group 

tneory to couplet* a triamgle with equal «^ee epecingi

another sense the prediction ie Tary profound. Th«
P 3 4- other «T « / etatea are ^reeonfcneee ' decciying in 11-

eeconda by strong interaction - euch a abort tine that their 
maae becoa«fc poorly defined because of the Uncertainty 

Principle. Their exiatenee ean only be inferred fro* 

variation* in an&uler distribution* end enhaneeaenta in 

crosa eectione and invariant *as» distributions* They are



only one order of asgnitude IA ...ii atlas frc& states which 
woulo be indistinguishable from background. The**e twilight 
atatee then predict the existence 01 & barton state or 
strsngsftass -3 sftd a<**»s 1675 M«V. ihe con^trv^tion cf 
atr«ngene*6 f bi.ryoa auAt?&r *:. energy forbid the dec^ of
such & attite by strong interaction. Znetetta it stu^t aecty

•», _.-'. 
by *eelt interection with s lifetime of the oraer oi It" v^c
this eorre&poade to « few osntisetr«i of tracn in the bubble 
cns^ber so th^t inCividual p^^ticiei asy be ''seen". Thus 
the prediction dcecribed mb^/e us obvioum tpi-ne thirteen 
orders of *at&nitude in tine and uses symmetry to relate 
Ltete* with lifetimes in the asae ratio ss one second to & 
si II ion rears. %e conduce from the discovery of the oaeg:, 
that resonant stst^a era just as auch real p&rticlefi «•*» those 
whoee existence we infer directly from traojui in a bubble 
ohaaber.

f .f r _ (|. _ ,
f 

The ome^s alnue discovery hss eonf iraed the existence
of s 3tran#eno&e -3 aegstive b«ryon of ^ses l€ 75 l?e'/. The 
other properties predicted for thit* particle are*
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Rone of thete properties ia yet confirmed, *»e now describe 

an investigation of the I-spin of the oaega*

If the I-epln of the oaega wa» one or greater then the 

charge formula predicts the existence of *_£~ * and *&* * 

charge states. The diecover/ ef one of these states with the 

-£- aase would be highly embarrassing to the present atate 

ef physics. If the states are not found ef course no 

conclusion say be drawn. States with theee ^uantua nuabers 

but different sane frea\ the JC1. are allowed on the eatheaiatical 

£?J(3) theory, but are forbidden en the quark aodel (except 

at Tory high »aea), Thle ia diaonaaod in section 3«3*

H© attempt Is made here to fi«d an JL~~ atata. *n __Q_ 

with maas le«e then 1810 MeV would deeay weakly* The doable 

negative track would appear aa a **positive exceen eharge non- 

coneerratlon" event in the eha^ber« The double negative 

track would "ecstter*1 (with apparent eiee@a nearetlve charge) 

and one of the "aeetter* tracks would be eoen to decay 

(poealbly with an aaaoclated v°), while aueh ewente would be 

rery distinctive a complete reecan of the film would have 

boon neceaaary to aearch for them*

The Oxford aample of file was analysed for evidence of 

the existence of a strangeness -3 neutral baryon with aaaa
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between 1430 ana 1S1O MeV* <* refer to this state * • 

although its discovery would not necessarily imply th t It 

w«*s e member of the s*«« I «pln aultiplet e* the _&"•

two body we«ji dec^y modes of euch « state ••.-•:*<

2) -O_° ^ Z 4^"

3) _CL° ^ ̂ 1°*° 1U50 MeT threshold 

U) -^-° -* Z.^* J450 HoJV threehoXd 

5) J5.° -* /y0^0 1613 »eV threshold 

3 Ha« too »»ny neutral *iec«y rertice* to be an&lyt 

in ft hydrogen bubble ehaaber experiment. Ho^ee 1 «nd 5 

•3K?e«r i» the two v zei»o topolo^ie* when the /l° «r:^ T* 

decays re ee"-?n - ho* ever thie only happens in 22>. of the 

oa^ee* r*ur therm ore the threshold Is higher thar r.od« - 

the topology an the «$*& table is not eo di^ttnotlve. Mode* 

2 end U ftre such »ore peculiar and would five !»i$«* to tre 

topologies ettewn in ?ig 3,2. furthermore the A de-cay in

•ode U should be se^n 4rde «f th« tine* The only other 

decay ehsins that can give decaying V zeros

A -» m4* ** -* ~ j/

A <*• <• 
K -» * *



Weak decay modes of a Q-O S»-3 baryon "Q 1

0° __*

Mode I

TT"!

x — 
t •
\
\.

Mode 3

Mode 4

Mode 5.

Fig 3-2.
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To search for tho e decay mods* all V° events were reacanned 

for evidence of decaying prongs* Fro» £800 V° eventa 25 evente 

with positive decaya end 32 evente with negative decaya were 

found* This sample of film represented 1,3\£«2) evenly/; -barn. 

The nu*ber of event® with a negative decay on a V sero and 

a second v° associated with the decay point wa» ssero* A

lifetime argument waa uaed to reduce the number of 

for mode 2 and mode k with unaeen n atlll further.

Consider a particle lease IB, momentum p, dip X • proper 

life t aoviag in a Magnetic field H*

radius of helieal trajectory » aifiupmffMf . , cms
3?t(kllogauaa)

total path length « t p rc
a

Therefore angle turned through » - coa

•V «
Thia ia independent of p and X • lAaertiag values for K&,

and 31 we find that only 0*W^ ef AS decay within a

5 degree cut while only 0*22^ of s and 5*4 x 10 of 

*a decay outaide it* All eventa in which the decay track 

turned through aore than 5° e& the acaa table were rejected* 

The angle turned through by the connecting tract *ae



- 29 -

calculated em the ucim te>le from length and sagitt*

^. All tr^ok* with ft o&gitta lc«e than one 

*ere accent to£ me i wing leec? thtn 5 decree-

reg&rdle&e of length* Thifi left 8 pot itive decay -vent* mi

negative de«* ¥ events. ^roa tfte total numb«r ©f "°s we

expect thci»« to be afeout 8 poritive and 25 nogBtlr;* ?.-^ d«cay 

eventfc in whiafe the K turmt- through let * thr-r. 5 degref 

Howove? man/1 of th«e* would have a de -ay angle which w'jf-;- too 

smell to be seen* In uddition to x: decays tho observed 

sample contain^ "decrgr* 1* 'u * tc; eoulov(b «enttrring of *lo* 

trac;g& and small an^la scatters in whieh th« recoil proton 

van too short to be ofeeerv*d.

Every «vent in tfeft selected »««ple w«© ^eteured t f - Ice 

and geo«etrlctl recon«t motion carried out. "11 evenu for 

*hlch the ioniestiaa of a prong frcut production or of the 

non decaying 4^rong of the V indicated the pr€»*nc« of «

proton were eliminated* The r«s!»inin£ eye?it& wtr« fitted 

to *r decay hy:>othe»es usin^ the following fit ee^uence: 

!• Zero eonatraint fit to the charged decay vertex 3 

2. Three constraint fit to th« v° vertex using the

of the connecting truck derived ivoi fit 1 

and using the position of the production vertex to
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to define the angles of the neutral track* 

3* Three constraint overfill fit to the two decay

vertices together.

It was found in the 1*10 events (see charter 2) that 

charged decays that fit ic* *» t- + VA do not fit the decays

~-=L~* ** + A° or SI*-* (** + n or p + i

The « asses of the ~ and 2L are so different froa that of 

the * that the ieaieatlon predictions in the two oases tend 

te he very different any way. All events which fitted xp 

deoays with a probability greater than 1>* and were consistent 

with ioaisation vere rejected.

Events with very snail angle charged "decays" on heavily 

Ionising tr«clta consistent with coulomb scattering and events 

which were subsequently found to have evidence of ahort 

recoil protons at "decay" were rejected. Only 6 candidates 

passed these criteria. Hone of these fitted &odea 2 or U 

for JZ ass® in the rang* 11*50 - 1010 MeV« The difficulty 

encountered in identifying the^e events is attributed to the 

small * -value of the «** decay aft£ the resulting difficulty of 

finding physical startle v-lu«s for poor aaafturei&ents. 

Coneaquently we rely on the total lack of candidates Tor mode 

k with A seen. One such event would correspond to a oross
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section of one j barn for the 7E.*V* decay sode - wo give this 

«» en upper li«lt. f his is to be compared with the erosn 

section for JZ-* production* Two -#-~ w«r« identified or 

this ftumpie of film * it seems likely that the croea ~©ction 

in greeter than 2 rbarns when correction ha« bears »ad« for 

avail ftugltf decigre eto» A seerch for JL ° *nd J2J" on n 

rauch largor sc^le ia neoeeeary before a significant answer 

can b-; given to the problea of the OB eg a

e ••-.uiir oie of Unitary

quark model of Unitary Symmetry ^"fis originally 

by Clell Haan and r.weig in &n attempt to deri^a tome 

physical picture frcan the unexpected success of the 

f&At£e&stiesl theory of Unitary Pyw&etry« In It the symmetry 

is int«rprete<a ae a ayaB«ti?y under unitary tranef emotion of 

three (co»j>lejc) wave functions* Furthermore a terror 

fi1k is interpreted as that product of these three wave 

functions which ha^ the Barne transformation properties :

•nd



- 32 -

row th*ft* products correspond physically to eo&posites of 

the particles described by the wavefunetione according to 

the normal ^uantum-fflechenical interpretation, Po all we 

noed are three particles x^t « and x« and a hypothesis 

suitably reworded in terms of their interactional the re< t 

Off Unitary Symmetry them follow®.

These three particle® are named *<|u*rkft*« In order 

that the known particles should have the correct quantum 

nuabere, the following properties of quarfcB are necesr^ry:

a) In addition to 3 %tiarlu@ with baryon number 49 there 

should be three ar tltnariE* with baryta aunber - 4*

b) They should have spin parity $4 ana fractional electric 

charges*

known baryonic statee are oostpattble with being

of three quarks; all known season atatea are 

compatible with being composites of one quark and one anti~ 

quark. The « features are not deduoible from the 

mathematical theory but are very Attractive on the guark 

model. Higher spin sesoiia &nd baryone art constructed by

introducing orbital notion between the quarke snd not by
ft) introducing <ju®rlr-^ tiquark pair^» This means thut all

aust be members of octets or ftlagleta and all bsryona
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aeabere of de«upletc f octets or ein$let** respite the 
evergrowing nu»b«r of known particle states no exception is 
yet known to thia rule. e consider detailed testa of it

There are several difficultly involved in the 

auw&els

1) Despite the fact that at leeat one quark &u«t be 

absolutely ateble (this follows from the conservation of 

charge), none has ever been observed* alt&Ougn some very

eo&aitive experiments both on quarit production and natural
^) abundance huve be n ^erforaed*

^) If they have not beam obaerved bee sue e of their very 
high nftfcA, then their binding energies In partielee ia very 
high* Aa a result, any firet order formula like the Oell ilann 
CJrabo eiaaa formula would be expected to break down very b&cly 
indeed - thi® ia not the case*

3} In the caae of the bar/ on states the lowest level 
(the I* beryon octet) does not have a eyansetrie space wave 
function if the quarks are =;. u&ed to obey fersi ststi^tice.

in EJ ite of these three problefta the auooasaea of the 
^usrk ttodal are very nutacroutt. In partieu^mr* it forbids:

a) Hyporoj. atates with &tr&ngenG&a wlnue three and non 
aero



to) Poutoly charged »«eon stet^o* IB particular I » *
* 

K «escme either produced on the &ae& shell or exchanged in
a peripheral process.

c) I * a T states. 

We hfeTO already de«on»trate<J the abeenoe of/etetee of 
type a) with mns© below 1610 H«V. In chapter 5 we tetit the 
•election rules to) and c) against our d»t««
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LOSSES BIASSES AND AMBIGUITIES

it«l Introduction

In the first part we consider the ayste»»tic leases 
in the ample of eharged "51 event** In the second part we 
treat the p rob law of eabiguou* fits to the A and ZL° chaanele

the derivation of weights to correct for the various 
lessee ia nsceesarily approximate hat the error* in those 
eorrectionsi are not significant compared with the statistics! 

errors inherent in the data*

1|>*2 Charged aiaata evcnta

Charged aigaa events are lost either because they are 
missed altogether at the scanning table, or because* having 
been aeon* it is impossible to locate the vertices with 
sufficient acouraoy for the correct reconstruction of the 

event to be cade. Theus lost events are of two types: 
those with a avail decay aaglo as seen on the fila and th 
whioh decay within a short distance of the production vertex.

To analyse and correct for the loss of events with
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email fteeay *Mlit we U8e two phyeical faota: firstly that 

the decay diatrifeution in the sigaa rent fraae ie ieotropie 

if the $igaa la unpolarised and secondly that the aoaentuis 

apectrua of * le the aaae whether it decay* into **n or

* p. In fact the decay dlatrloution ia a till ieotro >ic for 

aigaaa decaying to a charged * even if they are polarised 

elaoe the asymmetry paranet* a t- and a. t% ere essentially
TT

aero. To correct for leaser of 2~* «» p*° we uaa the identity 

of the aoaentutt apectra which makes no aasuaptione aoout the 

decay distribution.

Since the decay point has to fee measurable OB at leaet 

two Yiewa, the angle of the decay projected onto the plane 

of the front glaee ie ehoeen aa a suitable parameter 

characteristic of the loea* the velocity of the nucleon in 

the eigaa centre of aaaa ie 0«2e whereas the velocity of 

the pion ie 0.8c. Thia aeana that moat of the deeaye of 2* 

to (p«.°) are at an angle which ia tooaaall to fee ofeaarved 

whereaa the aajority of decay* to (n**) are aeen«

The leee factor depends only on the decay aode and the 

eeaponent of the algaa aoaentum in the plane of the front 

glaee einee a Lorent* tranaforaation perpeadieular to the 

front glaee deea not change the projected decay angle. In
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Append!* A wo ehow how to calculate the projected decay 

angle spectrum for fixed moaentum component and decay a ode* 

In Flge k*l and U.2 are afcown histograms of the observed 

projected decay angle for 2~ and ^* decays. Both show the 

loaa at a»all angle* iron more striking are the relatire 

muabars of p*° and a** dooaya of £L* observed:

5Z * -* pm° 156 events 

17* •* »** 450 eventa

whereas it is known that those two decay aodee are equal. 

The efficiency of observation and fitting, €' t as a function 

of the p»jooted decay angle* 09 i® taJcen to be: 

£* 0 for 0<0 <©1

J/Ceg-o^) for o^< 0 <02 
£« 1 for 0g<© 

Various valueo of 0, &nd 6« were tried and 7^ ^ita obtained
for the projected decay angle distributions of <2 * and

W»

It ia clear from flga U.I and H»2 that ft significant number 
of ovonta are observed with Tory email projected decay eixgiee,

21Corre»pondiagly we have & « 0, the ^ prob aa a function
of $2 ls fi hown in Table

62

T^rob %

U 5 6 7

1.3 6.1 8.9 15.9

TABU* k.l

8 £ 10 11 12

10*2 6.1 2.1 Q.k 0.07
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Figs J*«l and U.2 show the curves corresponding to 6g « 8°. 

The fit to both hiategraas is seen to be very reasonable* 

The fact that the fit is good for tfotfo indicates that this 

source of loss is independent or the length of the sigae 

track since the 2-~ lifetime is twice that of JL*, The events 

used in this anaI/ais did not include those removed by the 

ainiaua length out described tsslow. However no weighting wait 

used to compensate for those events decaying within this 

length since this does not affect the analysis.

A table of loss factors, A(l>**)» as a function of K 

projected aoaemtum was Bade and used to calculate a weight 

to correct for the angle losses

*0(pu> - —i——
1 - A(pu)

U«3 shows the efficiency of observatioa, (l-A)» for 
decays derived in this way.

To treat Z* to proton decay lessee we compare the
nuaber of corrected ^ ̂ decays with the number of 2 * decays* P
observed within each range of jsoaentuuu The result is shown
in Fig. a>*3« Only five 2 1 eventa are observed with projectedv

greater than 5*0 &«V/e«
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Fig. 4.4 b.Projected Length Distributions.
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To analyee and correct for the lone of events at short 

decay lengths we uae the exponential nature of decoy at each 

aoaentu*. in ^ig.U.U are @howa the dietributiona of momentum 

and length projected on the front glass for ̂  * and ^~
W* tn

eventa* The long the and momenta ar& such that very fern ^L~ 

and eaeentially no T* tr&efca have a Ko&entum determined f rea
curvature* furthermore the majority of evente belong to the 

class with an unseen *° at production. They have therefore 

been aeeigned to a hypotheaie aad the unknown nosentua 

deter»ined on the baaie of only one overall constraint for 

the variable* at the tvo vertices (as well an having to 

satisfy ioniaation criteria)* they are thus eontmainsted both 

by event 6 that have been fitted to the wrong hypothesi* and 

alao be eveata for which the unmeasured variablea (including 

the aigfta momentum) are very poorly defined and have large 

errors. The situation ie particularly aggravated for events 

in which tuantitie^ derived f roa geometrical reconstruction 

are the*8elve@ badly deterained* f hoee event, which ure 

aeen with ahort decay lengths are of this type; the measured 
angles of the ©igae tr- ck have large errors since the verticea 

are ao close together! furthermore no ionination asuesasent of 

the track is possible because the nuaber of bubble? on it la



not atatietloftlly significant* For these redone having 

found the shortest projected length at which events are 

not being lost we apply a out off end reject even those onea 

which are a een **t a ahorter projected length* If all erente 

were observed the projected length distribution of aigaaa 

of ftoftentua p and cLv \ would be:

where T ie the alg*a lifetime and %cc^\w t, the proper time 

of ft eigaa of *oaentujs p travelling a di&tanee 4/eoe X in 

a$aee« therefore a length plot of all event® » eneh event 

being weighted wlthfexAf%) will be independent of length 

if no events are lost $n4 If the soaenta have been correctly 

determined. Sueh plot^ are shown in Fig,l**5* the^* eventa

with p <1«2 OeV have been excluded froa thla plot

of their large loea - those that are observed have large and

relatively uncertain values of t/^ due to the high value

of ^P/P • (At « ^1 '*" •". ). The exponential nature of
p o coe/\ 

the weighting would then eau&e these low mc^ientum events to

those of higher momentum whoae proper time errors 

are anall. (The fraction excluded from the plot is a third 

of the total*) *n**2ir **«&te ar« not affected in thin way
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becauee thoee of low aoaentua travel twice ae far aa thoir 

positive countorparta ao that their aoaenta are determined 

better* they 11 ye twice aa long ao that the exponential faetora 

•re never ao big and there are not ao «any of the* anyway 

because of the abeence of a strong production aechanlaa giving 

low ao»enta in the lab. le conclude from the plota that there 

ia no aignif Scant loaa for iongtha greater than one centiaetre. 

(The low energy 2-* event a are studied further below.) #•
l^k

therefore reject all ^- event a with projected Iongtha on the 

front glaaa of lose than 1 c».

To reduce poaaiblo oontaalnatiea of the ^ e fro* K and *, 

deoaya wo reject all Z a living longer than three lifetiaea. 

IA fact the lifetime ourvea are eons ia tent with no such 

contamination. The actual nuabers of event* reaoved by the 

cute ia given in Table U.2*

No fitted Loaa than 1 c* 3 Ufetiaea Heaaining

26 276 

6 79 

16 UW* 

6 106

+ 5^
+ Iw

+ 5*
* U*

3M*
106
513
139

T/

36

21

53
27

iBL£ U.2

Los a as due to decaya at aaall angloa atre not taken into 

account since they are independent of proper tiae at each



•oaentUB.

There appears to be a systematic discrepancy in that low 

neaentu* 2^ **«» the hypothesis with ftlseing ** have fewer 

ahort decays than can be accounted for by length leee 

considerations* ee Fig.U,6. It see** likely that short

* (1-2 c«s) of low aoaentu* are subject to lesees in kinematic 

fitting* Alternatively this *ay be due to large ayeteastic 

errors in the aomentua itself* If the first explanation la 

true the number of low energy 2^ is being undersells*ted by 

as such as 30 - U0$t. If the second is true the number of low 

energy 2^ is being slightly overefctiaat«d at the expense of
^^t

those of higher aonentna* Ho further attempt was aadc to 

correct thia feature*

Each event which regained after the cuts was weighted 

with the reciprocal of the probability of acceptance

) - exp ( aax** ^^rTTT
I ( p

where L is the distance fron the production vertex to the 

Unit of the outer box along the line of flight of the signs* 

The behaviour of the&e weights is illustrated in ?ig.U*7.

This length weight factor is multiplied by the factor to 

correct for ssall angle decays* The resulting weights are
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ueed la all plot* referred to ae "weighted". Their general 

behaviour ae a function of aomentu;* i« shown in Flg.U.8.

U«3 Neutral eigaa and laabda evente

A large proportion of evente with a V° Identified 99 a
laabda tero gave fite both to /I 0 wad to 2° at the production 
vertex, (see Chapter 2). These unresolved aabiguitiee wore 
all written onto the data auaa&ry tape* The three hypotheses 
concerned are /l*4Vf 2I°**V and A****~*° i» tfc« **• prong 
*V topologies and the cane with an extra H^TS."" in the four 
prong *¥ events* Since the ambiguity and fitting proeoaa are 
the aejie for both topologies wo choose the two prong +V event a 
to enalye* and apply our findings to tho four prong +V - this 
choice avoids the irrelevant duplication of evente by 
perautation of pi one in the invariant *«&6 plota exaainod 

below.

To reoolve tho ambiguity wo uao tne fact that the 

braacning ratio for Y**(13W) dsoay ia:

?ig.U.9(a) shown tho plots of B(Yx*) in tho region of 1365 
Tho la»bda-eig»a aaa« difference Im 77 MoV so that when an 
event involving Y "*A** 1* «l«taJtonly fitted to a
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hypothoftie an enhancement In tho (Z°**) offootiv* »aaa lo

observed la tho region of 1U6G Mov*. A A ° event fitted to

* T'° hypothec!* will appoar to have a very low aoaontua y 

la the laboratory* fala aoaaa that tho y forward-backward 

ratio in tho alga* centre of aaea will bo very snail whereas 

It ahouid bo unity for true Z° events,

Fig*i**9(a) oaowti that there aro no Y^ta* -*^°*4 eventa 

la tho unique X° plot la agrooaoat with the aeeuaed Y 

branching ratioa* There are only four events la the 1U£Q 

rogioa which la ooaolatoat with background. Therefore there 

la no oubotantial evidence of contamination of tho unique 

f ita by /I * events,

In tho caee of unique A*V nto l*fc of «(/L*) aro in 

tho region of 1383 MeV. Tho aabiguou* Ax""x" flta have 20> 

la thla rogioa and tho corresponding peak at 1^6: MoV la 

observed in tho (Z°**) aaae when tho events are interpreted 

aa H ° fits* Furthermore tho y forward-backward ratio la tho

* contro of «»«a la 1,25 f®^ ual^ueZ 0 fita aad 0*5 for Z e

fita which aro aablguoua with A°« to conclude that there la 

good ro&eon for accepting all auch oven to aa A°**n," 

Thia loavoa the aabigultioa between Z0***" and 

to bo reeolved, Thoro aro three elaaooa of events to bo
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considered:

1) Unique Z0***"" events

2) Siren te ambiguous between Z\\* and A X*A~K°

J) events fitting A ***""** uniquely.

?i«.U.9(b) shows that events of elaas 2 have ( A *°) invariant 

Basses below 1350 HeV. Alee shown are the (A**) (A%~) and 

(Ax*) sase distributions for events of else® j. #hen compared 

with the (An*) and (A**) spectra, the (A*°) distribution 

ahowe an excess of soaa 30 events below 1350 KeV which are 

attributed te £ W" evente that failed to fit the ~

hypothesis. This suggests that events of class 2 are also 

Z°**x~ events, and is consistent with the absence of T (1335) 

in any charge etate in events of elans 2 or of class 3 with 

(/I A*) Asaa below 1350 MeV* We thus assign events of claaa 1 

and 2 to the 2*x final state* Fig. It. 1- shows the sigaa zero 

forward-backward decay aaymaetry as a function of eigaa 

aomentuat in the chamber which is consistent with zero at all 

no*enta« However the above discussion Indicates that *bout 

25^ of the 2°*%^ events have been fitted as unique /ls*x""*°. 

Thia loaa oould be serious and ita effect is taken into 

account in chapter 6 where the 2jtx final state ie Analysed.

The above analysia suggests the principle that of several 

aftbiguoue fita that which is ate&t highly constrained should be
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taken, thia ia in complete accord with the theoretical 

idaaa developed ia appendix i, Thia principle vaa applied 

bath to the 201 and U01 events and a new data summary tape 

was written with the ambiguities resolved.

ffce contamination af tha A***"*0 end A m*"*******0 

channels by events with more than one x° ia vary hard ta 

estiaate - it ia probably very high* Tha distribution of 

aiasing a ass at production haa a half width of .06 GeV^. This

ia compatible with tha aeon error on thia quantity and is to
2 2 ba coshered with »*e « .02 GeV . it ia therefore virtually

certain that all events with several *°a having a combined 

invariant aase leaa than 500 MeV and «ost laaa than 500 HaV 

will ba present in the eampie. On tha assumption that the 

two pi zero cross section is sa big as that for a single pi 

sera tha former limit involves only a $,,' contamination and the

latter only 20$ assuming a phase space distribution for the
, ° °% 

invariant aasa of (x * ). All hypotheses tend to ba

contaminated by events with two strange particles as ia seen 

by tha appearance of peaks in the invariant aasa (x*O at 

about 300 MaV which ia really the process

if (1020) -* E^K"
Thia source ef contamination is unlikely to exceed 10^ in any 

ehannai*



- U7 -

To reduce the number of electron psire aieclsssified 

as V leros at the ^canning tafele all Ve with zero opening 

angle on ell three views were rejected* To estimate the 

number ef A « lest in this process we eoapare the observed 

opening angle distribution with the theoretical distribution 

calculated fro* the ao&entu* distribution by e procedure

similar to that described in appendix A* The results are
<v>-e, 

fthown in Fig U*ll« — flieumm£t te conei&t«nt with &e lose.
o

There is however the possibility of electron pel re being 

accepted and fitted «e A e* The good fit to the curre in 

vig it* 11 shows thet the awiber of line-of -flight (sero 

angle) dec aye of A a ie very eleee to th«t expected* Thus 

the contamination of As with electron psirs 1® snail* 

The Biseing »ess of A° Veee is shown in fig U.12. The peak 

ie sywuetricel end narrow showing that the flduoial volume 

wee sufficiently email for V°s within it to be accurately

aessured* Electron pairs of aeoasentua greater than 260 

h«*ve alssing »asa as "leabda^' greater than the laabde stasa* 

Fig U.15 fthowt the projected length distritmtion of A 

It is clesr that for A° projected path lengths less than 2 

there is a significant lose whereas there is no lose for 

longer lengths* The derivation of weights to compensate for 

this loss is exactly as dlBCuasea in the case of charged
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eigaae. A Unit of four lifetimes was placed on the 

and correction aade for the »ixe of the outer box:

A

COS X

-1

The mean weight wa« 1.16. Only O.?/ of events had weights 

above 2.£ while the highest weight w«* 3.9* this weighting 

was used for the A° in 2° ovonts also*
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CHAPTER

AHI: aiCHU . FAl,

5*1 Introduction

The analysis of this experiment is hampered by the low 

experimental resolution due to the lew magnetic field 

compared with other experiments in the e»»e momentum range. 

The Argonne-J*orthwe«tern &~p experiment at 3.5 OeV/e was run 

in the 30" euporeonductin^ chamber vith a 32*5 K g*u*e field 

compared with our nodeet 12 K gmues. For thie reason we 

hare not expended time and effort fitting paraaetere such «e 

width* and aaceee of known reeonanc^e.

In auction 5.2 we coapare the hyperea centre of meea 

angle diatributione with those of the nucleone and with the 

remulte of other experiment** IB a act ion 5*3 &nd 3* 4 we 

diecutts some topica in the lasbda two and three .ion final 

etat@a. action 5*5 and 5*7 aurvey the lamb da fo«r and fire 

pion final atatee* Etrong positive aeaon production le found 

to be associated with the forward laabdaa* Section 5*3 and 

5*9 discuss the aig&a three and four pion final etat««* 

Intereating meeon reeonancee are seen* The charged eigaa
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four pi or; final state ie related to the neutral aigftti four 
pi on final state (briefly disettssed in section 5*6) using a 

statistical aodel for the charge distribution. The model 
succeeds in explaining the low cross & sections for 

and A%* in the four prong +- V° topology.

5*2 Ilyoeron centre of B&SS amtle distributions

figure %1 &AOW& the beryon centre of ness angle 

distributions* The plots are weighted as described in 

chapter k and are normalised to the contents of the backward 
bin* All the final ststee exhibit a pronounced backward 

peaking (the direction of the incident &~ is taken as* 

9forwards 9 }i in addition hyperonn have a substantial forward 
peak which is absent In the nucleon distributions. The peaka 
for forward A s are wider than those for backward A s and 
stronger than those for forward 2T »• The cross aeotions for 
forward «nd b«cJcw«rd hyj-erone are given in teble 5.1} we note 
that cross sieotions for ZL* ehannels are greater than those 
for Z!** ch»nnel» in every case.

The A final states show strong Y *(1365) production; 

the (1365) production angles are shown in Pig 5»2. There is
^k A

no forward peak of T ^(1365) nor of any other strong Y
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LONGITUDINAL COMPONENT OF A MOMENTUM
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re»oii«B0e« The low ,-v?ilue of the (1335) and the high aaes 
of the A ae$2t that the T and corresponding ieabda angular 
dietritutione are very eiailur* the contamination of atis- 
identified K 8 amongst the forward A a le extremely em©II 
( <&-)* a» the kineaatie fitting for theae events involve® 
two aaM-dependent eonstralitt e^untlo&e* The ratio of the 
forward A peak to the backward A peak tnereaves aonotonically 
with the nuaiber of jplona in the finel «tate« Theee forward 
A e have high siomentua in the overall eentr© of isaee »fc can 
be tie«n from Fig §«3« The ourve* on the^e plots ere phase 
•pace curves. gvem in the A 5* fi^el state the A longitudinal 
ao»exttuffi ie significantly larger in both forward and backward 
directions -tham the phase epaoe piHidlctioa*

The production of forward hyperon* an4 not of forward 
auelec&& ie well known in two bo<3y K*p »ar|roii e^eh^nge 
reactions; forward nueieona would require the exohenge of a 
etraageneaa 4! b*ryon. However no forward nucleoa peaks 

to the h^peron pe»k» of Fig 5«1 sre ^e^& in *p
^ ' where ther- is no such aei ction rule* 

/\ peeler siailor to tho&e sho»n h«re have been aeen 
in 10 0e¥/e E*p lateraoUene^ 2'* III 10 :>e^/c I*p interaction*



TABLE

Croee sact!one
Huabez* of Backward Forward

Channel events la healsphere heaiephere T *(1385)
bar/on barren

A*°
A* *~

*lg 5
28

220

1100 260&39 150jt21 33&6 
301 58^8 U9H7 23^6

.~*0 1123 16%22 17^23 60^9

iTx"V 79 37^10 
fn**""x*x° k93 lOSjj.15 68^10

Z****"^*0 316 19%30 98*10

it it p 372
n^n'a 305 160^25

I°^n"it""»°p 536
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forward nucleoaa could be produced by A/Z Y* exchange. 
Although a few such forward nude one have been t»een the cross 
section ia small and the nuabar of eve&ta la consistent with 
W*a being aieide&tifiad aa protone**'. fha abaaace of for#ard 

of Y (1365) in our data «?* equally puss* ling. ', *o
poaaibla explanation* arai
fc) A highly inalaetio reaon&nce at 3*52 CleV. lie larga
visible partial croaa aaotioa for decay to /\3x» Au*. and
A 5* i.s- lies a eroaa cectior. of eoaie jfiillibarjaa in spite of ita
aaall cou^lin^ to K~p« Thia in turn iiapliee a high ftp in -
aad *h/ should it couple so strong!/ to Affcf Thia
explanation aaasa highly iaplauaibla*
b) Slight forward^baoltward pesiKii.g ia expected fro® total
angular Bomentua oooaarratioA on a atatiatleal aodel for non
central collisions. *hy a statistical modal should ba relevant
to A final atatea and Irrelevant to T or nucleon final at&tea
it ia difficult to ia&vine * atpeoially whan the ero&s eectiona
for the A channels are a* high its those for the nucleon
channels «

The sharp drop in the observed oro&a sections for wall 
constrained ehannele auggeata very strong contfiminstion of 
the laea well conatrainad hyo theses, to ahow that this i*
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*

not the ease we refer first to chapter k where it is suggested 

that this contamination lo of the order of £<&• eoondly we 

the analysed Aa* crone* section with that expected

for A,»* with «ore than one *°» this is done by a very 

simple aodel of statistical charge distribution'^', Although 

strong modification is expected from raaonaoee production 

the requite shown in table 5.2 indicate thrt the cross aeeti 

for An* do not fluctuate as a function of n ae wildly a the 

figures of table 5*1 ai^ht suggest*

we conclude that the cross section fer forward hyperon 

production In ciultlbody final states is anomalously l^rge*

Fig 5*1 Bhowfc the clear separation between the events 

with lambdas going forwards and backwards in the total 

centre of mass* Fig 5.k is the r alits plot for evcnte with 

lambdf.e in the backward hemisphere * the plot is dominated 

by the resonance channels Ap°f /l-j-° and T *{l3*->? )--""• 91^ 3»5 

shows the aoacntuffi tr nsfer and production finale diatributlons 

for these final states - they are all stron&ly peripheral, 

K~tt -*Ap°« The decay distributions (Jackson angle, ~ f and 

Treisan T»ng f 0) of the P° are shown in 7ig 5.6.



FIG 5.4

DALITZ PLOT OF ATT TT" FINAL STATE

(events with backward AS)
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predictions for these are diseaeaed in eoae detail la terae 

of the aingla particle exchange model in appendix ?. The 

solid eurvaa Indicate the distributions expected for K* 

exchange and the broken lines are for K axchung*. Tha 

hletograiRg eugf «;t the dominance of K exchange while tha 

more Retailed anstlyais in appendix f (see Fig F.I) auggeata 

that the K couple*; to the baryone *ith apin flip. This 

prooeaa ia interesting in that \ 

it vlol*tea f A parity* at tha \
(5) top vertex* •". S« too does tha

reaction: **"? "*Z * ° which goa 

predominantly by X ^ '

and ia disoieaed in appendix 0.
" r ^ 

'A parity 9 aeaaa to be a rather poor quantum nunb^r.
<V *A t ~]| y ^ y (1365111. • fhia channel ia ,<uite atr*ong wharena no
*• 4>y (l3S5)?t ia aeen. Indeed we c«in give an upper limit of

*- 3 ,6hb far y production, r.upr 5»e there WI»B an I » T K aeeon

being exchanged | than the Y ~j Y * croaa a «tion« t-hcmid be 

9 : 1 wharaaa tha exchange of I « | K raeeono forbide y 

peripheral production. a concludat

(I m 4 exchange) 1

(I * I exchange) 2O
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Shia ift the result expected on the b&sis of the ^tierk model 

described in eaction 3.3.

the ©pin density «atrix of the T** is also predicted by 

the ^uerk aodel or rather by an extension of it applicable 

to eollinear proceaaea and fcnown sw #-*pin ^
/ a\

Theee predictions cane originally fro* a more ad hoc v
we note that K exchange is strictly forbidden by epin~

*parity conservation. feoondly « iiodel in^olTlng K exchange 
has three independent types of coupling to ohooae between at 

the bttryon vertex. ~h«r*e ra»y be taken to be the three

aultipoie ejs >litud«« '%2» L2 and il« Stodolaky »nd , eKurai's

original 8ugg*? -tion wne that ainee the P meeon oouples so

strongly to the photon may be the (&Jffi ) and (^KB ) couplings
£were th* ern?». The latter ia kno^n to be Ml aad the (PJfH )

4> a and (K |?Y ) couplings art- related by unitary -y.^setry.

The qurrk. aiodel prediction does not depend on theae
* 

extra aaaumptiona* 'lr«t of *'M we note *" and T are both

L « 0 oombinatlone of three quarfcB. Therefore an (L * c) -* 

(t » 0) transition is involved which is forbidden by $2, 

^ apin ayiRsetry aeaigme the vector and paeudoeoalar K see one 

into ftultipletti thus:



X
t3

— -4
^ X ^ ^

-v vuV
.*\^
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* • 1 K (\» -1) K K* (\« 1)

* «• v - K, ' (\m 0)

where X is the K helieity. the * epin operators 

with the generators of T orent» transformations in the -/-direction 

and therefore the aywmetry is expected to hold good not only 

for non rel&tlvietie p roc e sees but eleo for coliineftr 

rel«tiviiitic procesaefi (by contraot with the normal @pin SU(6)

Kow the W » in of the proton is $ and of the T 

Therefore coupling with the w « o stete of the (K

•eeons is forbidden, thuc the K is cou >led as if it dia not 

here • X ~ ° »t»te - like e photon on the Baas ehell - this 

rules out longitudinal aultipole transitions, this simple 

application of W epin v»$ pointed out bjr the Author (among
(n\

othera) to lipkin who oonfirmed the »rgumentV7/ .

The conparison of the theory with the experimental d&ta 

la ehown in Fig 3»^. A alight »sy»«etry i« observed which 

appears to epoil the fit. The clala thut tM« la probably 

due to a gtstletlcal fluctuation ia supported by the fact that 

the folded plot fits the Hi prediction quite v.ell. The other 

couplings provide extremely bad fit& to the dat*u
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The An* MASS speotruis is examined further Igr excluding 

events in the P° anci -j-° bands (i.e. taking events with 

**O >1.73 <*eV2 ). Tue result is shown in ng 5.8s.

A broad enhancement is observed between 1,61 and 1.79 &eV. 

events art i,«$n *here lo are expected. This corresponds 

to the aucn nere significant enhancement seen @t 5*5 0eV/c 

i,6 rgonne and Korth«est«rn groups . Their plot

to 5. da is shown in %6b. In Fig 5*9 the
MUSS of (A n*) is plotted for co«bi nations nith

2 than .5 0-eV . ^ig 5*10 shows

the sates plota corr«ts ponding to other possible decay modes* 
ftone Q£ them shoe large onhanceaeats* As pointed out by

rgonjis the absence of «nd ** decay modes s traagly 
suggests that the enh«nc«a«nt is not the fsaiiliar Y.(l66c) 
(for which the $«*& is too high anyway) but a new Y^. 
Argoiuie clai« a large braaohir £ ratio for this reeon«mc® into

la faot examination of their evidence shows the 

presaace ot a bump in is (Aw) at about I 7 '0 l-e/. -he low 

i« value of this decay node coupled vith the width of Y^(l3d3) 

an, lti» lev value &$eajis that sost events trill have at least
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one (Ax) combination In the 1385 KeV region. Their et t 

th»t Ut& of the selections "^$5** «»d T1^5*° OYerla 

indicated that on th« br»i* of the date chown in their letter 

they oe not in *» position to distinguish whether the T^ 

dacaye through Y 1(i365) OF not. The be*t v«lu«» for the 

•ad width of the femture in our dat»^ il' are K » 171^12

I * lfX^35 ^«V compared with the Derrick result of

The events with forward A e have $ uniform distribution 

over* the Tulitfc plot* there ie no in i cation either of

hjpet on er meson resoncncetu In particular there is no
obackward P which Derrick cleime to see

he croEC e*9ctiona for the *x final etate r.re 

ed in table 5*3

A(forwfi-2»d) fc4'*"" 

A (backward) it4"*,

Ap°

Mb



Ffg.5.11. Longitudinal momenta in ATT^TT'TT 0 for events

with forward A s.
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Th* separation between event** with A in the forward 

healaphere and those with A in the b&ofcvard heuiephere is 

relatively clean *« ea»n be eeen frois #ig 3,1. 36^* of the 

events with backatu'd A * Involve re&o&ajuee production but 

only 8^ or thtee with forw&ra A & contfein tr&c«« of

rf&^on^rioea » in fttct vh« cr^^a ^ectiuii^ for non resonant

A + •• o x *. ^ fue aJjLOtt o^ut*! in the *or*nrd and

U4- d A
( i ? ^ '^ia/3 been dlecuseeci extensively ei&ewhere 

we have nothing further to add*

The longituainal fiofficnta of the particia& in the total

centre of ssss is plotted in ?ig 5» ̂  for the ^teate with

forward A *• A alight backward peaUt for the ** is evident.

/ e Burning that a pi on is produce I at low m^ffientaa tranefer 

froa the proton this eug^eets that the cent ioation due to

I * $ exchange (>.^ieon) i® more important than thit due to

I m | exchange (K*(I236)). This i» shown in table ^.U.
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"VY ',

Charge af n<£u«r« of C.f. coefficient
* Ko. of *fi with

heral at top vertex for I » $, 4 ^
* - p > 1 GeV/c 

pi on exehfiii, ,.e ^

.667

.333
0.0

.167

.333

.500

55
37
26

ue euppo«« that « Y p*»ommce of ieoi^pin 2 exists, 

The orbltftl quark nod«l^ ' «uggeetti thRt ^uch et«tee will

not be found - it is therefore int*r***tin& to look for one* 

t« resume that it i» produced by an *xchar -^ process 

together with & pi on end decays into A**. It shots Id 

therefore be obeorro^ in tho AXUK flnml utato, I ftpin

const ervat Ion d«»»nd« that an I « 4 ob|«ot Is •xeh«ng«d« It
«t 

would therefore b« produced by F ejcehsng* and appear «e an

in forward going (A^n) ««e? ooabinetione.

Bince the tot«l ieo^pin of the state sm&t be on«



Invar font mass plots for combinations produced 
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ehar&s r *Uo» In whiofc It should tee produced »ay 

oomput«d exactly. 7h© o^ared Clofcsch (tartar. coefficient*
give »p,5

fg4 : T*® ; Y*~ « 3 s 1* ; 3

Fig 5*12 shows the mass plots for th& three oh&rg« states 

of A 2*x with co« e >*^5, Our theory demands tJiat flfiRgr 

ffcsturc due to Yg ah mid appear in all filota - no auch 

feature is o^ji «*rr«d»

Th* spectra of forward (An) combinations, have aleo been 

«x»mined for evidence of I « 1 Y e produced t^r fesr^on «xchanK 

Kone wut^ fonnd,

o^ly oth«r foatium ->f th« «veats with for^^rd A is 

tfei* hie

problwa of isolating resonance contributiono to 

final stat^g ia coair iieatod fey three factors:

1) Th« app«araiac« of each «v«nt two or four ti»*t* in 

each plot - this a&ouats to &n artificial increase of the 

^b^c^roend1* to any 0Jff«et by a factor of two or four*

2) The general lack of prooia* dyasmicffil proper ties 

aaaooiat d with any r*@oi*$me« production* This meana that



not only are the figures for the various resonance 

e*tr*sely herd to obtain but al&o it i» very unclear

anytuiugjOsn b« utiduted twm tlie*» in cur present state of 

know ledge, *n approach to this problem for the special 

of three booy final «u.t«a it, uu- subject of chapter 6* 

3} The very ^rga nunber or variables that can « 

plottou* That* eon0it-.eraA>le tLou^ht u^i» to bo given to 

tw plot and ho* to plot it* Muoh *or*ee» i»inee at ieaet 

fifty plots* ^re exsmined per final state the number of bins 

ejtuscii. ci iw of the order of thousands* How the odd* t%g&ln&t 

even a thr&o ^&andi»r4 deviation eri'oct are only 3 7 :!• 

Therefore in looking for resonances we require effects to be 

at le&* t 2} standard deviations (l^) and to api ear either in 

more th,,i. one fin&l state or ^ith precise dynaaical properties

(e,j. very ioa itomentxiffi tranafer) er correfeponding to weil
. a 

kaown re&ommcea (t> 9 w, Y etc)* Other three standard

u.vlation eff^ets are pointed ut ana, if no expiration is

The a^pro ch taJteB here i$ «e follow** . ince a
fraction of the baryona *re produced in the forward or

backward conei , tfc<* ^roductioi* dynenice in a function of
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' .coe t? vif nothing else). KQ other ooaparabl* 

feature wr tue uynajaicte ia «»eea« L luce the decay of 

rec<on*&cea can only tend to blur thin angular dependence* 

we £Uj>*O8e that mo»t re&onan$ee «»re prouuc«d ^«ukod cither 

f ox tard or b«ickw*rii * ii*x*«ldYttX!t i&^^a comblti *tlon« on the 

other hand will taad to have a amoother production an, le

ibution. To t^ * «4vatitag« of thii> oaatter plot& w**pe 

or tho invdria.a a^fe^ of eacn particle coaibi nation 

agaiiust the centre of aiaaa production angle of th$ oo^binatlon* 

11 Ji^lt elicea" of th^^e plots ehgweu the pre r «nc« of 

in the for^^r^o^t and buck ar^o&t "elicer?' and their general

in between* Fi^ 5.1v eaown a eeriea of euch slices

for the (it O eoabinmtion* .^ch event is plotted four 

ti»e&. strong P production la eeen men ;oe - {***O is

greater than. .?$ or Ie&» than -.75« The very large 

of such plot:: K»ke& it ifipo«elbl@ to ahow them all. Only 

the ftore interesting pro^eatiosis «re reproduced here. The 

other %x plota (*\ ^na *%*} are feature:<;e».

The (Ax) plota are do»iiu&tea by the production of 

The angult -r dietribution of this is peaked sharply 

(aee Fi^ 5«*)« Tn« **»* apectrua of the aofet baekward
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slice is shown in ?ig 5»Hu the absence of the forward Y* 
peak is clear from the KHS& plot of the forwaru *xiee also
shown in Fig 5.UU. No correlation was found between the
production of P and Y"*(l^83) nor wae there any evidence 
of the simultaneous production of two P°s. Pig 5*15 shows 
the spectra of A** - there is some indication of Y*~(13S5) 
in both the forward and backward directions. The appearance 
of a slight enhancement in the region of 1745 MeV is probably 
spurious since this resonance does not appear in the positive 
charge state.

#iga 5*16 and 5*17 are the spectre cf 3* aseees. Each 
event ia plotted twice - the shaded events are combinations 
of which a (*,**"") pair has BSSI? in the £° region (630 - 61*0 Mev). 
The curves drawn are the expectations of phase space normalised 
to the total nnaber of events*

In the positive charge combinatione there are three 
marked peaks above the phase space curve* This is sade acre 
dramatic by selecting events with forward A $ only* The 
result i» plotted in Fig %1&. The three peakb sre:

J.110 UtelT* This is consistent with the / x . Its 
experiaentel width is about 100 &eY* there is an



exea&a of 23 events above a b^okgrountf of 20* Its 

correlation with P° does not look ao good - le*s then 

half of *;he®e 25 contain P°. ?hs presence of a one 

bin P° correlated peak in the (3*)~ »»s«* «->ectrum at

1000 ~ 10^0 *!•* m«y be a fluctuation - 9«rt»iAly it 

ie not eorrfcleted with the A angular distribution.

V« Thia i« consistent with the A^. Ita 

experimental *idth i» about 100 re1/. There is 

excess of FOffiti ?C events above 2U baciegrouna. t

ahowa ctrong correlation with P° and ia aeaaittent with 

pure P^n* aeoey. This soprorta ite identification with 

A2(1300).

»;ev« This ia con&iatent with ft (16UO) state a«en

in *p eollieiona^ *"• The sppsff.nt oorr**lation with

production could be due to the l«rge P° background

No evidence that tfcis atate decays into (P*)

given before •

There ia so»e evidence that the (1300) and (16^0) 

effoots ere also produced in the negative emerge atate »• 

e&n t-, aeen froa ?ig 3*16. The selection of forward A a 

doea not enhance the effect© in the r.agativ* charge state.
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The etativtics of this channel are too low to

the*e feature* further. However we note:

1) The A^ «e«on h«s only bt*en o>»»erved before in 

reaction® of the typej * p - * % * p 

•here distortion of the (3*) mans spectrum by the 

wT)eck" effeot hi*» thrown doubt on the interpretation
f ' 7> v "of the pea* at 10CO V«Y «s a r^^onunt »tate 

the tatale* oi the Akn <S«ta alone the ^^vidence for 

looltR tenuous - af pec tally in Yi«w of it» rather 

nefck correlation with P» ro*erer ita sppear&ncQ 

»l^r> in A 5^ r««ov :i« any further doubt. It i» 

interacting to not that A-J (100*0) w«*e acen in 

final state at 3.5 flaV/cr 1*'. \dded together th© 

two ch«rge »t»tee gave a four atma»rd deriation 

effeat - again no correlation with P wac eeen. 

2) The appearance of these re«onanc£» in the ^caitiv 

* state with y^or ?»rf AS suggeetw that the

snomnlous hyperon angular district lone in the 

and /15m final stutea may b« aeioclated iwith the 

production of higher &pin meaon resonances in ^ 

In B 'action 5.7 we a incuse a vimilar effect in the 

A5* fin**! state.
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The »as» speotnm of (*''*") 1« aho*n la Fig %19.

?h« only significant departure from the phase space curve
A 

la the appearance of YO(152O) - lt« production angle la

ahovn la Fig 3.20* It doe® not appear to be produced 

peripherally.

the invariant meets distributions of all other combinations 

were aluo examined as a function of reduction angle » lanbda 

diroction and saeoci«tion with the T^^(1333) and P° features. 

Ho other significant enhancement© were observed,

The A U* channel la tm&mari©e4 in table 3*5* The 

quoted error** take into account the Itirg* uncertainties in 

background subtraction.

5.6 £'ittaa zero tu^C four pi one f,ln«l utste

Tsble 2.5 shova that the cross section for the 

final state is only 5k±fi pb as calculated from the Oxford 

data. Thia of course la the cross section for four

ione. A» in table 5.2 *« e^n gueen the ZUn cross 
section for all * charge states using the ststistlcsl 
Multiplying bjr factor 3^2 we get

111 25 * b.



*• eoapare this later with the 23**** croeo section®. Note 

that Zr°*WiT cannot contain either Y*(1UQ5) or Y*(152Q) 

which are the aain resonance channel* in the 23^** final 

atatee* It follows that we expect the visible cross aeetlon 

to be aaall. Consequently the total mmbe: of event* (6?) 

io insufficient to show any Interesting featuree*

>1 (fffftl* ?ig 5*21 shows the mm® spectrum of the five 

piona. The a haded event® ar@ those with forward hemisphere 

lawbdas (i.e. backward going 5* coaiblnations) . The yl / (956) 

la completely isolated froig the background, the poor naaa 

resolution of thle experiaent le evident froa the resolution 

of the width of this feature which le known to be leaa than 

k *£eV. It le produced at very lew moaentuaj transfer to the 

K*« Ite deosy to *.*%~(jfo ) has be«n eeen in the no-fit 201 

^ . However our resolution is inauffieient to

the n AA decay modo rr^s a five body phase 

apace decay. I hue eaeh v (956) gives riae to four (*,*^~x°vj 

oomMnationa in the region of the Yj (5U9) aaea.

The other effect shows in Pig 5*21 la that eventa with 

A a hava a (5%) aaee fipectrua dlatributed according
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to ph.%&« spetoe (with the exception of the >/ ) while events 

with forward A » a0*o * Bpootiniii shifted towards lower 

a ass. This is in line with the general observation that 

forward lambda event- are dominated by low and medium sums 

ffioson resonafioee while the backward lambda event- contain 

large proportions of hyperon ret&oftancse* In the light of 

this the enhancement seen at I"7 )- HeV for forward lambda 

event: is probably a fluctuation,

A*(1O&0) and A*(1300)» Fig %22 0ho*g the (3*)* 

invariant masts Sjectrum (forward A events shededl)* '8 

in the AUn fiaal state strong At and A* peaks are seen in

asaooiation with forward lambdas. The A, effect is so«e three* *
standard deviations ebev* phase spaee. ^he A2 enhance*«nt 

dees not appear to be so strong at first sight* How0v$r 

the general shift to lower Raits relative to phase space for 

events vita forward laabdss noted above tends to a^ k the /> 2 

peak. Fig 3*23 shows the aa»» plot divided into four regions 

of cos -*. The &t feature 10 pr&miAent in the backward 

direction 00 expooted* The etatistice of the 't ->C8ic are 

not sufficiently robust to survive this form of diseetionl 

f*(^MS)» Tho positive charge state ie produeea 

f strongly backwards - the angular dietritmtion is
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ahown in Fig 5.2, The negative charge ®tata ia also aeon 

in abundanoe* Tho neutral state ia not seen. However tho 

cross sooUona HF* difficult to aatiroate as phaee apaco 

poak* aharpiy in thia region.

ft76%\. Again tha problem of tho rapidly varying phaao 
epace for two out of aist bodlea aakas it very difficult to 
oatiaata the cross sections for P production. Tho neutral 

etato ia quita atroag out atill only appoara &a a ehouldor 
on phaao ftpaeo* The negative rho ia al«o aeen* Thoro may 
bo aoao poaltiva rho though tha data ia «ciiAly consi»t«at 
with ita abaoneo* Tha vary largo background bolow tho P° 

and bolow the /t and A* togethar with tho ambiguitiea 

ai>aoGi&tod with .porvutationa maicoa it ia oeslbla to check 

that the A sea one decay through P°.

Fig 5«2I* ahowa tho saea speotrum of (x4> ^x°)« 

The fit to phaao apaco ia good except in tho ragioa of 

WX783) «Bd YI (5U6)# examination of a aoatter plot of &aas 

against oo« e ahowod that tho tv .-s.^ produced in both forward 

and backward direction*,

V[f SU6K This faaturo haa to bo diatingui@nad from 3*' i
co«bin*tlonr appearing in tho >j (95B) dieeuaaod above. Tho

lattor appear shaded in Fig 5-214. It ia clear that there is
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AW (955)

Y*"(1365)*Wm°
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The errore on these cross sections are intended to cover 

the large unccrtaintiou in background subtraction*
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production of Y|(5U6) whieh ia not associated with V(956). 

Like the *>(783)» the r\ ($U6) ie observed in both forward and 

backward he*iapa.«res*

The wees upeetra of the $6 combinations in this final 

etate were carefully scanned and correlations with production 

eagle and lambda production angle examined. Ho other features 

were distinguished. In particular no YO(152O) decaying to 

A* *~ van seen* In only two easei? was the stasa of any 

(Ax****0) eeabiaatior* below 1700 MeV. This rule© out 

production of the YO(16?0) which is aseant to dect-y into

Table 5*6 givea rough estin^tae of the cross aeetiose 
for the variotta channels.

The heavy scanning and fitting leases diseueaed in 

chapter k aafce the ana lye is of th^^e ehaanele very difficult 

with the United etatiatice avail^^le* Three type* of saaple 

in each channel w«r? examined:

a) Unweighted without cuts. Thia ie the r»* dat@« It ie 

^eet fttatietically but ia biasaed and contaminated, Scatter
dkplot a of Co* & versus maaa (of the type diacueaed for
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lambda final atstee) were made for every combination using 

this sample*

e) Unweighted with cute. This is the surest ^am'-I? of 

data. However it ia statistically poor and very biaeaed* 

c) feight«d with ci.ta. ma is the least biaaaed aamole 

of data* However the fluctuation* tend to be very large* 

For this reaaon it is often neceaaary to compare with 

samples a) and b) to ssasesa the significance of feature*.

In table 5*7 »• show the number of events in each 

a as pie for the four aigaia ohannola considered here*

<*) (e)

n «,*,
^ 4- — 4-

113 eventa 

366 eventa 

aventa

89 eventa 

316 eventa

7f eventa 

U93 evente

170 eventa 

563 eventa 

12U eventa 

753 events

5,7

It ia clear fro* the number of event a th< t very few 

features may be diaeemed with certainty in the slgma and 

three pion ohaanele* Fig 5,25 ahows the aaes spectra of the 

neutral ^ coabinfitions. Ih« »igs» plus data ia taken
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from ths charged £ion decay sode only, ?he curve* drawn 

are the phase apace curves normalised to th« total 

of events. the plots •!*<•* of type e) described above, 

*etoaance observed in one plot should also be »e*n In the 

other in th* ratio

by charge symmetry (eteuning thnt no etrong interference ie 

j»vesent)« Thi» doen not appear to be the caee. knhancemente 

In the regions of T*(l?tC$) in (ZT%*) and Y*(1520) in (Z 4O 

do not appear very etrongly in the other charge coabin&tionB, 

No utrong peaks are obeerved in the regions of T,° 

T* (1613) or Yt°(2G33' although the data are i o poor »» to 

be consistent eleo with $pite etrong production of these and

other resonances* the lack of evidence for the final at&ie 

"* in which the T decay* to Z!**- ««» already been

dit*cu#eed in section 3«3 and the sa@s -plot shown in Pig %1Q.

9 gharffed &itf«& end four ^on^ Insl state

In Fig $.26 are ®hown the nass plots for neutral 

combinations. The better statistics in these channels 

enable® th» Y (1U03) slid Y (152^) r^sonsisces to be identified 

The plotK ar<§ weighted*
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(2V)

' A * """ * ™ * f f~~' ^JSkw" "* / "*^"** \^L*"** / WT *&*4 »O

Y0(1520) 16(^1j) 50(£lQ) events

Table 5»8 shows the approximate numbers of events in the two 

resonances. they are not irreconcilable with the expected 

branching r»tioe. Excluding these events we are left with 

603 2""*******° and 4*79 2J**"****"*0 corresponding to croea
W*

aeetions of 1U1 Mb and 233 !&tu ^e now ap ly the statistical 

charge aodel^' discut aed in section 5*6 to derive the 

cross sections*

2! ~U* IM j*b (Correction factor 1.3 for 2*° eases)

(fro» eection

(correetion factor 1»3 for 2« ca^es) 

The agreement between theme is v«t»j rea^ontiblt taking into 

account a) the cont urination of ZT- croee sections with fir^ 

states containing n^°, n * 0, 2... b) the probable loss of

events into the A 5* channel sa was found in the case 

of *%_*$% (see ohepter U) ; o) the peripheral effect on the 

sigma charge which favours A % » 0, 1 transitions of the
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b&ryon state. The Tf*(l^Q§) and Y*(1520) have angular 

dietrlbutions with sharp backward peaks - they cannot be 

seen above background in the forward healepher*.

mall exceaeee above phase ©pace in the (*%t°) and 

(*T* ) plots iii the 750 «*V region »re attributed to weak P 

production, tjiey occur in both H* and 2T" final states.
0Ho P it> seen.

^ig 3«^7 aho*: the (**A*V*) »a»a »peotra for weighted 

eventB of each channel. Strong & production ia Keen in both 

•'he coa 0- versus Ba«a plot ahowa that the w

peaked forward although it is produced weakly in the backward 

hemisphere eleo. The 21 * final ctwtc also ahowsf eo«e 

indication of r\ (5U6), The experimental width of the w 

peak (full width 100 He/) shows ao« poor the exp*x»i»e:;tal 

retolutlon i> in these ^eakly conntrainta final it tes.

T-iia lack of exp^ri»«ntal r^eoluiiyn coupled ^ith the 

syttemetic io»a of eventa tends to reduce cc a iii^nce in the 

< . lovever quantitiee thst depend on the variables of 

tracks whose aoaenta are deter»ified frosj curvature h£v t » 

conaidernily eharper resolution. Buch a variable 1^ the 

invariant &aes of (n"x*«.*) fro« the 21* events or (****O 

from the "* event*; theae are ahcmn in the lower plot® of
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Flge 5.28 and 5,29. The upper outline on the hietograaa la 

the spectrum of weighted event (type (c)). The crosa 

hatched j istogmw below i« the plot of unweighted events 

(type (b))* The upper hlatogrcune in both figures are those 

for raw data (type (a)). The area under t*e croea hate e. 

hiatogrsa la for track - cabin® tiona with ooe - > .9 and that 

under the upper line for eo«bi nations with cos *- > »75« In 

all c»?en shown »n ; in both charge eta tea a very pronounead 

enhancement la seen in the region 900 - 950 &e¥* The curve 

drawn on the lower plots i@ phase spaoe noraalia^d to the 

area of the weighted hie tog ram. In the ^ ease the peak ie 

3.:, etandard deviatloiia above phase upaoe and more than 2*5 

above the highest ren&en&ble background curve, in the 23" 

ease the f actors are 3.2 and 2,C respectively* The enhances ente 

are not due to peculiar weights a» can be re^n from the croee 

hatched hletograae* The cos - vere , •"£ plots showed

strong forward peaks in thl@ »a®e region - '»# effect is 

ahown by the upper hletograat in ^13 ^.28 and 5«29« Bebinnlng 

the hlfttogr«uB8 In 100 M«V wide bine we have calculated the 

c? for a fit to phase apace for the&e two forward cones. 

In table 5,9 w« give twe probabilities ir. each case - P i# 

for all bins fitted to nonselleed phase apace and P for
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bins except 900 - 1000 MeV fitted to the same pha?*e space.

Probabilities for fit of (5*) **»* spectrum 

to normalised phase upeeo

21**° (3*)~ cos 6*>.9 <10 .55

•* ooe e*>.75 <10"^ .06

ea* e*>.f 0oi .^

.002 .3

The question r-es'.- Ins ae to what thin reeonence i«. A 

very similar object h&^ been seen in %|> and pp interactionr 

in hydrogen bubble chamber end wise ing MBBK s ectromcter 

experisente^^^ * it i* called ^(965). Fig 5»30 etaows the 

two upper hietogreae added together. he eye-fit centre ie 

9U^ (j;l5) MeV and the full width 90 KeV* Thin ie compatible 

wit> *he perametere far ^ «f 96§ **V with e small width. *

note th«t the ZT W^% final etate is not AS peripheral RP the

2J*S*"xO ease. The peripheral production of this channel by 

•eson exchange would Involve the exchange of an 1 « * K 

see on whose exiatenoe is forbidden by the orblHl quark
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of the ma*?* plots and eo* ~ versus 

scatter plot* showed other departures from phase apace. The 

moet i^nificant of thece is In the ©peetrua of (2f ***>*) shown 

in rig 5.31. ?he shaded are« represents aon peripheral He* 

the t«o curves ere paa&e space curves for tn# two hi^to^rams. 

It is difficult to &IQW .-Mch of the peak& correspond to 

resonances. Kone of them is seen ill the (tL~T~K*) m»*& plot 

i.iieh eou^.4 he surprising if any of the pe&fcs *er« a ree nanct; 

furthermore the enhenc -nent appear® to be umiformXy distributed
'

with re&pect to coc fc-' (Z«,it)» In aeoordanot with the 

criteria outlined in section 5*5 we ignore this feature* 

The cross rcctio; a for the&e chmnriels are given in

table
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CHAPTER

T : T:'; : P^jlBLl, Flgf|_?H^r.AL .JgpPEL

6*1 Introduction

In recent years intensive study of two body final etatea 
h&e increased our understanding of strong interactions. ftith 
increasing beam energy, however, the cross sections for 
Inelastic two-body Reactions decrease dramatically compared 
with those for multlbody final atates* It la clearly of 
interest to extend the analyses used for two-body reactions 
to final states of higher multiplicity.

n extension of the Megge pole foraalifttt to three body
(lfinal state* has been dieeuiseed by Chanv f ', In this 

chapter we look at the phenoaenology of rerioue three body 
final etatofc in our data* Two of these reactiona are 
ooneidered in detail and considerable care is taken to 
dietinguiah dynaoic froa kineaatic effect®* Thia in Itself 
ia a auffielently coaplicated problem to cast doubt on the 
wiadoa of analyaifig the data in terms of any but the 
•todei* The single partiele exchange aodel applied to two 
body proce&aee la known to be in violent &i»agi*««ent with
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experiment ae far e itoiaentuu transfer tnd centre of 

energy de^end^nct are concerned, This is particularly true 
fo* the exchange of par U elm* with spin* **ewever the snslyp 

of chapter 5 and appendix "/ ehowa that the predicted depen .v. 

*f the matrix element on other vsriablea (auch *«; rerananc^ 

an^lee) provides a good fit to the data, we thei ef dre 
er a model of thr«e boiy production uelr«g peeu<?oecal»r 

aafi vector eicha^ei* and conoentr&te on thoae fuatu^eti 
are net too .^enfeitiv* to the effects wf abaorj^ticn* In 
appendix 0 explicit matrix eleaent^- are derived far tiro 

of interest.

6.2 Three "body final

The three body final atatee which are &ost likely to t 
analyanble are theee vhlcr, Pimpiify in one of the following 

«aya:
1) s~ ^annel r^aonanee (Wig 6. la)

2} xUaal 2-bodjr final slat* produced by && exchange 
process (Fig 6.1b)

3) 3 -body final atete produced by a double exch*n<;e

proceu* (Fig 6.1c) 
Coaea 1 and 2 may be treated in term® of *ell *atai:liahed
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•ode 10. fie ere concerned with eaee 3* 
Consider the rtraction:

"Vaj
6.1

This channel occurs in events fitted to the hypo then. IE 

K°x**~» tad was? selected SF ©hows in Table 6.1. The cross 

sections there have been corrected for other resonance decay 

•odes; "background' includes (i) non r« on«nt esafe combinations 

in the selected «ass region and (ii) quasi two body reactions.

Reaction cress
action Mb

Selection 
Criteria

95

**VP

K
f> (

*•

92^20

Background

3C

The sain source of background ca»e fro« K (Ui )n and a
""little from K j. Fig 6*2* ahows the scatter plot of 

trams Terse against longitudinal somentuj® for each particle 

ia the overall ceatre of *aee. The diatinetive featurea are
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<*«• 
that the K and neutron are aeatly produced at asall

•oaen ttui traaefera with reapeot to the K* and proton 

respectively 9 and that the ** la produced iaotropically with 

aaall ttoaeatiuu These diatrlbutiono anggeet that the proceae 

Bight be dominated fcy an exchange diagram of the type shown 

in Fig 6*tta. However ftoAenta have to he treated with caution

ia a aultihocty final atata» the real test »hould he the 

angles in the (K "n.4 ) oeatre of «aaa and in the (n**) centre 

of «aae - these anglea are relate^ by Waar Lorents tranaforaationB 

to the an&le* attd T ̂ loci t lea in the overall centre of Juaae* 

In ehortf atoisenta are all 1 portant in the correct centre of 

oaea in determining aatrix elements and d«neity of atatea 

factors tout viewed f ro» naothfr centre of aasa their aaaa 

dependent traaafoniation properties can completely distort the 

picture*

Fig 6.3a a no wo the scattering angi of the K *" with
- •«. Areapect to the ineident K in the K * centre of «a@a. the 

diatrioution ia atrongly peaked forw&rda. Alao ehown ie the 

neutron scattering angle in the n%* centre of »«; e which ie 

strongly peaked hacicwarda* to ahow that these peaking effects 

are eiaultaneoua we have made a aoatter plot of the two 

eoaentum tranefer- • Vhie ia ahown in ^ig 6.2b« A strong
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concentration of events In the region where both aoaentua 

transfers ere saell Is seen* ?hei»e ers the features we 

would expect of the graph 6»J*(a)* to now consider whether 

the other channels of Table 6.1 sight be described by 

graphs 6,U(b) to 6*14(0)* Scatter plots of transferee against

longitudinal aoaentua for each particle of these four reactions
e«» 4*. 

shown the a&ae feature* as obaenred In K it n. The ecatterlng

angles in the appropriate "local centre of aeee sy&teas" are 

shown In Figs 6.3(b) to 6*3(e). ?heee distributions show the 

eaae eolllmatlon *& fig 6.3,a). The four aomentua trannfer 

eut used In the P selection (fable 6*1) was ap-lled to 

reduce background. The nuaber of P events eutelde this eut 

off Is s*all and hence the distributions shown In the text 

for these channel* are not slgniflcally biassed*

^•3 Pi*oductlo& angular distributions

To Investigate the model further we chooe« * channel 

with the slftpleat final state spin-wise; e.g.

K~p - 21 V*~ 6*2 

«e consider a aeries of production angular distribution 

tests which can tell us about the mature of the exchanges.
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a} Total centre of flaes planar, effect

In the total centre of aa«a the three outgoing partiolee

•ore in a plane* Lot the normal to this plane bo n (®ee

Fig 6*5) and lot the initial ot&to axis lio at an angle a to
A
n« It the final otato had no memory of the initial 11. te 

(phase apaeo) the distribution of eoc & would be flat* If 

however may of the final atato particles ia produced @t low 

sonenturn transfer then the angle between the final atate 

plane and tho beaa direction will bo aaall i.e. a will be 

peaked at 90° (ooa a «* 0). \ two-body peripheral proceaa 

tends to be eollinear - a three body peripheral process 

tends to bo eoplanar in tho total centre of »&$B* Fig 6,5 

ohowa tho hiategratt of cos a for reaction 6*2, we conclude 

that there ia attiong peripheral productipn of »ome kina. Thia 

coplanarity offoot nuet be diatinguiahed fron the copl^narity 

obrerred in the % centre of »*aa dieeuseed later* ?he latter 

io a Kineaatio effect present in pha&e apace generated eirenta 

while the former ia purely djrnaaio* 

b) "otal centre of r^iita production analog

In Fig 6*6 *e ohow the centre of saaa angles and nonenta 

of the three final atato particles. Both the 27° «ad *"
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dhow the strong eollin&tion associated with peripheral 

production * high aoments. and peaked angular distributions, 

The forward peak of %* is duo to reaonauce production and i« 

re&oved later but otherwise the ** have low momenta and a 

flat angular distribution* To isolate the offsets of quasi 

two body processes the &ass distributions were ex&Jtined »e 

follows*

The JT° and %~ angular distributions wore used OB 

weighting fee tore to generate double peripheral 2°***,"* 

"event*" with the Monte C«r* > programme I*4EALL* These 

phase apace cunree are eu. er imposed on the aa&@ apeotra in

6.7* the curves fit the data ex.,-,,, i for pcaJcs in the 

«) distribution at dOO noV and below JtOC Mov« The latter
C7 .

ie attributed to events of the type 270 or A/ where the

deceye to K4K*. Thoeo Icaons would have a high ao&entu® in 

the laboratory and would be indistinguishable from pions. 

ainco ambiguities of thla type were aeoigrned to the common 

hypotheaio y contaaination of this Kind is to be expected (see 

chapter U)« The £*** at 000 MoV is identified ae the P°. 

Fig 6.0 shows the X>alit« plot for this final etate* The 

reflection of the "#* events on theZ0** »nd 2°*"* »**« 

dietributiona aceounte for the excess of event® in the
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region 2*5 - 2.6 GeV in both cases* Ko other significant 

reaonaaces are observe*!* In particular Y**(l660) -*Z°** 

accounts for k & k evente, Thia ia cone ic tent *ith the 

nurnbex' seen in the 2T ** decay ae-de (chap tar 5). It ia 

possible that a few j- are produced* The obt>erwa angular 

distributions correspond to configurations which are ne&rl/ 

oollinear and in which the 17° and *~ travel in opposite 

direct! one* The locus of colline^r coaf l^uratlone on a 

PalitK plot i» the boundary and % if 2T° and s* aove in 

opposite directions ̂ they *i 1 have a high invariant mass. 

So we expect that events should congregate in a broad band 

adjoining the boundary in the right hand, high M(Z°iO f 

half of the Dalita plot* Alaoet all events are seen to be 

in this band* furthermore aoct of the events with low

") can be attributed to the P 0 t *0* and possible ^° 

%) invariant saass bsnda* we would eiaphasiee thst the 

Balitx plot picture of double peripheral proceeees ia ju»t 

another way of looking at the problea and ̂ ile highlighting 

certain effects , does not produce anything v^ich is not 

implicit in the angular distribution analysis* One such 

effect ia the general depopulation of the centre of the
( i Dalits plot* This is discussed by Chair ' ; In all that
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follows events in the *&" band and in the P° band bare boon

excluded from the data leaving 81 events (90 weighted). Tha 

eaae cute have been eiade on all the Konte Carlo samples with 

which the data are compared. Taking into account the loea of 

events into the A x*x~n.° fite discussed in chapter k the 

crotits section for non resonant 2T**4x~ production la estiseted 

to be 30 j; 10 ^barna - ayatem&tie effeeta of thie loss are 

di ecu seed later* 

o) Local centre of aasa scattering ang^ea s- and 0Q
___________ _ ___ ______________________ ___ .._........._.. __ ....._...._.... . . . " _ St

The angle %m ia definei @s the seat taring angle of *~ 

in the (****) centre of feaes; i*a« coe eM » &~»&~9 aa ahownB """

In Fig 6.9(»)« ^iailarl/ em ia defined by co« -,, * o^° in4} '-'
the (£***) eentre of «aita (?ig ^*9(b))» If the production 

proceaa ia dominated by a double peripheral meohanie& 9 then 

the distribution* should peak at coe £ « +1. In two body 

final states the eeettering angle distributions are strongly 

affected by absorption; consequently in thie case we do not 

attempt to fit these features quantitatively on the one 

partiole exchange model. These angular distributions ere 

shown in Fig 6.9(e) and (d), and eup> ort the double peripheral 

diagram of Pig 6.18^. ̂ e note that, if we consider the
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exchange of only meson nonets, mo other double peripheral 

diagraa may be drawn* In the lower four plot, of .-'ig 6*10 

are shown the four mo®sntu» transfers of the two propagators 

and the initial state loo^i centre of sie^e momenta. ABO 

former are peaked in the region near t * 0 a&> expected; t&e 

latter ehow that «v«n In t^e local cc?ntr*r, of teeas th^ 

are sufficiently high for peripheral interaction to

Hext we attempt to identify th® spine «n«i parities of 

tae^e exchangee: 

4) Local centre of «&&»a p induction azimuths ?> and

The asimutli J2fm ia the angle between the i x m and• ^
the jj * 2 ° pianee in tte C*""**) isentre of mesa. This ia 

identical with the Treiaan-Yang angle which ia normally
WWrL . m +

considered *A-fefe (* n ) fom a reconance* If the exchen^ed

particle e^ in fig 6.1tei» psendosci&lar the original
argu»ent^ ' r^ttirta an iaotropic j distribution*

regardless of whether the «,».) aystem reaonmtea or not* 
The distribution in 0 (Fig 6*11) exhibit! (a) symmetry 
about loo*i as required by parity conBerratior^and (b) 

anlaotropyt indicating at mont only a eaall contribution 
froa paeudoacalar exchange (for e2). ?h* lack of ayametry
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about 9Q° arise* froa til* mixing of parity state* in the 
(*"**) eye tea which i» not restricted.

The esiRUth 0B ie defined analogously as the angle 
between the jfc x 2° *** 1~ * j" ;>lanee in the uL°**) centre 
of *aea, and anlaetropy in ita distribution could provide 
information about the 8 plR parity ojf •*. la fact no 
anieotropy ia observed in thia case* Pseudoaealar exchange 

however forbidden by epiit parity conservation at the top
vertex* ao that, within th« liaRitatione ef our assumption* t 
we can identify e aa R (a§ ) and e aa predoainantly K (89C).
e) The produc tion attauth ^ ip the^ ^ ree t

The eagle J$ ia defined eia the angle between the planes 
5 x £° and j|" it £ in the A* re«t eye tea. The vectors 
appear as ehown in Fig 6*12 (a) and

* &"} 6.3

The effect of oroeaing the incoming 1* with the outgoing 
x* in the part of the clagrai ah own in Fig 6,12(b) is to 
convert it into 6.12(c). This eroaaing •peration on ?lg 6.12(a) 
thus roducefi the situation shown in 6.12(d) which deaoribea 
the two body
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x p -* K

Various experimenta ehow that thie reaction prooeeda by a
* 

mixture of K and K exchange with the latter being dominant* '.
* 

A Lo rents traaaformation along the K direction into ita

ro.«. t frame (j?ig 6,l«:(e)) 9 which dues not affect the value of

$, reaulta in 0 being identified with the conventional
• Treiman~Yang decay angle of the K for thia two body ^rocetss*

Thus > if «2 is tbe fcaae for both reaction*, then ao U the

0 dependence of the natrix element* (The deper4<lence on the
• polar angle 8 of the decay f the K in reaction 6.U "becomes

a dependence on p , (defined in appendix 0) for reaction 6.2, 

The resulting 6 and t behaviour in strongly modified by 

absorption aa diacuaaed in appendix F and therefore not 

eeapsred with experiment*} the dependence of the aquare of 

the matrix element on 0 18 thua of the forms

a) constant for e* « K* a K.
b) 1 - x ^ 2x ein20 for e^ • E*(8fO) 

Here x * 1 for spin nan flip coupling at the baryon

and x » ^ 1%or a^in fliP coupling, where P.. ie the

daneity matrix of the X in the creased channel* An
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tl torn* tire derivation of these penult® without th~ use «f 

e roe » Ing eywaetry ie given in appendix 0«

All thie tiee we have spoken of isatrix elaaent^ and

ignored the density of at&tea factor* In decay corre\L*tiona
* 

auoh at* thoee of the K in reaction 6. . the .msity of etatea

id epherieally ^/a&etric for the daoay of the K in its ro t 

frame - that ia the <S- function ensuring overall energy* 

eonaenration in getiafied e^uite indep^a^itly of

how the X dec aye, la the oroasod reaction K"p ^Z0*"*'^'" 

the £- function ia very dif *«re»t and the denaity of @tate« 

o«n be a function •-!' 0* The anooth curve in Fig 6*13 

repreeentu the 0 distribution for 27** eventa ' g erf-rated 

according to phaee fipuce. The hiatograa ia the distribution 

for 409 "eventa" obtained by weighting the phase spae« 

"«vente w with the experiseatal angular distributions ae 

earlier* The agreement between the two is i&presttive. It
/lotaX

sug^eat« that the eollimation of the \angular distributions 

does not affect the 0 distribution and consequently that the 

effects of alMWfptieti on £ ehouid be slight. « uae tne 

curve aa the 0 dependence of the density of state®, P(0)« 

Fig 6.1^8bow3 an experimental histogram of x calculated aa 

shown in appendix $• By folding this experimental hietogr^*
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2Q-| where p2 is the scattering angle in the cross 

channel for the lower propagator.
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into equation 0.5 we can get a prediction for the spin flip 
•atrix element.

Fig o.a^Kfahowa the experinent&l histogram in #. The 
curve* are oaloul sited from;

K(|f) - *(#) * (».;tri* element) 2 6.6

All the curvet are norm&lifced to the total xm&ucr of events, 

The 0pin flip curve was calculated from the distribution in 

Fig 6. i--N-o that each event is norm&liaed to one event in 

the 0 distribution:

U - » + 2x»ln) 6.7 

events L 

where x. is the value of * for the i event and where

"sT" V
_ ttiV) ~ / ' i eU 1 4~

* 1 for each ev«nt» The uenaitivity of the teat
2 relies on the fact that t^rsas in ain 0 vanieh where ph»ae

apace ia a maximum.

The loeaee^biaaae* and ambiguities affecting thia 

final ctt&te are di&oua@ed in chapter b. It ia shown there 

thst about 25> of the 23 **** evante are to b« found in the

**"*0 "fita" with (A*0) invariant »a®8 less than 1350 *eV, 

ie have treated theee eventa In parallel by treating the 

four vector of the (/U°) »y»te« aa the W£°M in our anal/eia, 

The atitsuthal distribution f&m corresponding to ^lg 6.11 for
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those events is shown in Fig C.15(a). The $ distribution 
corresponding to Fig 6.,,l »lV;!ia shown in 6.1$(b}» They art 
seen to contain the t»«a« features as the H*x fite. e 
conclude that our }^XA aaaple is not significantly bias&ed 
by the lofts of events into tht K n*&~fc° channel.

Although thia lose of events prevents our drawing any 
firci conclusion from Fig 6.lUyr^gardin& & ©*ei:.=v.nge f it IB 
clear that tho dsta rule out pure K. spin nun flip exchange* 
Cottbinlng this with the evidence of the other distributions 
diecueeed *bov« we conclude that the data for this r$&ction 
ere conei tent with the diagram shown in "if 6*10 in which 
both exchanged partioles are K a and the spin of the baryon 
currant la flipped* The data are equally consistent with a 
ooabination of K and K (with no spin flip) in the lower
propagator e? . Thle la in reetonabie i^reenent with the

* <-?o results for the reaction x p -*2- It

Decay Angular Pi a tri but Ions

In reaction 6*1 additional information can be derived 
froa the decay of the K • Pig 6.l6(a) show® the double 
peripheral diagraa suggested by the «nalysiis of the production 
anglee* In the K centre of aaaa the vectors appear aa
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ahown in ?ig 6.l6(b). The decay anglea are defined a& 
followsi

'-° /O - O_$ ooa ex * i, .1 6.1
in the r<9**t fr*s»e of X • The experiments ^iatogr«A 
ehovn in /ig 6,17(a).

The azijsutAal uecay an^l^ ^P • Thie> is the an^le
- » «. + * th« J^ JL £ *ad the J^ at j planer in the A centre ^r %

The ex^eri^ent^i hi a tog ram ia ^hown in Fig 6*17(b) and 
exhibits a atraag ein ^ dependence* ---e also define the 
production a sleuth 0 as in e aation 6*3:

I . *-i /[i «I / /
Again we denote the denaity of atatea factor by *(£) which ia 
independent of cos U and

-hen e, ia paeudo*calar the an^alar distribution ia given

f (ooa 9 » ^) - ««*P(j20 6.10 
derived in appendix 0* Cleerl? the hiatograaia of Fig 6.17 

are incon- latent with thia.

If e, i* vector, the distribution depends also un the
spin of e • hen the latter is paeudO£cal&r» we hare:
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* (ooa 9 ( f /) - eia 6ln ^(0) 6.11 
Our data arc conai&teut witn a strong cox tribution frost tin a 

nsent (see also ?ig 6.18). 
The attributions fur e, » e * vector derivtu in

A £

0 for both the apin flip and a on flip ea&es have a
j? dependence. hen they ^ie a verged aver ihe

« '•* 
other vftri«blee, the ooefficients of eo& j2J ^(^f) and
are both iiaj ortant, Thu&* even in the&e oa^ea f no 
devistiono fro® P(^; are expected. On t. .' other hand f in

tith equation 6*11, when the e*pre&vion 021 or 
averaged to obtain the predieted ^ dietributlon, both

at rang sin (j> *nl coe ^ terns are retained, the
2-r- 

predoteinantly a in behaviour observed IP tuu& incompatible
with e2 beiiig vootor.

we find that our data for reaction 6.1 are 
cone latent with, though not conciualve evidence forf the

veotor e «
I» the early »taget» of the «mnljr*ia «f this data it

* 2waa ehown thnt the K deeajr exhibited a strong sin dependence 
in azimuth very sinilar to the plot 6.17(b) when at imuth 
defined witfe reapect to the &~ * £ 9l«ft* in the X * reat
f ra«e. ^hie ie due to the email aagl* between the K, ~ x
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and J^~ jc ^* pinne* in the K "" centre or
shown in Fig 6.19 foi» phan« apace ©vent*. The effect of

2 folding thlt fiBje«*rinr into a sin distribution, is laall. e
therefore rogard the early correlation «« rather



gjraa.-jrfc- to c?L«prr.., 6

(1) H.fc. Chan et els CERM preprint (1946) TH 679.
(2) H. . Chan et ai. Cfei*i preprint (1966) TH 719. 

Chan aleo di&euneee the axiftuthal angle 0.

(3) 8, ft, Treiman and C.K. Tang; Fli^s, Rev, Lett, j|, 1UO (1962), 

0. , uith et «1: t»hy*. Hev, Lett. J£, 13S (196jj)| 

B.H. Miller et el: Ftojns. a«r« LUG. B36o (1965); 

J. Bartsch «t al: KUOYO Cia. i^f 1010 (1966); 

7,T». angler et ali Fhy», Kev, ^37, SUIL* (1965). 

The use of the experimental values of at in predicting

the angular distributions it; discussed i a note at

the end of Appendix :\
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APPMDIXA

s

charged

A change in the eoaponent of aigaa Momentum perpendicular 
to the front glaaa hae no effect on the projected decay angle 
distribution. It la therefore aufficlent to conaider a aigaa 
with ao&entua* £f in the plane of the front glaaa - the 
result© will hold good alee for aigaa* with any component 
of aoaentua perpendicular to the front glaaa. Denote the 
aigaa aaaa by M and the aaaa of the charged decay product by 
a* Let the moaentua of the decay product in the eigaa centre 
of aaa* be £• ^e use apherlcal polar co-ordinate* in the 
•igaa centre of aa«s with £ aa the polar axia, e • Of and the 
plane # « 0 parallel to the front glaaa* The U-vector 
aoaentua of the charged decay product ia thens

p ain 0 oca

p ain 6 alii

p coo 9

hen we tranafora thla to the lab along £ we get:
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p sin 6 eoe 0

p sin e sin

The front glass ie the x - 2 plane so that the projected 
dec a/ angle T' between £ (g-axis) and the decay product is 
given byi

tan / « *in 6 ooa
A cos 0 4 B

/ 2 P 2where A » /I 4 F/ and B « ft ) 1 * • /
w/ '5 "j/ ' 2'V «2 A/ p %

Kov since the decay product can be considered to be 
produced isotro icelly in the sig&a centre of aass (see 
section U.2) all ele«ents <^0d(coe e) are equally probable* 
We consider therefore a plot of cos 0 against 0* equal 
areas representing equal probabilities* This is el si ply an 
e$ual~arca projection of the (a, 0) sphere* Lines of 
constant j given by the above equation on the sphere a ay 
be plotted on the projection by inverting the above equation

-A B tan2 ^+ cos £ A/ (A2 - B2^ tan cos 8 » ' ^ A2 ten2 y 
T
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U-r CHARGED DECAY PRODUCT VELOCITY VECTOR IN ^.CENTRE OF

U = DECAY PKOOUXJT VEUOOTY VECTOR IN LA&ORATORV.

IM.D.THIS DlACjfRAfVV IS NON RELATIV/IST/C AND THEREFORE ONLY 

QUALITATIVELY CORRECT.
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fir * r
-* Bcos e

Aa

if A<B.

If A i9 greater than B tho velocity of tho deoay product in 
tho aigaa root framo is greater thun tho voloelty of tho 
in tho laboratory. overal typical plote are shown in Fig.A.I. 
In tho low aoaontua plots (A>B) tho point at which all tho 
contours interaoct corr«epond» to tho cnao in which tho decay 
product ttoaontUB i» porpondiculsr to tho piano of tho front 
glftoo* f^hon A<B this io no longer poeeifcle and two eolutions 
for oaeh v&luo of 0 are found* Tho ohango froa single to 
double solution aay bo understood with tho help of Fig* A* 2. 
Tho plots in ?ig.A*l are for ono half of tho sphere only; 
tho other half ia rolated to it by a eywaetry piano 
porpondlcular to tho front glane*

To oalonlato tho projected decay angle apeetrua tho 
appropriate arona of tho plot «ro found by nutter leal 
integration with respect to
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APP2MDIX B

The uao of the concent of ^oiiio9 in hlstoitraaa

The behaviour of data in a histogram bin ia v©ry 

aiailar to that of an electronic device.

Ia the latter there ia a 9 signal 9 which ia the mean 

response of too dovioo taken over* an infinite naaple of 

pure atiauli. There ia the Bhott aoiao level which ie due 

to statistical fluctuations on the noabor of response quanta. 

Thirdly there ia background aoiao which originates froa 

unwanted atlauli.

In the caao of the contents of a bin ia a hiatograa 

which ass boon subjected to seas attoaptod aelootion wo 

have by analogy tao idoal mean bia content, the //it 

atatiatieal fluctuations thereon and the contamination 

contribution duo to iaperfect selection. By aaxiai^ing 

the signal to noiao ratio as a function of the selection 

criteria and final bia aiso we achieve the beat deaonstration 

of the desired offset ia the hiatograa*

tho process is far froa rigorous duo to interference 

between the signal and the background* unequal bin population* 

non random background behaviour* uncertainty in the ostiaation 

of background and the problem of how to add the Thott noise
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t* the background noise* Despite the^e drawb&eks the Idea 

provides a guide to the beat way of selecting and anti- 

selectIng resonances, ohooslng bin width* and deciding in 

advance whether plote are likely to contain useful 

information*

To select a (J » 1) resonance f ro» a aass plot la order 
te exaalae its decay distribution for evidence of alignaent,

A vector particle cannot have a decay distribution with 
powers of cos e or 0 greater than 2* therefore 5 bins in 
a decay angle plot is the alniaua required to show the 
aligns en t. fhe hott noise in eseh bin of this plot is 
equally positive and negative whereas the contamination 
aelse is always positive* Therefore they are orthogonal 
•ad should be added la ^uadrsture, we assuae that s phase 
space or other background omrve can be drawn on the asss 
plot below the resonance, then for a certain pair of 
selection llalts we have an estiasted IL_ resonant and ;HL

J* 15

background events* If we divide our decay sagle plot_______________ _ j
into a bias (aiaiaua 5)> the noise will be / J*e • K

and the signal KR _ giving s sigaftl-te-aolse ratio:
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/V B*»* „

The e elect ion criteria aheuld them bo moved to asxiaiso H, 

If R is ieae then one it ia very unlikely to be a useful 

plot* If the background is high the eaas eelection should 

be. narrow; if low, «f4*« a should be as email as possible 

say folding permitted by an unequivocal symaetry principle 

can help*
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Tho oatiavation of jn3ftiiiiiiMf offioienoir fro» n

la the aajority of experiments the flla is e canned only 

twice. To estimate the number of ovonts that have boon 

aleeed altogether It ia necessary to »a*e saeuffiptlona which 

•JPO rftthor iKplaualtole* It le Mi»tuio4 that every event haa 

the same ooeorvabllity o>» The oteerTftbility of «m event le 

defined ae:

Ot » X»t (HuaJMip of tljuoc it Igi seen in K— - — —

It follows that the number of events aeon on one of the
2only ia n^ * 2M*(l-o.} and on both ia n^ * Ma

where i ia the total number of syente. It follows that the

number aiaaed altogether ia

In praotioo ao»e eventa are easier to aoe than others and

the above calculation gives riae to a syeteaetic underestimate

of the total number of evente*

Ahen the fil» la aoanned more than twice the above 

aeeuiBption can bo dropped, »e continue to aesume that every 

aoan has the earne efficiency. i?e therefore have K numbers as 

input - the nu»b*ra of events aeon on B t H»l,.•«,.£, 1 scans
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out of M* Wo may therefore have II adjustable paraaoters 

describing tho observability of th« evente. &e const dor 

two wajra of defining these paraaoterej 

a) Method of varla obsrvability*

In this eaao wo suppose that thore are - elaseee
^— .

**

of ovoBta if ft la odd and /2 olaaao^ if K ia oven. Tho 

unknown paraftotora aro a, tho nustber in a&eh olaaa of 

observability a« Wo than h«v* N oq^iations of the fora;

whore a r ia tho number of events seen on ~r scene out of 

IT, Thia aothod has two disadvantages; firstly the equations 

are nonlinear ia a^ }eo that for K > k they are not soluble 

analytically; secondly if !? ia odd there are too aany unknown 

paraaetere* Thia can bo overoo»© by tabulating tho reeulta 

sa a function of tho observability of tho olnaa with highest 

af ^ It is ofton found that tho total miaber of events 

estimated

does not rary auolt over tho range whore a^ ic reasonable. ?or 

tho oaeo W « 3 after eoao tedious algebra wo find
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2

3
••» where as ia given by

Tfao total nxuibap of ovant» ia than «6tl»ated to bo

If N>3 tho algobra b«oo»ea impoesible and tho aoooaa mothod

1m probably aora appropriata anyway.

b) Mftfeod of fixad ob. nary ability*

If II 1 a largo onough wo eons 1 dor H elaoooa of oTonto 

with awltably ohoaom obaorvabliitlo* a., tbia haa tho 

tronondoiio advantago of aaJclag tho oquationa linear. Wo

or M * AK ao that N « A-1M whereZAii j
H «•

tho ft^uaro eatrix A to 

oraluato tho a* * tho nuabor ia tho olaea of Observability a,
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Of courts a there is considerable ambiguity as to hew 

ehouid be chosen feut it waa found with K « 5 for

that the requirement that all n. be poeitive was very r tricttw 

on poaeible eats of &*• Thia extra condition fixed the value

to witllia a very avail range. With ft « 3 on the 

other hand the aabiguity waa auch greater and method a) gave 

•ore cons i» tent reeultn,

Cmoe the characteriotica (a, a and relative valuer of 

n,.) of the particular event type have been found fro* part 

of the fll» aeanned «any tiaae they nay be used to taaJte a 

better eatiaate for parta of the film which have been scanned 

only a few tisaa.

The error on the eatiaate of the nuaber of eveata 

oonaiata of a statistical error on the uuaber aeon and »n 

error alao of atatintioai origin on the number unaeen* C inoe 

the nuaber unseen ia celeulated from the nuaber aeon their 

errora will be correlated - we add then in phase rather than 

quadrature*

total aeen
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E «• e

BABEL la a ay e tea designed to maintain a library of 
scanned event* on Magnetic tape and to produce from this 
library Baste* Hats end measuring list® suitable for direct
input on $ channel paper tape late the on-line aeaauring

(2)machines v '. the scans are aade et the scan table on
special Merfc Sense card©. Pencil marks in appropriate 
poeitiona en these c#rd6 are transformed into punch holes 
OB an IB* 519, these punched card« provide the Input to the 
KDF9 programme.

^aoh scan (of up to 800 cards) is cheeked and, when 
found to be fault-free, it ia written up to a Magnetic tape* 
Stored in this way atore than 5CO,GCO * canned evente nay be 
kept on one aagnetie tape* Each scan la preceded by onrda 
giving the necessary identifying inforaation together with a 
liat 01* topologies being scanned for* The scans on tape ftay 
be coapered and the r vaulting lie ting used as a bat la for a 
eoffip&rison a can. The coaparieon seam itself ia also recorded 
on cards and la used to construct a ameter liat whloh ia



R9- D|. Some BABEL operations.

Loading a scan

For . 
correction

Comparing two scans

[COMPARE^
x Listing

Loading a comparison scan & making a master list

For . correction

Library 
Tape

IBM 519

IND 
1st & 2nd 
SCAN ANY \No 

UNDECIDED 
BIGUITIES

Load Master list
Make 

ster List Load Comp. scan

Next jot|

Making a measuring list.

„ FIND
RASTER .LIST

Library 
Tape

operator. ,KDF9 
6

Event 
Selection

selected -- Meas. 
Machine

^•360/75
NB: Solid lines are computer connections. Dashed lines are off line

operations.



Fig. D2. A Mark Sense scan card.
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held on magnetic tap* in a forest elftiler to nor»«l scans* 

The scan* or aaater liet* on tape aay fee lieted or used to 

punch out the pro-*at information required fcy the on-line 

meaburing ^aohlnoe; general selection data *ay be ueed to 

aelect or untiaolact on an/ <5etsirod featur* or combinatiorj 

of featuroe on th« »can eard, A full printing format ie 

availablo for «aay filing and ehoelting* facilities »re 

provided for oaju&ariaing aoan0> editiBg f rescuing and

updating duplicate tapes. Tne ^rogramno is supplied with
f\\ 

its own fully tiae aharing input and output buffers v>/ .

The coding of commenta and ufe« of grid references are 

optiona that may fee changed froa experiment to experiaent to 

euit the physics and bubble chamber concerned. The coamenta

•ay he transmitted through the on-line progras&e to the
(k) RHKL progra«j»ee v % where they may be printed out to a. eist

in the probleai of chooaing the correct hypotheeis.

The uee of apeoial jeo oarda allows any nupher of 

operations to be obeyed sequentially. The format of these 

hae been designed so that the entire aystea can be organised 

by soannere without phyeioi«t supervision.



e TO JLPPHfPDC

(1) BABEL I W.M. .Ulison.

TSTB&s

(3) BABiL g*rfc 3: W.W.U* Mil son. 
(14) JOKING *0*
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APPEHDIX 8

The prooe&B pf kinematic fitting ajad_..^te interpretation 

Particle Identifict-tlon

It is an unfortunate feature of the analysis of 

bubble chamber eventa that the question: "fthat particles 

correspond to the trsc&e in this event?" cannot be answered 

directly* In particular the probability output by the 

kinematics progrism&e which attetapte to satisfy energy and 

momentum conservation for maae assignments corresponding to 

a certain hypothesis doea not represent the probability that 

these maea aseignmenta are correct. Mlaeenceptionm about 

kinematic fitting have In the pmet produced aome highly 

dubious selection criteria for events fitting more than one 

hy, otbeala. 

geometrical recpactruction

In the geometrical r«conetruction of each track the 

values of iAomentua. tangent of the dip and the a&imuth 

are derived by mlnimiaing the aum of the aquarea of the distances 

of each measured point from the reconstructed path aa seen 

on each view. Theee variables are chosen because they
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correspond meat cleeely to the quantities actually measured 

mad are therefore aost likely to have normally distributed 

deviation*. Fro* the goedneea of the leaat squaree fit an 

error is calculated. It ie known that these errors ehouid 

have a certain lover limit associated with the known accuracy 

of track and vertex measurement* - a fixed standard error ia 

therefore used when the calculated error ie email* £ome of 

the variable* auch as the momentum of a straight track or 

variablee of unseen neutral tracks are not known at this

Let ua aeaume that we try to fit an event or part of an 

event to a particular aot of aa^a aeaignmenta* Let the 

number of vertices be K, the number of tracks be n, and the 

number of unknown track variables be m* The conservation of 

3-mottentum and energy at each vertex gives 209 equations to 

bo satisfied ao that there are (UN -a) constraints on the 

measured variables when the unknowns have been calculated* 

Baa to finite measurement errors these constraints will not 

be satisfied exactly* The fitting proce&a attempts to answer 

the following question!

"A*euming that the variables Measured are a random 

aaaplo of a statistical population whose aeene aatiafy
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tho oonatraint e^u&tlonb and whose dieper&ion la given 
by tho measured error aatrlx; what aro the valuee of 
the* « aoaaa whoa the proportion of the population with 
aota of variables lets likely than those measured ia 
largertV H

Lot ua oonaldor a one diaonaionai exa*ple« A variable hee a 
•eaeured value x and estimated variance cr and by hypothesis 
la conatrained to have the true Taluo X* Therefore it ia 
auppoaed that mn infinite aaaple of noaauroaiente x would give 
riae to the frequency distribution

ex/i ^ (X-xf/2*-]

and tho proportion worao than our x would bos

£ > A W 3C

or a similar expression If x <
If on tho other hand X *ay be varied the proportion or
"probability" aay be aade 100^ and the hypothecIn is trivial*

To oetabliah ft picture in the ruatio:l»en*iott«l cat e 
encountered in fitting proeoaaoa 0 *e imagine a configuration 
apace of all tho meeeured varlabloa (3n-«) di»eneiona)* ech 
•aaaured normally distributed variable h*& ita own orthogonal
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axis. Th« at©*a>ure«e»t of one particular event la represented 

by « point in thie space. Each constrained hypothesis appeare 

an a eubspaes which obeys the constraint equation*. Bo we 

iaaglne our point in the &id&t of a aeries of linea, surfaces 

•to. each representing the locua of configurations satisfying 

a given hypothesis. The highly constrained hypotheses 

correcpond to "aaall" aubepaoea like lines vhereaa leae
^s-*-**,

cona trained onee have a ore degree* of freedo« liite surfaces,
s

Consider the «eeaure*ent of an event ae tne position 

vector y in thi* space with error aatrix I and let a point 

on a nearby hypo thesis locua be Y. Then if, by hypo the* id» 

y differs froa Y only by virtue of the dispersion, (E)» the 

probability of «ea8ure«enta of Y in the neighbourhood of y i&

whore T represents tranapoeitlon of the vector and 

represents the volume of an element of the configuration 

space, tho quantity (Y - y) if1 (Y * yjf is knowa aa 

In faot T ie not coapletely fixed. Aa can be eeen froa our 

one diaenaional exaaple any diaenaion in which it nay be 

varied does not contribute to the probability. Tnua it ia 

only necessary to integrate with respect to dimensions
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perpendicular to tho locua ~ tho nuaber of those ie equal 
to tho ntiaber of cone t9ainta//c , Therefore

p(x\»0~
V

integration over all eleaente of perpendicular aubepace 3 S_c y 
for which x2 - (Y - y1) I~l (Y - y1) i* greater than Qt2. 
It ia clear that tho highest probability correeponda to tho

value of 9C . To aini&ioe DC tho kinematics prograame
2 calculate the derivatives of X with respect to each o opponent

of T so es to converge by iteration on the beat fit* 
fito to different

-uppoae that an event ie fitted to two hypotheses A
and & and tho associated ^probabilitleo^ P. and P,4 obtained.

A I?
9ow the fitting process ao we have aeon anseuaee the eorreotneao 
of tho hypothooie boing tried ao that, if hypotheoio A ia 
correct, F, ia meaningful and P^ meaningless; conversely if 
B ia correct. If neither ia correct, neither ia meaningful* 
So that under no circuaetancee can it be valid to coapare P. 
and '-fi aa if they wore both tuantltatively correct. HoweverB

in the apace picture we see that if the event (point) io not 
aesociated with the fcypotheala (loouo) it will probably be a 
great way froa it and therefore give riae to a oaall probability 
when the fit ia attempted* The aore com trained the hypothesla



•9- E I . Configuration space for two measured variables.

For error matrix:

=y=IO •/ :
S* ' f

16



tho further away tho average unrelated event will bef ao that 

all fita with a probability loaa than a certain cut off are 

beet rebooted ae "no-fite** By extenaion» if an event ie 

within errors of the loci of two hypotheaeet it ia amen more 

likely that it la genuinely associated with the sore highly 

constrained of tho two* In chapter k thie ia shown to be 

the caao for aabiguitiee between Z**V" «nd /1 0***~« In 

chap tar 2 ftinil&r reeulte have boon aeau«ed* He mention baa 
boon Bade above of tho phjraie&l region® of variables ~ in 

praotico theae play an Inportant part and act in effect like 
extra constraints*

To deoonetrete tho principle graphically wo show in

l tho two dinonalonal configuration apace cor responding 
to two aeaaured quantities x and y. ^o consider throe

a) K * y - 10

b) x » y

o) No constraint* on * and y

If tho oxpeoted nujiber of oaaea of a), b) and c) are not too 

unequal and tho phyaical regiona of x and y are ea shown, 

then we will not be too far wrong if wo take any fit to a)
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in preference to b) or c) end any fit to b) in preference te 
c) (accepting fite at the l& level)•

then iiv 6» a and n are the numbers of a)» b) and c) 
events the selected samples will be *ade up as follows:

Selected "a" .994, ,25*, .In
Selected «b« .0034, .TUa, .2n
3eleeted "o91 *005^t »01tt 9 .7n 

This separation could be improved by reducing the errors 
compared with the sise of the allowed physical region* It 
would also be such improved if the hypotheses had different 
physical regions (as is usually the ease In practise).
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9

The aiu-: .^ lar a oat an tu* ax.g&bra of .. e r 1 ̂ yr»i orocesaes

there are three sain approaches to the dynamic* of 

peripheral processes* The most atraight forward ie the 

single particle sachcnue &odel* fhia essentially corresponds 

to evaluating the eiaplest ^eynaan diagram. The decay 

eorrelstie&a dedueed from the aodel are well obpjrad In 

general but the predicted mo^entua transfer depeadenoe i@ 

always far toe broad* The dependence of the croee section 

ea total eentre of aaaa energy i* utterly wrong* Form 

factors* ' aiay be introduced to modify the aoiaantia transfer 

dependence ia an ad hoc fashioat 77

Lowest dlagraa Kffeot of form factors

However the fora factors needed are such Bteep functions of

aosentuA transfer that the axplaaation is rather unconvincing*
(2i The §t0dols*y~3afcursi aodel% ' for isobar production by
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y act or aeaon exchange predicta decay correlations which are
in excellent agreeaent with experiment over a very wide
of incident momenta^'. the aaoond approach ia the al-aor;:. Uon

which ia a acdifieatlon of aingle particle exchange 
taking into account the effect of other channele* Other 
proceaaaa deplete the incoming wave - eepecially the part of 
it with a*all i»pact parameter or low angular moBentun* Thia 
means that the inooalng wave ia not a plane wave* SiBilerljr 
the principle of unitarity deaanda that the outgoing 
particles can reacatter - this taodifiea the ahape of the 
outgoing wave* Difficult/ ariaea f rcai our ignorance of the 
ecattcring paraaetera involved in aany catee. How-var the 
aodel ha» had notaole aueeeeeea in accounting for the ahapea 
of »d»entua transfer distributions. The predicted dependence 
of the cross a act ion on total centre of BUSS energy is still
in bad diaagreenent with the data. The third «odel» the

fe) i>olf aodel* ia aimed priaarily at predicting the 9 e' and
9 t 9 dependence of the axplitudea and relating the cross sections 
for different channela* In this it has had great success. 
Relatively little diacuaaicn haa been devoted to ita 
predictions for decay correlations.

The aucceaaea of the acdele are euBBtariaed below:



- 118 -

ttodel I>ecay Correlations t*dependenoe a -dependence
Single particle 

Absorption

v/ A

y
X 

X

The absorption and Hegge aadele contain parameters referring 

to unknown scattering processes and unknown particle states 

respectively. It seems wleer therefore to develop the theory 

of double peripheral proce&se& discussed in chapter 6, through 

the successes of e Ingle particle exchange as a first step* In 

the rest QI this appendix »e give a detailed investigation of 

the decay correlations implied by the aodel for single 

peripheral processes • In particular we examine the data for 

the reaction:

iTp - A Pe

In chapter 6 we relate the correlations in this final stuta 

to certain variables in the reactions

K~P - 2! W

A similar general tr^at&ent of isobar production by vector

exchange is already in the literature * ^

Consider the process* C -* E - B +
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which occura through the formation of a state S of a pin J in 
the s-channei:

Then the equare of the total centre of asee energy is giv*n

a - a * o + 2(* * p) (o + j» 
and by:

e « b * A * 2(b * p2)* (d * p 
where

a, to, c f d are wj^ K2t M2 and w2
p ia the initial state eentre of asaa 

and p' is the final state centre of aa®&
Wow the distribution of the production angle of B is 

determined by J - we are taking '» B f C and r to be apinlese 
at this *tsg«u In the centre of aaee taking the direction 
of A a& quantisation axis the angular somentu* couplirvr is 
trirlel - only the Initial state with orlital angular 
momentua J can contribute «nd the final state must here pure 
L « J* ^AS axial syanetry of the Initial estate ittplie^ that
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the angular distribution of B »uat be P?(eoe 8) where e is 

the centre of atass scattering angle* *• e»n express coe - 

in terme of t the square of the four aoaentum transfer fross 

A to B:

t- a + b - 2(a + p )• (b + p' ) + 2p p ' coe e F.U 

Proa sf\2 and F.3 we can find p and p i

- a >
km

(s ^b >
Us

Substituting f»5 end ^*6 in ^.l* we gets

CO8 6 a -

Thus the matrix element contains the factor:

/ 2

JF

It slso contains the factors QQ -——- where g and g<j o s~ n\
are the coupling conetanta for the two vertices, and m is 

the aasi» of the intermediate particle of epin J (a complex 

nuaber of the fom K * i (/2_ where M i® the rest aase and f7
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ths width). These last factors coae froa fi«ld theory as 
opposed to the simple arguments of angular »oaentua conservation, 
Consequently they are not eo reliable* (ft* have oaitted the 
overall ener&yHBO&entuai conservation £-f unction ̂ aor»alis»tion 
factors etc). 7 hie aatrix element le a relativistie invariant - 
i.e. it is invariant under all proper Lorente trans format ions* 
the hypothesis thai it is still correct for reactions of the 
type:

*. *8f "*• •.A -f B -» w ^ D 

going oy the exchange proossees:

F.9

is known en " creasing aytt^etry'1 and is a toaaie assumption 
in nearly all theories of elementary particle interactions* 
In interpreting the aeaning of F.8 for the process ?.9 we 
note that the four vector o^ Is reversed and eo is <ac *
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80 that the aeanings of *** and *t 9 are reversed. 

the matrix element for ?.9 contains the tsraet

- ft2 - 2at

In fact thin corr*aponds to an isiftginary value of - 9 the 

scattering angle in the rest fraae of the exchange partial-.t.

Let ua now look et the general pro^lea of the peripheral 

eoattering of partielee with epia. t« uee the feet that the 

argument of Pj in 9.11 ie etill the cosine of the scattering 

angle in the rest frene of £ - that is the eagle between A 

and H« 4t eaah vertex we have four angular aomenta - If ve 

work in the rest fraae of one of the particles at the vertex 

the a&egnetio substate of the orfcital notion at the vertex Is 

tero. Ho«ever four angular taomenta do not couple uniquely in 

general end a SUB over poaeible ooupllnge (ae well ee over 

passible value* of the orbital angular Momentum) with arbitsrjr 

ooerflciente has to be introduced.

whore «\ 1» the ejiplitudo of the helioity etate \ of X aa
A
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aeon from the rent fraaia of &* y „ eontalna the arbitsry 

coefficient and product of Ciebach Gordon coefficients for

coupling ficneae 'n . A lerenta transformation to the centre 

of maaa of & does not alter its heiicity state X • losing the

rotation mtttrieoa for spin J d^^ (6) we derive:

A
A

for the eubatate A of E in ita reat frame with raspect to 

the direction of U» A Lerentt transformation to the centre 

of atawB of IE leaves F.13 invariant* We then oonple the

for the lower vertex to gets

F.m

where the firat bracket represent® the etulvalemt of i'.l£ for 

the lower vertex* In priaolple this contains all the information 

about the spin atstea of //8»c; and D which la iapliea by 

angul r tgottentus oonaervaiion and the exchange of E,

Clearly the general case contains too aany arbitary 

paratteter* to be particularly interesting* «e consider eoae 

apeoiflo oaaea relevant to the datu analysed here in which
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the euses in P.lU aimp1ify. £e ee® that we recover #.11 froa 

by noting that A» X'* 0 and a (6) - P? (ce« -).
OO » x v

Consider the reaction:

Let tie aiteuae th«t the reaction is dominated by 

exehtnge (K-exchanre):

K

K* F.16

A
^e Itnow fro& parity conservation that the orbital motion at 

both vertices must be odd and froas angular moment us 

cone'srvation that it KU£t be leees than or equal to one. 

Therefore we have I * 1 in both ca-ee. ince J - 0 the 

rotation aatrix d(- ) ia unity* In the centre of m&®& of K* 

we have that A^ * 0 aince it must e^uel the Magnetic 

aubfitate of the orbital motion. Similarly at the other 

vertex the helicities of the proton and A *ust be equal 

00 that K.Ui, reduces to;
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The production and decay of the P are very similar indeed 

to the production and decay of I in ;'.! in which J * 1. The 

fact that K* is off the *aee shell doee not influence ita 

angular a o» en turn properties, fee have K* + K~ -* P° -* x* + iC 

ao that aa derived earlier the angular distribution of the 

in the re«t frame of P with respect to the X~ direction is:

Is 2P? (coae) J ~ cos b*o /^^^.^x i «• _. «^.«.*i fp ig 

Heferenee to Fig*5*6 ehowo that thie la definitely not the

ease*

Let ua try K690 exchange:

'.19

,e still have * I at both vertices. © etert in the 

proton rest fr&ste. there are four angular acmente at the 

lover vertex and co ,e mui t consider two difierent aa.litudec 

which will to« taken a© the baryon t,pin flip and spin non 

flip amplitudea.
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flip, (r-F <m I O j U >< i A / A

which on dropping Irrelevant numerical factor- reduces to

where A i» the helicity of K in the proton reet fr^me, and 
b« and K. are constants descpil^ing the etrengtha of the spin£ K

flip and spin noft flip coupling respectively. Now the
* Lorentz tranefomation to the it re&t fraaie i$ trivial

is follO'.»-efi fey the potation 3, The rotation matrix J:,
i» given by:

(1 + cos £)/2 -sin 3 ;̂ 2 (l - 
ain 0//f2" coa $ -el 

(1 - coe 3)/2 ain *.>p" (1 ^ cos

to Therefore* «ft<*r another Lorent* tranefonsation/the raat
of P f «e have K helicity »m- litude:

x --• - X 
Finally the angular soaentum coupling at the top vertex
yields v the P helicity

•x x, -Z^^'l'^
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(-90) ere the decay angles of the A in the decay

A -» P 4- *~

than each helieity state of A decay* a* follow**:

where s and p are the s and p wave decay amplitudes, yv is 

the helieity of the final state proton - this is not observed 

and we take the tr^ce over this helieity index* « also take
2. . 2. #

\S\ + |W » 1 and 2Be(s p) « a* The density matrix eleaents 

of the Isitbde are given by;

If subsequently *e wish to look at a correlation not 

involving the A decay we take the trace of this aatri:* or 

(equivalently) *et a * 0.

»e now examine the density K&tri* of the P 

After taking the trace over initial proton spin states and 

substituting ?«*J for the io&bda density matrix eleaente 

P.22 yields diagonal elements:
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- a sin e sinF

iU co« 0 t b a sin - Bin 0 ?*

To derive the A decay aayaaettfar we ta&e the trace over 
the rho density matrix. The leet term above will contribute 
a atrong up-down esy»»etry from the interference of the spin 
flip and epin non flip amplitudes. If however bM or bp = 0wthe asymmetry vill vanish, the above calculation could be 
continued to derive the complete angular correlation function 
instead we will neglect the A de«ajr fro» here on. The non 
vanishing element® of the f density leatrix become

p ll * P -l-l " i ^ * C0s2^)fef

p l-l * *-U - ~~l
*% + *** ,*.
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a note that there is no interference between the t*o 

amplitude^, when the /\ decay is neglected. *e can therefore 

treat the two separately, 7or the n^n frn, fio cas we

divide by the trace to get a normalised state*

/* o *
P non spin flip * ( 0 0 0

U o * _
which gives the decay distribution:

W,(W,f '47T

dfc^ <p) arc 
?or the eoin flip caa«:

/* 0 I

c) 0

p spin flip «
2

000

If o *
where x • cos*i * 1

2cos P -»• 1

which gives the decay distribution:

^A2
tnZ C)



Treiman Yang angle of P in K"p—>Ap

Curves are dashed — pscudo scalar exchange prediction

dotted —— spin flip vector

line—spin non flip vector »• ••

-I8O I8O

Fig. Fl.
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x ie tabulated belo* as a function of t - the calculation ia 
**&e by eubatitutlng in the expression for eoa £ in ?.!!•

-.25 -.5

0,60 0.73 0*71

Above t » -0.1 x f fills rapidly 113 the value COB $ a -1 ia 
approached at the edge of the physical region* x deereseee 
•lowly for large negative values of t* Reference to Fig.j?«*> 
ehowE that nearly all events lie in the regies -»l>t>-.S 
in which x is reasonably cons taut. If we take x » 0.^5 we get

ein2 M (0.175 * 0.65 «in2X^

In Fig.F.I the Treiaan Tang distribution of ?if.5.6 is 
reproduced, the thre« curre» represent paeudoacalar exchange

2(iaotropy)t spin non flip (strong ain Modulation) and spin
2 flip (weaker ein modulation). The eplis non flip in in

dieagreement with experiment over the content of the central 
bin* The result* are:
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Ibeudo scalar

Spin flip

Spin non flip

*• X*
9C <5K $

U.9
3.0
9.0

T*3fc A^ sy\ c_y

30^ >130

I oft

-p>.
•»• f*'

>,,
The pseudosc&l&r exchange 1* ruled out by the 6/ dependence 

(irig.5.3). The data support the spin flip rather than the 

•pin non flip.

Note*. In the above calculation (ft* well && in those* of 

chapter 6) it is *e«su»e<i that the effect* of »boorption can 

be represented by n spin independent fora factor. If thie is 

so» the only effect of absorption on the decsy distributions 

is to modify the coefficient® appearing ia the isatrix element • 

in this c&se the vsrisble x. This is t«V-n into account by 

substituting ^^oeriaent^I v«lue« for theae v«risble«. ^ince 

absorption is not completely spin independent in practice, the 

procedure is limited - it does however sees to be the beet 

way of doing calculations with the single particle exchange 

node! and it very easily extended to double peripheral 

processes (chapter 6).
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distribution predict los tor

consider the angular eorreletlone induced by the 

exchaage of nonet® 0f ps«udoscal«r (P) and vector »eaon» (v) 

in double peripheral graphu of the

In reaction $.1 we deduce that e* ie not p^eudoecel^r 

epin parity conservation at the top vertex, Similarly In

if e, id yaeudoacslar them e^ i« &^t and vice verea*

^e define the v^riefclea;

The antgle between the planes Z x 2i (°r i) ana £, x 2

in the rest frame or ?2

The angle between ̂  *»^ Z ^» the rest frame of V
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Q) The angle between the plenea £ x £2 and £ x . in the

refit fraae of V.

Ae u&a the halicity slate repr* ent&tien of epin angular 

aoaentuai to derive the dependence of the matrix elements for 

G.I and 0,2 oa theae variables, $e also define: 

eoa 3^ as the ooaine of the scattering angl* of the croaaed

reaction e^ 4- P -* P + V (or P.) in the reet frame of 

coa 3^ eiffiilarly for e, * ?2 -» B -f B* in the rrjat freae of e

Defining e 9 b f c f d» e aa the saaaee a^uared of P, B, r., > 

aad B refepeotively we have by the aethods of appendix ? :

co. (J
Uac

J
i

t| - 2a t
eoe » - -•_ '' —"-*— ^L ^*'4

- Uba 1*

•here a x • MtP^ and ag » K(l>2 r> }. ti and tg are the

four aoaentutt tranafera of the e, and e^ •xehan es respectively,

Predictions for reaction G.i

For reaction 0*1 we com icier the *ngulf*r raoaenta t 

the top vertex in the reet fra.^e of . «ith e^ having apin 

parity 1- an L « 1 coufling ie required. Then e^^



helicity sere by axial symmetry. A Lor^ntz traneiormation 
to the rest frame of e^ le^vea this helicity invariant. 
rotation through th* angle ^ brings tht momentum vector of 
?2 and the quantisation axis together* Buch a rotation for 
the j « 1 system gives helicity amplitude**

The Lorentz tranafora&tion to the P« reut fraae leavee the

inv^riemt* Thua the hell city amplitudes of 
exchanged v ctor »«Bon in the rest frame of ?2 with respect 
to the plane J^ x j£. a» eero of azimuth are given by &.$. 
If e^ i* paeudoacalar then conservation of angular momenta in 
the rest frame of ?2 implies that the square of the matrix 
element is independent of /. 

If e2 is vector and eouplea to the baryone without dpin flip

a aimllar argi^ent shove that the helieity amplitudes^ b A 
of «2 in the ?2 reet fra»e with respect to the plane ji x 
as «ero of ailmuth ares

Before coupling th* h«llcitie« of »i ttnS •„ together ve must 
p«f*r th«« to til* aaae axce (e.g. thoee of *). Tr.i» inrolvee
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tho change of asiatttn 0 (each amplitude • ^ ie multiplied 

by o ^) and a rotation of 160° to reverse the c~axla of 

quantiaation (which tranapo&es the asplitttdee a« and a . 

without change of sign), w* gets

.'. ..
0.7

for the magnetic eubatate «»plitude<s t a^» of o». The 

aaplitudee a and b aro coupled with the Clebcch Gordon

10 > to give tho orbital aotloncoefficient <1 • 1 - m

(L • 1 » * 0) at thia vertex. Since the coefficient 

10 1 10 > vaniahea we collect only the terae:

ain £. ain

in tho natrix element.
Hence tho prediction of this aasigm&ent ia;

matrix element ] 2 -* aln20 0.9 
Similarly if *£ i* vector and couple* to the b&ryona with

jffftp flio the eame kind of reasoning predicts a 4 dependence*
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2 where * » cos .-

As pointed out In the text these reoulta nay be derived More 

easily by ap\ lying eroding eymaetry to the matrix element 

for production of the vector meson e, in a two body process: 

?2 4 -» *£ + ' I «^ •* ^ + P^ 0

for reaction (K2

«2 i« peeudoacalar

In the rest fraae of o^ the orbital angular 

(L • 1) and the apin of e, have m * 0 w.r^t.the direction 

of aotlon of •*• therefore e, has hellcity \ * 0 - this 

reaains invariant under the Lorents traaeformation to the 

re&t frn»c of «,. A rotation through angle £, and Lorentxi A

tran«for»stion to the reat fraae of V givea e, hellcity 

aaplitudea:

^ *

E«oh value of e. helleity f A f now couplee to the corresponding 

V angular *o»entuw state and the orbital motion (L » 1 IB - 0):

0.12
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Therefore th« magnetic aubetate aapUtttdee of V *ith 

respect to the 1 direction aa polar axia and Pg direction

as aitimuth are:

ein J

The rotation matrix

1 + coa •

ein 6,

1 - coe G

*

d (6j for • (j « l)st»t«

- sin

eos

ein

(1 - coa -

(1 coa
Kow the aagnatic eubetate of the V with reepect to i e decay 

direction ia pure • » 0 aince it couples to the orbital motion 

of two acalar particle*. He therefore rotate the V state 

to these new axes ana pick out the amplitude of the m -* 0 

part* First rotation jTabowt the polar axiej 

ain 

2
, 0, e

Now CS to collect the • * 0 part only: 

ain & 8in S, e «• e

9 .In
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•o tttat I il. * -sii^.la2

where U.K. is the matrix element*

e,* ie vector with spin non flip coupling to baryons

In the B rest frame the hell city of eg is «ero for
t 

spin non flip. Therefore it is given by

in P2 rest frame. The hellolty amplitudes of eI in ?2 C of « 

are given by/elm|l« *lm$0 \by coupling with the orbital

motion ae before, these amplitudes ere with reaped te the

B direction as *ero of azimuth. e now go to ajLea vith P 

sero of azimuth * each amplitude transforms by e ^

0.16

After transformation to the e. re t fr«me t rotation through 

8, gives us:

0,17
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tfce iM*rt rrmse or V. Mid .=n&iy8if now runs parallel to 

the pfceuuoBcalar cat*e« The V he -1 city amplitude** are a ot by 

multiplying by the appropriate Clsbacfi (Jordan coefficient. 

Bin #,, i sin con 0.
cos

0 .IS

sin coe
cos

Then aftiauthca change 

»ia &„

sin

i sin cosC08 8ln

a.19

•in

i 2
co*

i sin $ coe

.id coll«*.:t ft « 0 tera only.

co» co»

Therefore $p - ®in2(9( c«e coe - co«
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•2 is vootor with spin flip coupling

Then the helieity of «2 in B reet fraae la 4-1 for 
B spin 

In fraao: - coc

In xi, X * coa COS

Ac (with respect to j? x £ aa *ero of

ins tee a of x

After Lore&t* tren«for«*tion to e^ reet frame, rotation 
through angle $1 wad Lorentz transformation to V centre of 

amas;

a.25
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Multiplying by the appropriate Cle&ech 0 or dan coefficient
to get the helicity amplitude* of V and rotation of 
get ?* x £. aa siero of azimuth:

to

(V) m-l 0 G.26

Rotation through polar deeay angle C7 and collect m « 0 

term onlyi

0.27

The matrix element for B apin -£ ia the aaae &a above

the aign of ooap^ chan**d » ^hia h*e no effect on the square

of the a&trix eleaent ao that the following appliea aleo to
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